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Abbreviations 

ceRNA Competitive Endogenous RNA 

DAMP Damage Associated Molecular Pattern 

HA Hemagglutinin 

LPS Lipopolysaccharide 

MAMP Microbe Associated Molecular Pattern 

Mfn Mitofusin 

miRISC micro RNA Induced Silencing Complex 

miRNA micro RNA 

miRNP microRNA Ribonucleoprotein Complex 

mRNA messenger RNA 

mTOR Mechanistic Target of Rapamycin 

ncRNA Non-coding RNA 

NF-κβ Nuclear factor kappa-light-chain-enhancer of 

activated B cells 

ng 

pmol 

Nanogram 

Picomole 

nt Nucleotide 

PAMP Pathogen Associated Molecular Pattern 

Pre-miRNA Precursor microRNA 

Pri-miRNA Primary microRNA 

PRR Pattern Recognition Receptors 

rER Rough Endoplasmic Reticulum 

RL Renilla luciferase 

RNAi  RNA Interference 

siRNA Small Interfering RNA 

TLR Toll-like Receptor 

UCP Uncoupling Protein 

UTR 

TDCB 

Untranslated Region 

Target mRNA Dependent Cooperative 

Biogenesis of miRNA 
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Summary 
MicroRNAs are ~22 nt. regulatory RNAs that bind to 3’ UTR of target mRNA and 

regulate the expression by translational repression or transcriptional inactivation. Previously 

it has been reported there exists a target mRNA dependent miRNA biogenesis where target 

mRNA could regulate its cognate miRNA biogenesis by modulating Dicer processivity. It is 

well known that multiple miRNAs share the common 3’ UTR of the same target mRNA. So I 

was curious to check the additive level of regulation in “target mRNA dependent miRNA 

biogenesis” on other miRNAs that share binding sites on the same 3`UTR of target mRNA. 

My aim was to dissect the molecular manifestation of this “cooperative regulation” and its 

relevance in normal cellular physiology. Earlier It was observed there exists a target mRNA 

dependent miRNA biogenesis where one target mRNA could regulate its cognate miRNA 

biogenesis by modulating Dicer processivity. I was curious how this phenomenon affects 

biogenesis of other miRNAs on the same 3`UTR. I could observe miRNA family with a 

higher number of binding sites (miRNA 1) influences the biogenesis of adjacent groups of 

miRNAs (miRNA 2) that shares the common 3’ UTR. Along with, I could also observe 

repression of secondary mRNAs (mRNA B) that bear sites for miRNA2 (but not for 

miRNA1) is co-ordinately regulated with miRNA1 abundance inside the cells.  

Using a reporter based model in endotoxin-stress induced TLR4-activation module, 

corroborate my findings to propose “target dependent cooperative biogenesis of miRNAs' ' 

phenomenon inside the mammalian cells. A computational module was developed to predict 

regulatory miRNA and their network under different physiological contexts. Interestingly 

again, many of those predicted cooperative miRNAs and its’ secondary target has been 

revalidated biochemically that exhibits the same trend, strengthening the proposed 

hypothesis. I could observe coordinated regulation of miRNAs resulting in alleviating 
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bacterial endotoxin-induced pro-inflammatory response. My observations suggest "target 

dependent cooperative biogenesis of miRNAs (TDCB)” added an additional layer of fine-

tuning of signalling molecules on endotoxin-responsive murine macrophages to re-establish 

cellular homeostasis. Additionally I have also shown mechanistically co-operative biogenesis 

of miRNAs on macrophages play an important role to combat pro-inflammatory response. 

Along with I have also explored the cellular compartmentalization of this phenomenon. 

Previous reports suggest polysome attached with rER serves as the nucleation site for miRNP 

assembly and miRNA mediated target mRNA repression. Here, I have observed the 

differential compartmentalization of miRNAs and target mRNAs regulated by target 

dependent cooperative biogenesis on those cellular compartments. 

The other part of work has been concentrated on the study on importance of cellular 

membranes on miRNA biogenesis and rER targeting of target mRNA and how this influences 

the fate of miRNA. There I have observed reduced compartmentalization of de novo formed 

miRNAs on rER or polysomes in defective mitochondria containing cells along with 

increased retention of its target mRNAs.   I have also observed defective target mRNA 

dependent cognate miRNA biogenesis in an amino acid starved and refed hepatic cells. 

Increased retention of microsomal target mRNAs in mitochondria-ER detethered cells due to 

impaired recycling of miRNP components has been also observed in Mfn2 negative cells. 

I have also found a defective intracellular trafficking in growth retarded senescent 

mammalian cells having impaired mitochondrial potential and dynamics. Similar to what 

happens in senescent cells, Uncoupling Protein 2 mediated depolarization of mitochondrial 

membrane potential results in progressive sequestration of miRNAs with polysomes. 

Mitochondrial detethering of endoplasmic reticulum, a phenomenon also evident in 

mitochondria depolarized cells, found to be responsible for defective compartmentalization of 
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translation initiation factor eIF4E to ER attached polysomes. It causes retarded translation 

process accompanied by enhanced retention of miRNAs and target mRNAs with rER 

attached polysomes that resulted in reduced intracellular trafficking. In subsequent 

experiments I have identified a reduced activity of mTORC1 in mitochondria defective cells 

to cause reduced phosphorylation of eIF4E-BP1 on microsomes to cause retarded eIF-4E 

targeting to ER attached polysome. Cumulatively, these data suggest intricate involvement of 

mitochondrial membrane potential and dynamics to determine stability of miRNAs in 

mammalian cells by affecting subcellular locations and export of miRNPs. These data 

suggest how mitochondrial membrane potential and dynamics, by targeting mTORC1 activity 

and compartmentalization, determine subcellular localization of miRNPs. This infers 

mitochondrial detethering of rER may directly cause lowering of miRNA turnover by 

targeting the initiation phase of translation caused by poor shuttling of cap binding protein 

eIF4E from cytoplasmic pool to the rER associated domain.  

 

  



INTRODUCTION
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1.1. miRNA Biology and their regulation     

                                    Non-coding or ―non-translatable‖ RNAs are a diverse group of 

polynucleotides with differential structural complexities or functional divergences. One of the 

crucial regulatory classes among these is ―microRNAs' ' that is around 22 nucleotide in length 

and present in more or less in all metazoans (Okada, Chimari, et al., 2009). miRNA 

associates with multiple other important regulatory proteins viz. Argonauts, Transactivation-

responsive RNA binding proteins (TRBPs) etc to form multi-subunit complexes responsible 

for silencing viz. RNA Induced Silencing Complex (RISC) that is loaded onto 3‘ UTR of a 

messenger mRNA on a semi-complementarities with miRNA. Mainly 2-8 nucleotide 

sequence of miRNA aka ―seed sequence‖ binds complementarity with the 3‘ UTR region for 

further processing of miRNA-mediated RISC machineries (Miyoshi, Keita, et al. 2009). 

miRNAs mainly act in two ways ; either its represses its‘ target temporarily so that in due 

time course ―target mRNA‖ may  functions as ―messenger‖ again or in some cases miRNAs 

degrade its targets mRNAs totally that mRNA functions could not be restored (prevalent in 

plants). In the early 1990s, there were few important observations published on small non-

coding RNA showing crucial regulatory activities. These groups of tiny RNAs belong to a 

group of a distinguished class and could regulate more than 80% of mammalian genes (Lee et 

al., 1993; Wightman et al., 1993). 
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Fig. 1.1: Timeline of microRNAs discovery and researches (Kim, Y. K. 2015). 

1.1. 1. Discoveries of miRNAs: 

In 1981, John Sulston lab studied on the nematode Caenorhabditis elegans (C. elegans) 

which showed that a mutating lin-4 gene causes interference in the developmental pattern 

(Chalfie, et al, 1981). Later in 1987, lin-14 whose activity is necessary for controlling the 

timing of expression of specific postembryonic developmental events in worms (Ambros et 

al, 1987). Laboratory of Victor Ambros first discovered that lin-4, a gene known to influence 

development of C. elegans, does not act through traditional protein mediated interaction, 

rather the transcript produces two classes of small non-coding RNA to control the fate of the 

same (Lee et al., 1993). They have observed one RNA that is longer in length 61 nt. whereas 

another class with ~22 nt. in length. Their intuition was the shorter one is the edited 

―matured‖ product of the longer ―precursor‖ chain of small RNAs. The Ambros and Ruvkun 

laboratories also observed the regulatory mode of action of these tiny RNAs. Their 

observation suggests lin-4 shows anti-sense complementarities with multiple sites of 3‘ 
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untranslated region (UTR) of lin-14 messenger RNA product (Lee et al., 1993; Wightman et 

al., 1993). They have also seen the time-dependent decreased protein level of lin-14 gene 

product, although no significant change on lin-14 mRNA product could be visible. Their 

collective observations show that lin-4 might act as a translational repressor for lin-14 

expression through binding on 3` UTR parts of mRNA and that ultimately results in a post-

transcriptional regulation. This ―small RNA‖ enhances the development of  C. elegans first 

stage larvae to enter into its 2nd larval stage (Wightman et al., 1993). 

 

Fig. 1.2: Regulation of larval transition in C. elegans by miRNA (Reinhart, Brenda J. et 

al.2000). 

Another breakthrough discovery from Ruvkun lab. reported the presence of another small 

regulatory RNA ―let-7a‖ that regulates lin-41 protein expression to control later stages of 

larval development on C. elegans (Fig. 1.2) (Slack, Frank J., et al.2000, Reinhart, Brenda J., 

et al. 2000). Like lin-4, let-7 is also involved in the regulating developmental transformation 

from the late larval stage to the adult stage of C. elegans. Not only in nematodes, had further 

observation showed presence of let-7 homologues across species viz. Drosophila or in 

mammalian cells. The second miRNA to be discovered was ~21 nt. long ncRNA named as 

lethal-7 (let-7) (Reinhart, et al, 2000). This transcript was later found to present in various 

animal species including humans (Reinhart, Brenda J., et al. 2000). Using small RNA cloning 
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methods, more than 100 small expressed RNAs were identified in different metazoan species 

by three laboratories in 2001 (Lagos-Quintana, et al, 2001; Lau, et al, 2001 ; Lee, et al, 2004). 

These small expressed RNAs were termed as miRNAs. These discoveries lead to the rapid 

expansion in the field of miRNA. Since then, thousands of miRNAs, along with their targets, 

were discovered whose information is deposited in an online registry called miRBase. As of 

2018, miRBase lists 2,588 human miRNAs in their latest version (Kozomara, Ana, Maria 

Birgaoanu, and Sam Griffiths-Jones, 2019) (Fig. 1.1-3). Numerous reports and evidence 

suggest this small RNAs not only as ―small temporal RNAs‖ confined to development rather 

it imparts a pan-regulation to fine-tune physiological processes in animals. After observing 

diversified function on different cellular pathways, scientists adopted the nomenclature of 

―micro RNA‖ henceforth, to seclude from other species of non-coding RNAs compared to 

structure and function. Consecutive numerous reports strengthened the fact; there exists a 

thousand of small RNAs with a distinguished function and regulatory activity compared to 

other classes of RNA species.  

In 1995, a study was conducted by injecting antisense RNA into C. elegans and it was found 

to repress the expression of a gene (Guo, et al, 1995). The same phenomenon was observed 

when the sense RNA was injected. This phenomenon was later coined as RNA interference 

(RNAi) which was substantiated by Andrew Fire and Craig Mello who showed that double 

strand DNA (dsDNA) was capable of silencing mRNA by binding to its complementary sites 

when injected into C. elegans (Fire, et al, 1998). RNAi proved to be a powerful new tool to 

regulate expressions of several mRNA transcripts. The path breaking research of Andrew 

Fire and Craig Mello was recognized as they were awarded a Nobel Medicine Prize in the 

year 2006. Interestingly RNAi also proved to be a therapeutic tool since they found out that 

short ~25 nt. dsDNA were capable of inducing RNAi without non-specific responses in 

mammalian cells. 
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Fig. 1.3: Timeline of development of microRNAs research (Momen-Heravi, F., & Bala, S. 

2016). 

In plants, flies and animals, dsRNA was converted into short functional ~20-25 nt sequences 

called small interfering RNAs (siRNA) ( Hamilton, et al, 2002; Hammond, et al, 2000 ; 

Zamore, et al, 2000 ; Elbashir, et al, 2001 ). This involved a RNase III enzyme called Dicer. 

Dicer was also involved in converting the precursor miRNA (pre-miRNA) to miRNA. 

Argonauts (Ago) are a group of proteins involved in both pathways mediated by miRNA and 

siRNA. Since siRNAs were chemically identical to miRNAs, in 2001, it suggested that 

miRNA mediated pathway of gene regulation and RNAi are related processes with miRNA 

being an endogenous form of siRNA (Fig. 1.4). 
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Fig. 1.4: Different modes of small RNA based target mRNA silencing (Gao, Lu, et al. 2020). 

1.1.2.  Biogenesis of miRNA: 

Biogenesis of miRNA is an elaborated, diversified and sequential process where a gene or 

intragenic portion of DNA produces a Primary transcript (Pri-miRNA) and after a number of 

sequential steps final matured ~22 nt. is formed. The series of processing events starting with 

transcription of miRNA gene to the final ―mature miRNA‖ product has been the subject of 

fascinating research for the last two decades to explore the sequential stages of processing of 

miRNAs. The biogenesis process involves primary nuclear processing to form ―pre-miRs‖ 

and subsequent cytoplasmic processing, involving two riboendonuclease (RNase) III Drosha 

and Dicer. The sequence of events beginning with miRNA gene to the final product- mature 

miRNA has been the subject of extensive research which led to unravelling the different 

stages of processing of miRNAs. It involves both nuclear and subsequent cytoplasmic 

processing involving two ribonuclease (RNase) III endonuclease - Drosha and Dicer. Thus 



 
14 

 

synthesis of micro RNAs are mediated by two pathways: the canonical pathway i.e the 

Drosha/Dicer dependent pathway and the non-canonical pathway i.e. Drosha/Dicer 

independent pathway. 

 

Fig. 1.5: Biogenesis & processing of microRNAs (Rogobete, Alexandru Florin, et al 2018). 

1.1.2.1. Canonical Biogenesis steps of miRNA:   

Most identified and annotated miRNA genes are intergenic or they are aligned in an antisense 

position to adjacent genes that led to understanding that those miRNA synthesizing genes 

might act as independent units (Fig. 1.5). The main polymerase responsible for synthesis of 

miRNAs from its respective genes is RNA Polymerase II to produce primary transcripts of 

miRNAs (pri-miRNAs). Like messenger RNAs, recent reports also suggest presence of a 5` 

7-methyl guanosine cap along with polyadenylated tail at 3‘ end. Another group of miRNAs 

genes are situated within introns instead of genes and likewise they have the same orientation 

as pre-miRNAs. This probably implies that connected miRNA-mRNA expression profile 
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might contribute to tissue specific coordinated expression of miRNA with mRNA. Other 

classes of miRNAs are transcribed from a long transcript of the genome bearing cluster of 

various miRNA precursors. This phenomenon has been attributed to functional convergence 

of groups of miRNAs, a group of miRNAs transcribe from a single transcript may probably 

crosstalk physiologically for a specific signalling pathways to attribute on a specific disease 

or stressed condition. 

● Nuclear Processing of miRNAs: 

It was evident from previous findings that preliminary processing of pri-miRNAs takes place 

at the nucleus governed mainly by Drosha, an RNAse III endonuclease. Cleavage by Drosha 

is initiated with asymmetric breakage of pri-miRNA leaving a ~60-70 nt. pre-miRNA 

structure, which bears 5` Phosphate and a small overhang at 3` nucleotide. Specificity of 

cleavage sequence by Drosha is crucial for mature miRNA sequence as well for processing of 

subsequent substrate ―target mRNAs''. In the further step, Exportin-5 orchestrates export of 

pre-miRNAs from nucleus to cytoplasm with the help of Ran GTP-ase.  The precursor 

miRNAs are transported out of the nucleus into the cytoplasm with the help of nucleo-

cytoplasmic transporter complex containing Exportin-5 (XPO5) and Ran-GTP (Lund, et al, 

2004). Association of pre-miRNA with the Exportin-5 and its subsequent migration to 

cytoplasm is monitored through a stringent manner, where unprocessed pre-miRNAs or 

without proper ―hairpin‖ structure further processing would be stalled.  

● Cytoplasmic Processing of miRNAs: 

After transportation of nuclear processed pre-miRNAs to the cytoplasm, Dicer, another 

RNase III endonuclease, takes the lead of further processing of pre-miRNAs. The PAZ 

domain of Dicer is crucial for recognition of 2-nucleotide 3` overhang of pre-miRs positioned 

at the stem loop of the precursor. In the polysomes attached with rER, the pre-miRNA is 



 
16 

 

identified, cleaved by Dicer and Transactivation-responsive RNA binding protein (TRBP) 

complex to remove the loop from the stem structure (Ketting, et al, 2001 ; Bernstein, et al, 

2001 ; Grishok, et al, 2001 ; Chendrimada, et al, 2005). Consequently, the Dicer cleaves the 

precursor leaving a 22 nt. double stranded structure. Cleavage site preference on one end of 

miRNA has already been predestined by Drosha cut-site at nucleus. The duplex unwinds such 

that the guide strands transform into the mature one and the remainder passenger strand being 

degraded. Further activity by dicer cleaves the structure to release a 22 nt. matured miRNA-

miRNA* duplex structure with 5` phosphate and 2-nucleotide 3` overhangs.  In the final step, 

one specific strand of miRNA is combined with other proteins of these silencing machinery 

to form a functional complex ―RNA-induced silencing complex (RISC)‖ that play an 

important role in target repression. Mature form of miRNA is inserted into the RNA induced 

silencing complex (RISC) who's the core component is Ago proteins (Ago 1-4) and other 

ancillary proteins (Höck, et al, 2008; Faehnle, Christopher R., and Leemor Joshua Tor, 2010; 

Chendrimada, et al, 2005; Maniataki, et al, 2005). The Ago2 containing RISC gets associated 

with the mature miRNA which is guided to the 3' UTR region of the miRNA responsive 

element containing the seed sequence which is a specific complementary region with 

nucleotide 2-7 of the miRNA. Thus the miRNA-induced silencing complex (miRISC) 

interferes with the expression of a gene by repressing the translation, by accelerating mRNA 

degradation and by sequestering mRNA to its storage compartments (Filipowicz, et al, 2008). 

1.1.2.2. Non-canonical Biogenesis of miRNAs 

In the non-canonical pathway i.e. without the involvement of Drosha/Dicer mediated 

processing of miRNAs, the pri-miRNAs are transcribed from the intragenic regions 

bypassing the processing of Drosha. Instead they are directly produced by splicing of the pre-

miRNAs, as they are positioned adjacent to the splice sites of mRNAs. These intronic 
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miRNA precursors are called mitrons and this mitron pathway elucidates new insights on the 

Dicer-Drosha dependent biogenesis of miRNAs (Babiarz, et al, 2008) (Fig. 1.6). 

 

Fig. 1.6: Non-canonical biogenesis of microRNAs (Yang, Jr-Shiuan, and Eric C. Lai, et al 

2011). 

1.1.3. Mechanistic Understanding of miRNA Function:  

Activity of miRNAs is dependent upon many associated protein factors. miRNAs can‘t act 

independently to induce its function. It has to associate with other associated factors to impart 

its activity. miRNAs are complexed with member of the Argonaute (Ago) family proteins and 

TRBP family of proteins to create an effector complex i.e. RISC. miRNAs specifically 

function as site-determinant to provide the specificity and Ago protein exerts the repressing 

effect. Understanding the molecular partners of RISC and its assembly are the significant 

aspects of RNA silencing pathways. Assembly of RISC generally happens in two successive 

steps; duplex RNA molecules are loaded onto Ago proteins and on the next step the duplex 
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gets unwind that single stranded miRNA could bind with its target semi-complementarily 

(Fig. 1.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7: Summary of molecular processing of microRNAs (Ohtsuka, Masahisa, et al. 2015). 

1.1.4. Structure of RISC and its’ assembly:  

miRNAs although proposed to control one-half of all human genes, but it cannot catalyze the 

function independently. Instead miRNAs get associated with Ribonucleoprotein complexes 
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(RNPs); the complex that catalyzes different types of gene silencing and directs RISC repress 

target in sequence-specific manner. Core component of RISC consists of Argonaute members 

of proteins that give the bench for target mRNA recognition and its silencing.  Four 

subfamilies of Argonauts i.e. Ago1-Ago4 could be found in mammals. All of these proteins 

have the equal potential for silencing the expression of target mRNAs, although only Ago2 

has the exclusive capability of cleavage of target mRNAs. Whereas in Caenorhabditis 

elegans, it has been observed that RNA interference promoting factor-1 (RDE-1) dictates the 

RNAi machinery. Although, cognate miRNA regulated target gene repression is mediated by 

Argonaute-like gene-1/2 (ALG-1/2). Ago1 is mostly specialized for miRNA machineries and 

Ago2 leads the RNAi activities in flies.  Significantly both the Ago proteins share the 

capability of dicing of target mRNA and translational silencing machineries. RISC assembly 

is not the randomized process. Assembling various components of RISC is an ordered 

orchestrated phenomenon. Processed RNAs of each step are carried from one vehicle to 

another, their properties and specificities are also cautiously monitored such that no 

erroneous assembly could happen. On every singular step, the composition of small RNA is 

modified until the formation of functional RISC is completed.  

 

Fig. 1.8: Sequential steps of RISC assembly (Maniataki, Elisavet, and Zissimos MMyelatos, 

2005) 
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Fig.1.9: Molecular assembly of different intermediate RISC complexes (Datta, Abhijit, and 

Sayak Ganguli, 2018) 

1.1.5. Sequential events in formation of RISC: RISC loading and unwinding 

The RNAse III enzymes, Dicer and Drosha play the pivotal role for cleaving of precursor 

RNA into miRNA–miRNA* double strand form. Small RNAs must be separated from its 

opposite strand to incorporate itself into the functional RISC compartment such that this 

could bind to their target mRNAs with semi-complementarities.  The strand that is 

incorporated onto the RISC machineries are called ―guide strands' ', whereas the opposite star 

strands discarded for RISC formation are called ―passenger strand‖.  Assembly of RISC can 

be categorized into two sequential events: (a) on the first step, small RNA duplexes are 
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loaded onto the RISC i.e. RISC-loading. (b) Next step is categorized with dissociation of 

guide strand from passenger strand within the RISC. RISC complex carrying only the single 

strand of ―guide RNA‖ is termed as ―mature RISC‖ or miRISC (Fig. 1.8-9). Small RNA 

strand selection for assembly onto the RISC is not a random event, rather one of the arms is 

selected over other based on thermodynamic stability.  Selection of asymmetric strand 

selection is based on the differential thermodynamic stability of the starting 4 nucleotides of 

terminal of the miRNA – miRNA* structure. Less stable monoplex acts as a ―guide‖, whereas 

the passenger strand is degraded. Selection of guide strand has been already pre-determined 

by the polarity of pre-RISC, so which strand would be part of the functional-RISC is pre-

destined even before the RISC assembly itself. 

 

Fig. 1.10: Molecular insights of  metazoan miRNAs and target mRNA bindings 

(Filipowicz, Bhattacharyya et al. 2008) 

1.1.6. A brief about molecular architecture of miRNA-mediated mRNA repression 

miRNAs bind perfectly on the target sites and degrade the mRNA by RNAi like mechanism 

in plants whereas in metazoans it binds with target mRNAs by imperfect base-pairing. In 

animals, contiguous base pairing of 2 to 8 nt. of the miRNA, known as the ―seed‖ region 

which nucleates the miRNA–mRNA association. The seed sequence is followed by bulges 

and imperfect complementarities in the middle region, which precedes the 3‘ half with 
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reasonable complementarities with tolerance for bulges/mismatches (Fig. 1.13) (Filipowicz, 

Bhattacharyya et al. 2008) (Fig. 1.10). 

Numerous recent studies have been precisely validated how animal miRNAs silences 

translation without degrading the target mRNAs. A combinatorial action of translational 

repression, deadenylation, decapping and mRNA degradation takes place to fine tune the 

miRNA-mediated targetome (Jonas and Izaurralde 2015). According to the most accepted 

notion, repression of protein synthesis processes by miRNA takes place at the cap-dependent 

initiation stage of translation (Pillai, Bhattacharyya et al. 2005, Filipowicz, Bhattacharyya et 

al. 2008). It was observed that translation of m7G capped mRNAs, but not those without a 

cap (IRES or non-hydrolysable cap analogue) was repressed by miRNAs. Independently, 

polysome gradient profiles revealed that repressed target mRNAs shifted to lighter fractions 

indicative of reduced ribosome association, further supporting the initiation block model. 

Alternatively another group had shown that miRNAs also repress initiation by preventing 60S 

joining at the initiation step (Chendrimada, Finn et al. 2007).  

1.1.7. Feedback Regulation of Target mRNAs over miRNAs: 

The understanding of post-transcriptional regulation of mRNAs added an additional layer of 

understanding after the discovery of microRNAs (miRNAs), that conventionally bind to the 

3‘ UTR of mRNA with 5‘ conserved seed sequence complementarities and represses its‘ 

expression either by target mRNA destabilization or translational repression.  After sequential 

processing, precursor form of miRNAs cleaved to form miRNA/miRNA* duplex with the 

catalytic activity of DICER1 and loaded onto RNA induced silencing complex (miRISC) for 

silencing of target mRNAs (Bartel, D. P. 2004). 
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Fig.1.11: The ceRNA hypothesis: Conflict & Cooperation (Salmena, Leonardo, et al., 2011) 

Although it sounds like one way traffic, multiple recent evidences have identified the 

feedback regulations, where the pool of mRNAs or even other groups of non-coding RNAs 

(pseudo genes, long noncoding RNAs (lncRNA), circular RNA (circRNAs) modulate the 

miRNA activity by forming an integrative network (Chan, J. J., & Tay, Y. 2018). These 

interconnected regulatory crosstalk gives rise to the idea of competitive endogenous 

RNA(ceRNA)  hypothesis where shared miRNA binding sites (also referred as miRNA 

responsive elements, MRE) with the target mRNA competes for miRNA binding that 

ultimately leads to derepression of target mRNA through ―miRNA sponge effect‖ (Salmena, 

Leonardo, et al.2011) (Fig. 1.11).  A well established network of this mode of regulation is 

derepression of PTEN mRNA, a critical tumour suppressor gene; where various groups of 
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ceRNAs viz. PTENP1 (pseudo gene) or CNOT6L, VAPA and ZEB2 etc that regulates 

cellular and tumour biology (Tay, Yvonne, et al. 2011, Poliseno, Laura, et al. 2010). Hepatic 

cells infected with HCV synthetic constructs also may functionally sequesters miR-122 to 

manifest ―sponge-effect‖ through functional mRNA de-repression of miR-122 targetome 

(Luna, Joseph M., et al. 2015). Bosson et al. (2014) proposes cellular level of miRNA and 

target messages ratios to fix the multitude of probable ceRNAs competition. Increased 

expression of miRNAs is likely to contribute high miRNA versus target pool concentrations 

which provides high buffering capacity that shows resistance to ceRNA competition through 

derepression of their targets (Bosson, Andrew D. et al. 2014). Contrary to this, Denzler et al. 

(2014) argued the notion and showed higher abundance of MRE could not modulate derepression of 

target gene and metabolism mediated by ceRNA proposing ―a hierarchical affinity model‖ (Denzler, 

Rémy, et al. 2014). Two years later from the same lab. proposed a new ―mixed-affinity model‖ that 

suggests not only high-affinity site but low-affinity sites also contribute to derepression due to their 

high numbers within the transcriptome that makes a substantial contribution to exhibit ceRNA effect 

(Denzler, Rémy, et al. 2016).  

 

Fig. 1.12: Target dependent cognate miRNA biogenesis in mammalian cells (Bose, Mainak, and 

Suvendra N. Bhattacharyya, 2016) 
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1.1.8. Target mRNA dependent biogenesis of cognate miRNAs 

Although ceRNA mediated derepression could be exacerbated by overexpressing different 

synthetic RNA transcripts or in some cases at physiological scenarios, it is still under high 

debate regarding acceptability of this hypothesis at normal physiological level due to lack of 

sufficient abundance of ceRNA target sites to show modulatory effect on a physiological 

homeostatic condition (Denzler, Rémy, et al. 2016). Previous observation from our group 

also reported higher no. of miRNA binding loci on 3‘ UTR of target mRNA enhances the 

‗processivity‘ of DICER1, this results in increased cognate miRNA synthesis from pre-

miRNA on amino acid starvation-re-fed hepatic cell model (Bose, Mainak, and Suvendra N. 

Bhattacharyya 2016) (Fig. 1.12). There exists a feedback relationship on miRNA biogenesis 

influenced by target mRNA abundance. It has been observed on an amino acid starvation-

refed model where cationic amino acid transporter-1 (CAT-1) levels are elevated post-

starvation on human liver cells. CAT-1 is regulated by cellular level of miR-122 which has 

four miR-122 binding sites on its‘ 3‘UTR. Upon amino acid starvation, miR-122 level shows 

reciprocal expression with increased CAT-1 mRNA level. Interestingly, refeeding with amino 

acids leads to CAT-1 mRNA dependent increased biogenesis of miR-122 restoring normal 

physiological conditions. Reporter model assay and cell-free in-vitro systems strengthen the 

observations that target mRNA reciprocally regulates miRNA biogenesis by enhanced pre-

miRNA processing governed by increased DICER1 processivity (Bose, Mainak, and 

Suvendra N. Bhattacharyya 2016). 
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1.2. Understanding of Inflammatory Pathways and their modulation by miRNAs 

1.2.1. Existence of diverse group of Pattern Recognition Receptors (PRRs) in mammals: 

Fig. 1.13: Different modes PRR-PAMP interaction with relevance to induction of innate 

immunity (Heaton, Steven M. et al. 2016). 
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Microbe-associated molecular patterns (MAMPs) or endogenous danger-associated 

molecular patterns (DAMPs) are identified by pattern recognition receptors (PRRs) abundant 

on the surface of macrophage, NK cells etc. There could be diverse classes of MAMPs viz. 

LPS, lipoproteins etc are sensed by PRRs (Janeway Jr et al. 2002). These factors are highly 

conserved across microbes which allow the immune cells to identify a diverse group of 

pathogens having restricted classes of PRRs. TLRs (Toll-like receptors) have been identified 

as one of the crucial and significant PRRs for sensing microbial infection inside the host. 

Also there exist other varieties of PRRs viz., ALRs (AIM2-like receptors), CLRs (C-type 

lectin receptors), RLRs (RIG-I-like receptors) and NLRs (nucleotide-binding-domain- and 

leucine rich-repeat-containing receptors) (Akira, Shizuo et al. 2006, Cai, Xin et al. 2014) 

(Fig. 1.13). Although cellular localization varies as TLRs and CLRs are generally plasma 

membrane bound, whereas RLRs, ALRs and NLRs are present on cytoplasm.  Differential 

specificity and cellular existence makes this diverse range of PRRs to act on diverse groups 

of pathogens to ultimately neutralize the pathogen-induced infection (Botos, Istvan et al. 

2011). Sensing and identification of MAMPs and DAMPs by PRRs leads to the induction of 

expression of different mediator downstream genes that act to activate innate immune 

response inside the cells. Activation of TLRs leads to downstream transcriptional 

upregulation of NF-κβ and its related families.  

1.2.2. LPS mediated activation of innate immune responses: 

Cell wall constituents of Gram-negative bacteria LPS triggers the innate immune responses in 

host cell macrophages. Lipopolysaccharide (LPS) is a complex glycolipid present on the 

Gram-negative outer membrane. LPS activates innate immune responses that ultimately 

results in endotoxic shock, often this ultimately leads to fatal onset of sepsis (Bryant, Clare 

E., et al.  2010). The molecular structure of LPS is made up of a lipid A domain that is 
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hydrophobic and an oligosaccharide `core` and a polysaccharides consists of O antigen 

(Raetz, C. R. & Whitfield, C. 2002). Lipid A moiety is responsible for activation of immune 

responses; whereas O antigen polysaccharide is responsible for induction of adaptive 

immunity. In general Escherichia coli membrane LPS is made up of diglucosamine 

diphosphate head group with hexa-acyl chains, these structures are known to be effective 

immunostimulants (Fig. 1.14). Janeway proposed that LPS acts as an activator of immune 

responses that along with primary representation of antigen presentation, aids in production 

of pro-inflammatory cytokines.  LPS binds with serum protein, LBP (LPS binding protein) ; 

afterwards this exports LPS to leukocyte membrane protein (CD14) (Golenbock, D. T.  et al. 

1991).  

 

Fig. 1.14: Molecular structure of a | Escherichia coli lipid A. b | Lipid IVa, the precursor 

of  Escherichia coli lipid (Bryant, Clare E., et al.  2010). 
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CD14 plays a pivotal function to enhance the LPS induction on myeloid cells. It has also 

been reported CD14 knockout mice showed resistance against LPS induced shock. Toll like 

receptor 4(TLR4), one of initial PRRs has been discovered, acts as receptor for LPS. It has 

also been confirmed mice lacking TLR4 show reduced susceptibility to LPS. Along with 

mutation on TLR4 genes showed the identical phenotypes also. Later the detailed molecular 

studies validated the significance of co-modulator MD2 which acts concordantly to induce 

the activation of signalling pathway (Walsh, C. et al. 2008). Even MD2 knockout mice also 

manifest in hyporesponsiveness to LPS. Accumulative observations suggest the aggregated 

expression of TLR4, CD14 and MD2 on immune cells shows coordinated initiation of LPS 

induced immune responses. 

1.2.3. Recognition & Activation of TLR4 mediated immune response by LPS: 

 

Fig. 1.15: LPS sensing and activation of TLR4 pathways in immune cells (Vaure, Céline, and 

Yuanqing Liu. 2014). 

The detailed molecular understanding of TLR4-MD2 complex and identification of its 

downstream regulators was crucial to understand the molecular manifestations. TLR4 mainly 

constituted an extracellular domain structure, a helix that span across membranes and the 
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globular TIR (Toll interleukin-1 receptor) domain present on the cytoplasmic interface; 

forming a typical the class 1 transmembrane receptor. Leucine-rich repeat motifs (LRR) are 

characteristics of TLR4 extracellular domain with a connecting cap structure (Gay, N. J. & 

Gangloff, M. 2008). LRR motifs have a vast span of binding capacity with different types of 

molecules including proteins, lipids and carbohydrates, forming a folding curved S-shaped 

structure. This adds an advantage of binding with different ligands over other class 1 

transmembrane receptors, where generally dimerizations of receptor molecules are necessary 

to induce the signal transduction (Gay, N. J. et al. 2006) (Fig. 1.15). 

Consequently discovery of co-receptor protein MD2 was another landmark on understanding 

endotoxin induced immune responses (Inohara, N. & Nunez, G. 2002). MD2, the crucial LBP 

belongs under a small family of lipid binders, generally form a sandwich structure that assists 

in binding of the lipid A acyl chains linked with the hydrophobic core structure of β-

sandwich of the MD2 (Gangloff, M. & Gay, N. J.2004; Gruber, A. wt al. 2004).  

Extracellular domain of TLR4 binds with MD2 through the two amino-terminal conserved 

sites of TLR4. LPS-binding motif of TLR4 is present on the reverse side MD2 binding sites. 

To unravel the molecular cues for initiation of signal transduction further researches have 

highlighted precise observations. Study suggests mutations on the H155 and F126 positions 

of MD2 impaired the binding potential of TLR4-MD2 heterodimer with each other that aids 

in the formation of the induced conformation, confers a crucial role for the onset of LPS 

induced signal transduction (Kim, H. M. et al. 2007). Further studies reveal the two 

molecular contact points existed at the time of formation of TLR2—MD2 heterodimers 

through protein-protein docking method study. MD2 residue F126 binds with L444 of TLR4 

ectodomain being the one of the interface. The molecular binding of these two heterodimers 

leads to form a ‗M‘ shaped conformation through bringing C-terminal sequences on a close 

proximity. Also the conformation shows identical structure with few other active TLR 
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complexes viz. TLR1-3 suggesting a similar mode of activity (Liu, L. et al. 2008, Jin, M. S. 

et al. 2007).  

1.2.4. Downstream Effectors of LPS induced signalling pathways: 

 Fig. 1.16: Downstream signalling of TLR4 pathways in immune cells (Vaure, Céline, and 

Yuanqing Liu. 2014). 

After the induction of endotoxin, TIRAP (Toll/interleukin-1 (IL-1) receptor adaptor protein) 

and TRAM (TRIF-related adaptor molecule, also known as TICAM2) is recruited by TLR4 

molecule. Further the downstream MyD88 (Myeloid differentiation primary response gene 

88) and TRIF (TIR domain-containing adaptor inducing interferon beta) is consequently 

recruited by TIRAP and TRAM respectively (Kawai, T. & Akira, S. 2006). Activation of 

Myd88 leads to the further activation of IRAK1 and IRAK4 (IL-1 receptor-associated kinase 
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1 and 4), and other downstream signalling molecules viz. TRAF6 and TAK1 (TGF-β-

activated kinase 1). TRAF6, an E3 ubiquitin ligase interacts with TAB2 (TAK1 binding 

protein 2), TAB3 and TAK1 to form an active complex for further auto-phosphorylation and 

induction of TAK1 activities. Activated TAK1 initiates the phosphorylation of IKKs that 

ultimately leads to its own activation along with NF-κβ pathway. Subsequently this resulted 

in induced expression of pro-inflammatory cytokines. In contrast, TRIF-mediated activation 

of signalling pathway leads to induction of biogenesis of NF-κβ along with IRF3 (Interferon 

regulatory factor 3) for increased biogenesis of pro-inflammatory cytokines and interferons.  

TRAF6 and RIP1 (Receptor-interacting protein 1) play a crucial downstream mediator for 

TRIF-dependent NF-κβ activation. Whereas it has been observed that TRAF3 mediates the 

activation of IRF3 in a TRIF dependent manner (Hennessy, Elizabeth J. 2010, Fig. 1.16). 

Dimerization of TLR4-MD2 complex to form the heterotetramer leads to initiation of 

activation of further downstream molecules. Activation of the receptor complex modulates 

the changes in topography through binding of the cytoplasmic TIR domain. This scaffold 

formation brings about recruitment of specific adapter molecules to activate downstream 

pathways. TRAM—TRIF or MAL-Myd88 are the main adaptor proteins that directly bind 

with membrane receptor complexes (O'Neill, L. A. & Bowie, A. G. 2007). Generally MAL 

and TRAM acts as a ―linking adapters‖ between the TLR complex and specific recruitment of 

MyD88 and TRIF, respectively. Nuclear factor-κβ (NF-κβ), an important transcription factor 

is generally activated through MAL, which is also responsible for overexpression of pro-

inflammatory cytokines. TRAM not only induces the sustainable production of NF-κβ, it also 

induces interferon regulatory factor 3 (IRF-3) production. Production of interferon-β and CC-

chemokine ligand 5 (CCL5) gene expressions are in turn regulated through IRF-3 production 

(O'Neill, L. A. & Bowie, A. G. 2007). In general, productions of cytokines are influenced by 
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MAL-Myd88 interaction whereas TRAF-TRIF signalling controls the activity of adjuvants 

(Mata-Haro, V. et al. 2007).  

1.2.5. Modulation of TLR signalling pathways by miRNAs: 

The most crucial segment of modulation of TLR4 signalling pathways is to control the 

expression at its receptor level. Induction of TLR pathways manifests in upregulation of 

proinflammatory molecules and which affects cellular homeostasis.  The expression of these 

receptors is restricted to a specific group of cells viz. including macrophages, dendritic cells 

(DCs) and B and T cells (Muzio, M. et al. 2000, Rock, F. L. et al. 1998). Even specificity of 

cell specific TLR expression has also been documented. Along with, miRNAs has also shown 

similar cell-specific expression in a TLR-responsive manner. There may be a correlation 

between TLR distributions with miRNA expression although it has not been clearly 

understood, as not all the TLRs are the prominent target of miRNAs (Lagos-Quintana, M. 

2001, Chen, C. Z. et al. 2004). The phenomenon might contribute to the fact that TLRs 

probably are not directly targeted by miRNAs, even TargetScan based analysis also 

corroborated the fact, where it could be observed TLRs show less no. of highly conserved 

sites for miRNAs.   

TLR-activated inflammation, elicited by exogenous or endogenous ligands, does give rise to 

several acute and chronic diseases, and plays a critical role as an amplifier of the 

inflammatory response. Expression profiling in human monocytes revealed a groups of 

miRNAs are endotoxin-responsive and NF-κβ-dependent that fine tunes the expression of 

signalling mediators during inflammatory escalation (Taganov, Konstantin D., et al. 2006, 

O'neill, Luke A.et al. 2011) (Fig. 1.17). miRNAs can stimulate or regulate various signalling 

pathways such as TLR‐signalling pathways (TLR4, TLR3, and TLR7/8 etc.), NF‐kβ 

pathway, MAPK pathways (MAPK/ERK, MAPK/JNK, and MAPK/p38 pathways) to mount 
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pro‐ and anti‐inflammatory responses or modulate innate immune responses at different 

levels   (Momen‐Heravi et al., 2018, Nejad et al., 2018).   

 

Fig. 1.17: Different TLR signalling mediators are controlled by miRNAs (Bayraktar, Recep et 

al., 2019). 

There is ample evidence of TLR4 responsive induction of miRNAs viz. miR-155, miR-146a 

and miR-21that act as important regulators of innate immune response. These miRNAs can 

bind to target sites of TLR4 signalling to repress its activation. TLR4-responsive miRNAs 

can be broadly classified as either immediate early response miRNAs (viz. miR-155) or late 

response miRNAs (viz. miR-21) (O'neill, Luke A.et al. 2011) (Fig. 1.18). Most of TLR4-
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responsive miRNAs expressions are controlled by NF-κβ transcription factors, as most of the 

miRNAs genes contain NF-κβ responsive promoter elements.  Although in most of the cases 

upregulation at pri-miRNA level could be observed, further in some cases precursor also 

could be modulated after induction. In some other cases miRNAs could be downregulated 

post-TLR4 response, like IL-10 mediated downregulation of miR-155 has also been 

documented (Ruggiero, T. et al. 2009).   

 

Fig. 1.17: TLR4 pathways are fine tuned by different miRNAs (O'neill, Luke A.et al. 2011). 

 

1.3. Mitochondrial Biology & its significance on miRNA mediated mRNA repression 

Mitochondria being the energy producers of the cell are exceptionally dynamic 

compartments which exhibit a huge versatility over its morphology varying is localization. 

Mitochondria consistently divide and fuse to maintain its integrity, stability and activity that 

in turn imparts a great impact for maintaining cellular homeostasis (Chen and Chan 2009). 
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Mitofusin 1&2 (Mfn1/2), the homologous protein of Drosophila GTPase fzo (fuzzy onions 

protein), maintains the structural integrity, intramitochondrial assembly that has a huge 

impact for proper activities of mitochondria in human cells. Recent evidence has proved the 

importance of these two proteins in mitochondria-ER tethering and the phenomenon 

influences the activity and recycling of miRNPs (Chen, Detmer et al. 2003) (Fig. 1.19).  

UCPs, mitochondrial uncoupler proteins impart a crucial role in regulating membrane 

potential of mitochondria. UCPs, proton transporter channels dissipate the energy from the inner 

mitochondrial space to uncouple the electron transport chain. Previous reports suggest 

dysfunctional ER-endosome attachment caused by depolarized mitochondria influences increased 

miRNPs status inside the mammalian cells (Chakrabarty and Bhattacharyya 2017). 

 

Fig.1.19: Regulation of ER-Mitochondria tethering by Mfn2 (Filadi, Riccardo, Diana Pendin, 

and Paola Pizzo, 2018) 

1.3.1. Mitochondria: structure and function 

Mitochondria (singular: mitochondrion) is a membrane-bound organelle localized in the 

cytoplasm of almost all eukaryotic cells with exceptions like the mature mammalian red 

blood cells (RBC) etc. It consists of five distinct components namely outer mitochondrial 
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membrane, inner mitochondrial membrane, intermembrane/perimitochondrial space (space 

between outer and inner mitochondrial membranes), cristae (formed due to the invagination 

of the inner membrane; contains the F1 particles or F type ATPase) and the matrix. The outer 

mitochondrial membrane consists of proteins like porins which is involved in the transport of 

small protein molecules and translocase which is involved in the transport of large protein 

molecules ( Alberts et al., 2008 ; Herrmann, et al, 2000 ). It also contains the enzymes like 

monoamine oxidase and fatty acid CoA ligase which are involved in diverse functions. The 

inner mitochondrial membrane is the major site for the oxidative phosphorylation by electron 

transport chain (ETC) and ATP synthesis by ATP synthetase. Apart from these, it contains 

the mitochondrial fusion, fission proteins and proteins involved in metabolite transportation 

across the membrane (Alberts et al., 2008). The intermembrane space or the 

perimitochondrial space contains small molecules of the cytosol and proteins such as 

cytochrome C which is involved in an apoptotic signaling pathway (Alberts et al., 2008; 

Chipuk,et al, 2006). The inner membrane is compartmentalized into the matrix as cristae as 

scaffolds to enhance the ability of ATP synthesis as more F1 particles can be localized on it. 

It contains translocase that helps in the maintenance of proton electrochemical gradient 

between the intermembrane space and the matrix which is necessary for ATP formation 

(Mitchell, et al, 1961; Mannella, et al, 2006). The mitochondrial matrix is the site of 

enzymatic processes required for oxidative metabolism such as the citric acid cycle and â 

oxidation of fatty acids (Alberts et al., 2008). It also houses the mitochondrial ribosomes, 

tRNAs, mitochondrial DNA (mtDNA) for the transcription, translation of the mitochondrial 

genome ( Anderson, et al, 1981 ) (Fig. 1.20). 
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Fig. 1.20: Overview of structure and function of mitochondria ( Pfanner, Nikolaus et al, 2019) 

Termed as the "powerhouse of the cell", mitochondria is involved in the production of 

adenosine triphosphate, cellular energy molecule, via oxidative phosphorylation (OXPHOS) 

thereby regulating the cellular metabolism. In the later decades, it was found that the 

mitochondria have diverse important roles. Mitochondria acts as a reservoir for calcium ions 

(Ca2+ ions) to maintain the cell's homeostasis of calcium and its signaling pathways (Santulli, 

et al, 2015; Hajnóczky, et al, 2006 ). Mitochondria is also involved in maintaining the 

membrane potential, mitochondrial reactive oxidative species (ROS) signaling (Li, et al, 

2013), apoptosis mediated by the release of cytochrome C from the matrix of the 

mitochondria (Green, et al, 1998) etc. Mitochondrial dysfunction is an important factor in 

causing many human diseases, especially mitochondrial deoxyribonucleic acid (mtDNA) 

diseases. To get a better understanding of the mitochondria, their functions have been 
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extensively studied in cancer, diabetes mellitus, aging, neurodegenerative diseases etc.( Park, 

et al, 2011 ; Huang, et al, 2004 ). 

1.3.2. Oxidative phosphorylation system (OXPHOS SYSTEM) 

ATP is the energy currency of the cell which is the essential component of all cellular 

processes. The OXPHOS system involves the electron donor - reduced coenzymes 

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) from 

glycolysis, Krebs cycle and fatty acid oxidation whose pair of electrons have high transfer 

potential which can be used to reduce the molecular oxygen to water. This generates 26 

molecules of ATP upon the complete oxidation of glucose. This system consists of five 

multiprotein complexes I-V (electron acceptors) which are embedded in the inner 

mitochondrial membrane which is involved in the electron transfer to oxygen (Boekema, et 

al, 2006): 

Complex I ( NADH : Ubiquinone Oxidoreductase) 

Complex II (Succinate ubiquinone oxidoreductase) 

Complex III (Ubiquinol- cytochrome c oxidoreductase) 

Complex IV ( cytochrome c oxidase ) 

Complex V (F0 F1 ATP synthase ) 

The electrons are transferred from the NADH to complex I. They are further transferred 

down the ETC to complex II and then to complex III. The electrons reach the complex IV 

which is the terminal electron acceptor. While the electrons are being transferred via complex 

I, III and IV, it mediates the transport of protons (H+ ion) across the inner mitochondrial 

membrane to the matrix. The protons get accumulated in the intermembrane space and cause 
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the proton gradient which acts as a driving force (PMF - proton-motive force) for complex V 

which is involved in the production of ATP. The H+ ions are pumped back into the matrix 

through the complex V. The PMF can be only maintained by a constant supply of oxygen 

which is essential for driving the production of ATP to meet the cellular demands (Fig. 1.21). 

This couples the process of oxidative phosphorylation and ATP synthesis ( Mitchell, et al, 

1961 ). 

 

Fig 1.21: Oxidative phosphorylation by electron transport chain (Gorman, et al, 2016) 

1.3.3. Uncoupling proteins: types and mechanism 

Uncoupling proteins (UCPs or thermogenins) belong to a subfamily of mitochondrial anion 

carriers that are found in the inner mitochondrial membrane. Encoded by the nuclear DNA, 

these proteins were initially assumed to be just involved in the proton transportation between 

the intermembrane space and mitochondrial matrix. It later served an uncoupling function 

specifically uncoupling the proton flux of the oxidative phosphorylation from ATP synthesis. 

The metabolite oxidation in the mitochondria results in the transportation of protons out of 

the mitochondrial matrix which results in generation of membrane potential. The protons are 
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used for the generation of ATP by transporting them back into the mitochondria by ATPase 

thus coupling the oxidation with energy production (Mao, et al, 1999 Sanchis et al., 1998; 

Arsenijevic, et al, 2000). Thus the UCPs provide an alternate route for the re-entry of the 

protons which is not coupled with the ATP synthesis which results in dissipating the energy 

in the form of heat (Lowell, et al, 2000). UCPs also influence by diminishing the superoxide 

anion formation and Ca2+ transport to the mitochondrial matrix (Arsenijevic, et al, 2000 

;Nègre-Salvayre, et al, 1997 ). As of now there are five types of UCPs : UCP1, UCP2, UCP3, 

UCP4 and UCP5 (Fig. 1.22). 

 

Fig. 1.22: Effect of mitochondrial uncoupler on maintain cellular physiology (Demine, Stéphane 

et al.; 2019) 

UCP1 was mainly found in exclusively in brown adipose tissues (BAT) and is involved in 

non shivering thermogenesis in hibernating as well as cold-adapted animals (Golozoubova, et 

al, 2001; Nicholls, et al, 1984). The humans have the UCP1 gene on chromosome 4 and it is 

only found in BAT which disappears after birth. It is also known to be involved in obesity 

(Klingenberg, et al, 2001; Nicholls, et al, 2001). UCP2 and UCP3 are generally associated 
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with obesity and diabetes and its genes are adjacently localized in the chromosome 11 

(Fleury, et al, 1997). UCP2 mRNA are widely expressed as are found in a variety of tissues 

like the white adipose tissue (WAT), brain, lungs, kidney, liver, heart and the spleen but its 

protein product is expressed in a few tissues like pancreatic beta cells, hypothalamus etc. 

(Pecqueur,et al, 2000; Mattiasson, et al, 2006). UCP3 expression is predominantly found in 

the skeletal muscles. It is involved in fatty acid metabolism, protection against oxidative 

stress, metabolic shift and thermogenesis (Boss, et al, 2000). UCP4 and UCP5 are yet to be 

analyzed in detail for their roles as they are assumed to be involved in neuroprotection (Mao, 

et al, 1999). UCP5 resembles the brain mitochondrial carrier protein-1 (BMCP-1) and it was 

found to be expressed in the brain as a thermoregulator of neurotransmitters (Sanchis et al., 

1998). Two mechanisms have been proposed for the mitochondrial uncoupling by UCPs: 

1) Direct transport of protons by UCPs (Klingenberg et al, 1999 ) 

2) Fatty acid cycling - transport of non-esterified fatty acids ( Ježek, et al, 1998 ) 

Both the mechanisms act by reducing the transmembrane potential across the inner 

mitochondrial membrane mediating the uncoupling of ATP production. Through first 

mechanism, Free fatty acids (FFA) activate the UCP2 for translocalization of protons by 

either donating the H+ ions directly to UCP2 or FFA may associate with coenzyme Q (CoQ) 

to help in donating H+ ions to UCP2 ( Klingenberg, et al, 1999 ; Echtay, et al, 2001 ). The 

other mechanism is UCP1 mediated flip-flop transport of monovalent, negatively charged 

FFA outside the mitochondrial matrix and H+ ion transport back into the matrix (Garlid et al., 

1996). 
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Fig. 1.23: UCP2 mediated regulation of mitochondrial metabolism (Emre, Yalin, and Tobias 

Nübel, 2010). 

1.3.4. Regulation of UCP2 to regulate mitochondrial physiology: 

Like UCP1, UCP2 is involved in the regulation of ATP synthesis, glucose and fatty acid 

metabolism, ROS production and controlling its cellular levels. Sharing 58% amino acid 

homology with UCP1, the sequence of UCP2 is also conserved across various species and its 

widespread occurrence in various tissues make UCP2 a physiologically important protein 

(Boss, et al, 2000) (Fig. 1.22). Though the UCP2 mRNA are expressed in a wide range of 

tissues, their proteins are expressed to be detected in only a few tissues like spleen, brain etc. 

(Mattiasson,et al, 2006 ; Pecqueur, et al, 2000 ). The variations in the action/regulation of 

UCP2 is responsible for the regulation of cell death, temperature and it is impaired in major 

diseases like hyperinsulinemia, obesity, ageing and neurodegenerative diseases (Chavin et al, 

1998 ; Brand, et al, 2000 ; Sreedhar, et al, 2017 ). 



 
44 

 

● UCP2 expression levels are regulated as follows: 

a) Regulation of UCP2 expression by free fatty acids: There is a direct relation between 

the FFA and UCP2 mRNA expression levels. Addition of FFA to cultures containing 

liver, heart and pancreatic islets cells resulted in the upregulation of the expression of 

UCP2 mRNA with high expression levels seen in the pancreatic islet cell cultures 

(Armstrong, et al, 2001). This shows that all classes of unsaturated FFA and or their 

metabolism is capable of inducing UCP2 expression (Lameloise, et al, 2001). 

b) Regulation of UCP2 expression by glucose: Conflicting results regarding the regulation 

of UCP2 levels by glucose. Studies conducted on hyperglycemia-induced rat (by partial 

pancreatectomy or glucose infusion) showed that UCP2 levels were upregulated but 

hyperglycemia (more than 48 hours) didn't result in the UCP2 mRNA and/or protein 

levels to increase or decrease ( Li, et al, 2002 ; Brown, et al, 2002 ; Patane, et al, 2002 ). 

c) Regulation of UCP2 expression by ROS: Increased production of ROS results in the 

increased expression of UCP2 in hepatocytes during both in vivo and in vitro conditions 

(Cortez-Pinto, et al, 1998; Cortez–Pinto, et al, 1999 ; Rashid, et al, 1999). Superoxide 

anions and lipid peroxidation products are also known to regulate UCP2 levels both 

transcriptionally and post-transcriptionally (Brand, et al, 2004). These results show that 

UCP2 could be part of the endogenous response to oxidative stress. 
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1.3.5. Attributes of UCP2 on maintaining cellular homeostasis: 

 Fig. 1.24: Regulation of UCP2 overexpression on Neuronal cells (Hass, Daniel T., and Colin J. 

Barnstable, 2016). 

The mitochondrial uncoupling action of UCP2 has profound effects on the cellular function 

like thermogenesis, energy production, calcium homeostasis, cell death, ROS production and 

its regulation (Fig. 1.24). 

● Synthesis of ATP - UCP2 mediates the action of uncoupling the OXPHOS system and 

ATP synthesis, thus reducing ATP production and dissipates the energy as heat. 

Studies conducted UCP2 knockout animals showed increased ATP/ ADP levels and 

increased insulin secretion. It was also shown that UCP2 overexpression caused 

increased ATP/ADP levels in the brain which may be due to mitochondrial 



 
46 

 

proliferation induced by UCP2 which results in increased ATP production levels 

(Horvath, et al, 2003). 

● Calcium homeostasis- Being the key regulator of various cell signaling cascades, it is 

important to maintain the calcium levels in the cells. Mitochondria is the site for 

calcium cycling which is dependent on the inner mitochondrial membrane potential 

for calcium influx or efflux (Ichas, et al, 1998 ; Rizzuto, et al, 1999 ). Decrease in 

cytosolic levels of Ca2+ or the mitochondrial membrane potential results in the 

activation of mitochondrial Ca2+ pump to maintain the homeostatic levels of Ca2+ in 

the cell. The mitochondrial Ca2+ cell cycling dynamics are affected by the UCP2-

mediated regulation of mitochondrial potential. The UCP2-mediated depolarization 

isn't large enough to affect the whole of the calcium ions localized in the 

mitochondria but it does decrease the further Ca2+ uptake (Mattiasson, et al, 2006). 

These small alterations are important in cellular calcium dynamics as they are 

important for the initiation of cell death cascades. UCP2 also causes the elevation of 

temperature which has a profound effect on the calcium storage capacity of the 

mitochondria (Horvath, et al, 2003). 

● Production of ROS - Free radicals as superoxides are produced as a by-product of the 

electron flow through the respiratory chain in the mitochondria. The production of 

free radicals is maintained at homeostasis by anti-oxidation systems like superoxide 

dismutase, catalase, and glutathione peroxidase and glutathione reductase (Cadenas, 

Enrique, et al. 1977). Increase in the mitochondrial potential promotes the ROS 

production. When the potential gradient is high, the protons can't be moved out of the 

mitochondrial matrix by ETC which results in the localized reduced intermediates to 

stay longer and the chances of the electrons escaping from the intermediates to reduce 
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the O2 thereby promoting ROS production. Mild uncoupling is known to cause the 

decrease in ROS production (Skulachev, et al, 1998; Skulachev, et al, 1996). Studies 

show that UCP2 modulates the ROS levels and an increased free radical production 

was found in UCP2 knockout animals (Arsenijevic, et al, 2000). UCP2 

overexpression is known to decrease cell death following hydrogen peroxide (H2O2) 

exposure and ROS production ( Li, et al, 2001 ) 

● Thermogenesis - The mitochondrial uncoupling by the UCP2 is important as it affects 

the temperature in the microenvironment especially in the neurons even though it is 

not as thermogenic as UCP1 in generating the core body temperature (Horvath, et al, 

2003). It was also shown that increased UCP2 overexpression due to cold-exposure in 

the spinal cord modulates the synaptic activity (Mizuno, et al, 2000). 

● Cell death - Studies show that UCP2 have a role in diminishing cell death by acting 

on mitochondrial functions by reducing the ROS production and decreasing the 

activation of mitochondria- mediated cell death by apoptosis (requires ATP and active 

protein synthesis) or necrosis (caused by transmembrane ionic pump breakdown due 

to lack of ATP). Increased oxidative stress, altered calcium homeostasis and impaired 

ETC complexes are known to induce mitochondria-mediated cell death (Kroemer, et 

al, 1995; Zamzami N, et al, 1995). 

1.3.6. Regulation of miRNP trafficking by mitochondria-ER physiology: 

Primarily after the miRNA mediated targeting and recruitment of mRNA at polysomes 

attached with rER then it is transported to the late endosomes/MVBs. Previous research has 

documented trafficking of miRNPs-target mRNA complex towards the MVB is precondition 

for dissociation from miRNPs from its target and entry to the new cycle of repression. During 

these mechanisms, a major pool of Ago2 protein also dissociated from miRNAs at MVB with 
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increased phosphorylation status of Ago pool at MVB compartment (Patranabis and 

Bhattacharyya 2016). So this could be clearly understandable that ER serves as the 

compartment for RISC assembly or Ago2 recruitment of miRNAs (Stalder, Heusermann et al. 

2013) and MVBs or late endosomes acts as the sites for deadenylation, decapping and 

cleavage of target messages and dissociation of the miRISC complex (Bose, Barman et al. 

2017),  my work also emphasized on how mitochondria might show an unique influence over 

this phenomenon. This came to our attention with the preliminary findings that defective 

mitochondrial cells impairs the miRNA and its target mRNA compartmentalization and 

stability in animal cells (Chakrabarty and Bhattacharyya 2017). 

 Mitochondria also regulates the process of miRNP recycling along with mitochondria-

ER detethered cells shows imperfect recycling of this step where increased accumulation of 

miRNA and its target messages on the primary nucleation compartment i.e. rER could be 

seen. Report also shows how Leishmania donovani depolarizes its host mitochondria through 

inducing UCPs overexpression that in turn impairs the recycling of miRNPs and increased 

accumulation of miRNAs at ER of infected macrophage cells (Chakrabarty and 

Bhattacharyya 2017). Consequently increased reservoir of inactive Ago2 could be 

documented on endosome or MVB fraction (Chakrabarty and Bhattacharyya 2017). All of 

these previous reports led us interested to unravel the detailed mechanism of miRNA 

mediated targeting of mRNAs, intracellular movement of miRNPs and its target messages 

and how the mitochondrial physiology influences these processes to maintain normal cellular 

homeostasis. 

 



MATERIALS
&
METHODS
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 2.1. Cell Cultures and Reagents 

                               Human embryonic kidney 293(HEK293), MDA-MB-231 (the triple-  

negative breast cancer cell line), Huh7(Human Liver cell line), Mouse embryonic 

fibroblasts(MEF) & HeLa (Cervical cancer cell line)cells were maintained in DMEM 

medium containing 2 mM L-glutamine and 10% heat-inactivated FCS. Cell culture reagents 

were purchased from Life Technologies, USA. Tet-On stable HEK293 cells with the 

Tetracycline-inducible expression constructs were grown in DMEM supplemented with 10% 

TET-approved FCS (Clontech) and induced with the treatment of Doxycycline (Sigma). 

Plasmid transfections were carried out with Lipofectamine 2000 and siRNAs with RNAiMax 

(Life Technologies) using the manufacturer’s instructions. For all experiments related to 

cellular confluency, cells were grown to 25-40% confluency states (LDC) or visibly full 

confluent (HDC) states unless specified otherwise (Ghosh, Bose et al. 2015). Transfections 

were performed using Lipofectamine 2000 (Invitrogen) following manufacturer's protocol. 

RAW 264.7 cells were cultured in RPMI 1640 medium (Gibco) supplemented with 2 mM 

L‐glutamine, 0.5% β‐mercaptoethanol and 10% heat‐inactivated fetal calf serum.  

The animal facility of CSIR-Indian Institute of Chemical Biology has provided all the 

required Mice Adult Balb/C mice (of any sex) and  I have followed the National Regulatory 

Guidelines issued by the Committee for the Purpose of Supervision of Experiments on 

Animals, Ministry of Environment and Forest, Govt. of India for all the experimentations  I 

have performed. Primary murine peritoneal exudates macrophages (PEC) were boosted by 

4% starch injected intraperitoneally. Post 72 hrs. of starch mediated stimulation, mice were 

sacrificed and peritoneal macrophages were collected after washing and clearing of the 

peritoneal cavity with cold 1X PBS. Cells were spun down and grown in RPMI 1640 

supplemented with 2 mM L-glutamine and 10% heat-inactivated fetal calf serum (FCS).  
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2.2. Transfection & Treatment on Cells  

1 μg target mRNA encoding plasmids (WT or Mut constructs) were transfected in six-well 

format with 500 ng inducible miR-122 encoding plasmid on Tet-On HEK stable cell lines.  

For GFP-3Xbulge-122 reporter for microsomal compartmentalization study on HEK293 

cells, exactly the same transfections were performed with addition of this plasmid. 

Lipofectamine 2000 (Life Technologies) has been used as transfection reagent for all of this 

study as per the manufacturer's protocol.  

30 nM of Ambion® Anti-miR™ miRNA Inhibitor, either anti-miR-146a (AM10722) or anti-

miR-122 as control (AM11012) was transfected on RAW 264.7 cells for anti-miR 

experiments. For immunoprecipitation study, 1.5 μg of F-HA-AGO2 expressing plasmid has 

been transfected along with anti-miRNA-inhibitors on 6 well formats. Transfection method 

has been followed as per the manufacturer’s protocol using Lipofectamine 2000 (Life 

Technologies). siDicer1 specific for mouse cells were transfected at 30 nM concentration on 

RAW 264.7 cells. Dharmacon SMARTpool ON-TARGET plus siRNAs against Dicer1 were 

bought from Thermo Scientific. Transfection of siRNAs has been carried out using 

RNAiMax (Life Technologies) as per the manufacturer’s protocol. The macrophage cells 

were induced with 10 ng/ml Escherichia coli O111:B4 LPS (Calbiochem, La Jolla, CA) for 

activation unless specified otherwise. Experiments related to inducible expression systems on 

RAW 264.7 cells, 600ng of Tet-On plasmid and 400 ng of inducible miR-146a plasmid has 

been transfected on 12 well cell culture formats. Fugene HD (Promega) transfection reagent 

has been used for this as per manufacturer's protocol. Induction of expression of respective 

gene product was carried out for indicated time durations using 400 ng/ml doxycycline. 

siMFN2 (Dharmacon SMARTpool ON-TARGETplus) specific for human cells were 

transfected at 30 nM concentration on HeLA and MDA-MB-231 cells. Thapsigargin and 
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Dorsomorphin were treated at 2.5 μM (for 16 h.) and 10 μM (for 2h.) concentration on MEF 

and MDA-MB-231 cells respectively (Mukherjee et al., 2016, Chakraborty, Subhamoy et al., 

2019). Rapamycin was used at 100nM concentration on MDA-MB-231 cells(Chakrabarty 

and Bhattacharyya 2017). Puromycin and Cycloheximide were treated at 100ng/ml.(for 3 h.) 

and 100ng/ml (for 16h.) concentration on MDA-MB-231 cells (Holland, John J 1963; Ghosh, 

Souvik, et al. 2015)  

2.3. Luciferase assay 

Luciferase reporter assays were carried out using Dual-Luciferase Assay Kit (Promega), 

following the manufacturer’s instructions, on VICTOR X3 Plate Reader (PerkinElmer).  

Renilla luciferase (RL) luminescence has been normalized with firefly luciferase (FF) 

activities to calculate fold repression. Details regarding the reporter plasmids constructs have 

been provided on Appendix Table 4. 

In the experiment using RL target reporters, HEK293 cells were transfected in a 24-well 

format with 250ng imiR-122, 200ng firefly luciferase, along with 20ng of Renilla luciferase 

reporter RL-3xbulge-let7a_1xbulge-miR-122(WT) or RL-3xbulge_mut-let7a_1xbulge-miR-

122 (Mutant). After 24 h, cells 400ng/ml of doxycycline has been treated and at 48 h 

Luciferase activity measured. Firefly normalized RL values were plotted. For Luciferase 

reporter study on RAW cells, 200ng Firefly Luciferase (FL), along with 40 ng of Renilla 

Luciferase (RL) reporter have been transfected along with necessary plasmid or anti-miRs in 

a 24-well format. 

 

2.4. RNA isolation and northern blotting 
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TRIzol reagents (Life Technologies) have been used for isolation of RNA from total cellular 

level or from organelle fractions. 1ml of TRIzol reagents have been used for isolation of 

RNA from 1 well of 6well cell culture plates. In case of RNA isolation of cellular fractions or 

after in-vitro assays suspended on buffers, 3 times the volume of TRIzol LS reagents (Life 

Technologies) has been used. Aqueous phase has been collected after centrifugation at 

12000g for 15mins after addition of chloroform (Merck). RNA has been precipitated after 

centrifugation at 16000g for 15mins after addition of an equal amount of Isopropanol and 

incubation for ~15mins at room temperature. mirVANA miRNA isolation kits (Life 

Technologies) have been used for isolation of small RNA according to the manufacturer’s 

instructions. Equal quantities of total RNA(5–10 μg) was separated on a 15% 7.5 M Urea-

PAGE, transferred to a Nylon NY+ membrane (Millipore), cross linked and hybridized with γ
 

32P-labeled 22 nt antisense DNA probes specific for respective miRNAs or U6 

snRNA(16081698). For detection, γ32P-labelled 22-nt miRCURY complementary LNA 

probes for let-7a (Exiqon), miR-146a (GeneX) or complementary DNA probe for U6 snRNA 

were used. PhosphorImaging of the blots was performed in Cyclone Plus Storage Phosphor 

System (Perkin Elmer).  

2.5. Real-Time PCR quantification of mRNA and miRNAs 

For mRNA quantification, random nonamers (Eurogentec Reverse Transcriptase Core Kit) 

was used to prepare cDNA by using the 200 ng of the total RNA for 10 μl of reaction and the 

produced cDNA was used for comparative quantification of mRNA expression. Real-time 

(reverse transcriptase) PCR from cDNA was done with the Mesa Green qPCR Mastermix 

Plus for SYBR Assay-Low ROX (Eurogentec) with the primers listed in Appendix Table 3. 

The comparative Ct method, have been used for relative quantization that typically use 

normalization by the housekeeping mRNA expression viz. 18S rRNA or GAPDH levels. 
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Cellular or organellar miRNA levels were quantified using TaqMan-based miRNA specific 

assay kit starting with 50 ng of total RNA. The reverse transcription mix was used for 

primary PCR amplification of miRNAs and finally with TaqMan Universal PCR Master Mix 

No AmpErase (Applied Biosystems). The samples were probed in triplicates for each 

biological replicate. The comparative Ct method has been used where the candidate miRNA 

has been normalized with endogenous control U6 snRNA. The candidate miRNA of whose 

specific primers were used are for human let-7a-5p (assay ID 000377), human miR-122-5p 

(assay ID 000445), human miR-146a-5p (assay ID 000468), mouse miR-155-5p (assay ID 

002571), human miR-21-5p (assay ID 000397), human miR-125b-5p (assay ID 000449), 

human miR-142-3p (assay ID 000464), human miR-16-5p (assay ID 000391), mouse miR-

21-3p (assay ID 002493),and U6 snRNA (assay ID 001973) was used as an endogenous 

control. All reactions were performed in 7500 Applied Biosystem Real Time System or BIO-

RAD CFX96 Real-Time system. Cycles were set as per the manufacturer’s protocol. 

2.6. Immunoprecipitation Assay 

Procedure for immunoprecipitation of AGO2 was followed as per published protocols 

(Kundu, Pradipta, et al. 2012, Bhattacharyya, Suvendra N., et al. 2006). FLAG-M2 agarose 

beads (Sigma) were washed thrice with 1× IP buffer (20 mM Tris–HCl, pH7.5; 150 mM KCl, 

1 mM MgCl2) for exogenous FLAG-tagged Ago2. Cells were lysed in a lysis buffer [20 mM 

Tris-HCl pH 7.4, 200 mM KCl, 5 mM MgCl2, 1 mM dithiothreitol (DTT), 1× EDTA-free 

protease inhibitor (Roche), 5 mM Vanadyl ribonucleoside complex (Sigma), 0.5% Triton X-

100, 0.5% sodium deoxycholate] at 4 °C for 30 min, followed by 10 seconds sonication for 

thrice with 5-min incubation on ice in between. Lysate was centrifuged at 16,000 × g for 5 

mins. at 4°C after lysis. Immunoprecipitation was carried out for 16 h at 4 °C. After washing 

the beads with 1X IP buffer, beads were divided in two halves for protein and RNA 
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expression analysis. One half subjected to RNA isolation with TRIzol LS and another for 

Western blotting with 1× SDS sample buffer.  

2.7. Protein quantification & Western Blotting 

Quantifications of proteins were done (for equal amounts of protein loading) using 

Coomassie Bradford protein assay kit (Thermo Scientific) and concentrations detected using 

a spectrophotometer (JIS). Whereas  cell samples or immunoprecipitated beads were 

dissolved/lysed in 1X sample loading buffer (1.5 mM Tris-HCl, pH 6.8, 10% SDS, 50% 

glycerol, 250mM DTT, 0.5% bromophenol blue) and heated for 10min at 95ºC.Western 

blotting of proteins has been followed as per published protocols (Pillai, Ramesh S., et al. 

2005). The cell lysates or immunoprecipitated proteins were electrophoresed through SDS–

PAGE. After completion of electrophoresis, proteins were transferred to polyvinylidene 

fluoride or polyvinylidene difluoride (PVDF) membrane followed by blocking in TBS (Tris-

buffered saline) containing 0.1% Tween-20 and 3% BSA at 4°C for minimum 1 h. The blots 

were probed with specific primary antibodies diluted in TBS containing 0.1% Tween- 20 and 

3% BSA overnight at 4°C. Detailed list of antibodies that have been used by us is attached as 

Appendix Table 2. Washed membranes were incubated with secondary antibodies conjugated 

with horseradish peroxidase (HRP) for 1h at room temperature. After removal of excess 

antibodies thrice with TBST (Tris buffered saline with 0.1% Tween-20) the antigen-antibody 

complex were detected by west pico (or west femto otherwise) chemiluminescent substrate 

using manufacturer’s protocol (Thermo Scientific).Visualization of all western blots was 

performed using an UVP BioImager 600 system equipped with VisionWorks Life Science 

software (UVP) V6.80. ImageJ software has been used for densitometric analysis of blots for 

relative quantification of bands. 

2.8. Digitonin-mediated Cell fractionation  
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1x106 cells were lysed in the digitonin lysis buffer (10mM Tris, pH 7.5, 25mM KCl, 5 mM 

MgCl2, 1mM CaCl2, 5mM Vanadyl Ribonucleoside complex (Sigma), 1mM DTT, 1X 

Protease inhibitor cocktail (Roche) and 50 µg/ml digitonin(Calbiochem) for 10min on ice. 

The membrane fraction is collected by centrifuging at 2,500xg for 5 min followed by 

clearance of the membrane pellet with the pre-used lysis buffer without digitonin. Samples 

are further analyzed as required with the membrane-enriched pellet and cytosolic supernatant 

fractions.  

2.9. Isolation of Microsomes 

HEK293 or RAW 264.7 cells were resuspended in 1X hypotonic buffer (10 mM HEPES pH 

7.8, 1 mM EGTA, 25 mM KCl) equivalent to 3 times the packed cell volume (PCV) and 

incubated for 20 min. on ice. The cells were spun down and again resuspended in 1X Isotonic 

buffer (10 mM HEPES pH 7.8, 1 mM EGTA, 25 mM KCl, and 250 mM Sucrose) two times 

of the PCV and homogenized. The cell lysate was centrifuged at 1,000xg for 10 min for pre-

clearing, followed by a 12,000xg spin for 15 min to remove mitochondrial fraction. The post-

mitochondrial supernatant was incubated for 15-20 min with 8 mM CaCl2 followed by 

centrifugation at 8,000xg for 10 min to obtain the microsome enriched pellet.  

2.10. KCl-Puromycin based isolation of Polysomes from microsomal fractions 

After isolation of microsomes, it was resuspended in buffer containing 50mM Tris-HCl pH 

7.5, 250mM sucrose, 2mM MgCl2, 500mM KCl and 1mM puromycin, 1X Protease inhibitor 

cocktail (Roche), 5mM Vanadyl Ribonucleoside complex (Sigma) and incubated for 15min at 

37°C. After the incubation, the microsomal suspensions were ultracentrifuged at 100,000g for 

1h to separate ribosomal fraction and non-ribosomal membrane fractions. After isolation of 

respective fractions, an equivalent amount of RNA was used to check organeller 

compartmentalization of miRNAs or target mRNAs over total cellular fractions. To check 
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differential compartmentalization of proteins, equivalent amounts of proteins from organeller 

fractions were run for western blots compared with total cell lysate. 

2.11. Single-step isolation of Polysomes 

Approximately 6 × 106 HEK293 or RAW 264.7 cells were scraped from the culture plate and 

1X lysis buffer has been mixed onto it containing 10 mM HEPES pH 8.0, 25 mM KCl, 5 mM 

MgCl2, 1 mM DTT, 5 mM vanadyl ribonucleoside complex, 1% Triton X-100, 1% sodium 

deoxycholate and 1 × EDTA-free protease inhibitor cocktail (Roche) supplemented with 

Cycloheximide (100 μg ml−1; Calbiochem) and incubated for 20 mins at 4oC in a rotating 

condition. Following this, the lysate was spun at 3,000 g for 10 min followed by another set 

of centrifugation for pre-clearing of supernatant containing crude polysomes at 20,000 g for 

10 min at 4 °C. Now the nearly cleared lysate was loaded on a 30% sucrose cushion and 

ultracentrifuged at 100,000 g using a SW-60 Ti rotor for 1 h at 4 °C. The non-polysomal 

supernatant was procured from the top after this. Dilution buffer containing 10 mM HEPES 

pH 8.0, 25 mM KCl, 5 mM MgCl2, 1 mM DTT, 5mM vanadyl ribonucleoside complex, and 

1X EDTA-free protease inhibitor cocktail; has been mixed with the sucrose cushion and 

ultracentrifuged for additional 30 min. Finally the pellet contains the polysomes, finally 

resuspended in polysome buffer (10 mM HEPES pH 8.0, 25 mM KCl, 5 mM MgCl2, 1 mM 

DTT, 5 mM vanadyl ribonucleoside complex, 1 × EDTA-free protease inhibitor cocktail) for 

further analyses. 

 

2.12. Sucrose density gradient based fractionation of polysomes 

For polysome analysis, approximately 2x107 cells, grown to the desired level of confluency, 

were lysed in a buffer containing 10mM HEPES pH 8.0, 25mM KCl, 5mM MgCl2, 1mM 
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DTT, 5mM vanadyl ribonucleoside complex, 1% Triton X-100, 1% sodium deoxycholate and 

1Χ EDTA-free protease inhibitor cocktail (Roche) supplemented with 100 μg/ml 

cycloheximide. Polysome profiles were obtained by measuring the absorbance at 254nm 

using ISCO UA-6 absorbance monitor and fractions were collected on ISCO gradient 

fractionators. RNA and proteins were isolated from each individual fraction and analyzed.  

2.13. Crude Mitochondrial Fraction Isolation 

Cells were resuspended in 1x hypotonic buffer (10 mM HEPES pH 7.8, 1 mM EGTA, 25 

mM KCl) equivalent to 3 times the packed cell volume (PCV) and incubated for 20 min on 

ice. The cells were spun down and resuspended in 1x Isotonic buffer (10 mM HEPES pH 7.8, 

1 mM EGTA, 25 mM KCl, and 250 mM Sucrose) twice the PCV and homogenized. The cell 

lysate was pre-cleared at 1,000xg for 10 min twice to remove nuclear fractions. Then the 

supernatant had been spun at 12,000xg for 10 min to get “Crude Mitochondrial Fraction”.  

2.14. In vitro translation assay 

Microsome and Crude Mitochondrial Fraction were isolated as described above and protein 

equivalent microsomal and mitochondrial fractions were incubated in presence of Rabbit 

Reticulocyte Lysate (RRL) in an in vitro translation system along with in vitro synthesized 

mRNA (RL-control or RL-3xb-miR-122) of 200 ng and 200 pmol of Pre-miR-122 in 10 µl 

reaction for 30 mins at 30oC. In vitro reactions were carried out using nuclease treated Rabbit 

reticulocyte lysates (Promega) with amino acids, RNase inhibitor and the synthetic mRNA to 

be translated, exactly according to manufacturer’s instructions.  

2.15. Immunofluorescence and image analysis 

For immunofluorescence, cells were transfected with 250 ng of Mito-GFP expression 

plasmids in a 6 well format. The cells were split after 24h of transfection and subsequently 
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subjected to specific experimental conditions. For immunofluorescence analysis, cells were 

fixed with 4% paraformaldehyde for 30 min. Cells were mounted with Vectashield with 

DAPI (Vector Lab, Inc) and observed under a Plan Apo VC 60X/1.40 oil or Plan Fluor 

10X/0.30 objectives on an inverted Eclipse Ti Nikon microscope equipped with a Nikon 

Qi1MC or QImaging-Rolera EMC2 camera for image capture. For image analysis all western 

blot images were processed with Adobe Photoshop CS4 for all linear adjustments and 

cropping. All images captured on Nikon Eclipse Ti microscope or LSM800 microscope were 

processed with Nikon NIS ELEMENT AR 3.1 software developed by BITPLANE AG 

Scientific software. Image cropping was done using Adobe Photoshop CS4. All graphs and 

statistical analyses were generated in GraphPad Prism 5.00 (GraphPad, San Diego, CA). Two 

sample Student’s t tests were used for analysis. P values < 0.05 were considered to be 

statistically significant and > 0.05 Ire not significant (ns). Error bars indicate mean ± SEM. 

2.16. Validation of CB regulator-target pairs utilizing large scale expression profiling 

Small RNA sequencing analysis to determine differentially expressed miRNA in the 

background of miR-146a over-expression in RAW264.7 cells had been performed to identify 

miRNAs whose expression are influenced when the CB regulator (miR-146a) expression is 

up-regulated. miRNA that had fold change (F.C.) > 1.5 and p-value <= 0.05 have been 

considered as up-regulated and miRNA that had fold change (F.C.) < 0 and p-value <= 0.05 

have been considered as down-regulated. Since CB regulator expression is up-regulated that 

in turn would up-regulate the expression of other miRNA (miRNA-2) by coordinate 

biogenesis. Thus, utilizing miRNA expression profiles such CB-regulator target relationships 

for miR-146a-5p have been identified.  

2.17. Measurement of Nitric Oxide 
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Nitric oxide (NO) generation in response to LPS treatment post-anti-miR-146a transfection 

was quantified by Griess reaction as described previously (Green, Laura C., et al. 

1982, Ghose, Asoke C., et al. 1999). The amount of nitrite produced by the cell was measured 

from culture supernatants after constructing a standard curve with different concentrations of 

sodium nitrite. The concentration of nitrite accumulated was expressed as μM nitrite. 

2.18. Statistical analysis 

GraphPad Prism 5.00 (GraphPad, San Diego, CA, USA) has been used for analysis of all 

graphs for comparison of control sets vs. experimental sets. Nonparametric paired t-test was 

used for analysis and P-values were determined. Error bars indicate mean±s.d.  

  



PART I

MicroRNA mediated 
Co-ordinated Gene Expression
In Mammalian Cells
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Introduction 
                    

 
                                                The understanding of post-transcriptional regulation of mRNAs 

added an additional layer of understanding after the discovery of microRNAs (miRNAs), that 

conventionally binds to the 3‟ UTR of mRNA with 5‟ conserved seed sequence 

complementarities and represses its‟ expression either by target mRNA destabilization or 

translational repression.  After sequential processing, precursor form of miRNAs cleaved to 

form miRNA/miRNA* duplex with the catalytic activity of DICER1 and loaded onto RNA 

induced silencing complex (miRISC) for silencing of target mRNAs (Bartel, David P., 2004). 

There is ample evidence of different modes of regulatory control of mRNA over miRNA 

biogenesis and activities also. Kleaveland et al. (2018) showed a non-coding RNA network 

where different species of ncRNA cooperatively acts to modulate neuronal activity at the 

brain (Kleaveland, Benjamin, et al. 2018). The „processivity‟ of DICER1 is regulated by 

target mRNA binding sites present on 3‟ UTR, resulted in increased expression of miRNA in 

an amino acid starvation-re-fed hepatic cell model (Bose, Mainak, and Suvendra N. 

Bhattacharyya, 2016).  I was interested to dissect the consequent effect of this regulation on 

other miRNAs that share the same 3‟ UTR of target mRNAs. Does there also exist a 
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cooperative biogenesis of miRNAs that share common 3‟ UTR? Or in contrast, there exists a 

competitive binding among groups of miRNAs on shared 3‟ UTR. To unravel this quest, I 

explore a physiologically relevant system where multiple miRNAs form a crosstalk to fine-

tune a signalling pathway. Activation of innate immune response model where after 

activation of Toll Like Receptors leads to activation of group of miRNAs to fine tune the 

intermediate signalling molecules to regulate the inflammation-induced immune responses 

such as pro‐ and anti‐inflammatory mediators involved in innate immunity, along with 

controls the adaptive immune responses through production of memory T cells (Konstantin et 

al., 2006; Momen‐Heravi et al., 2018). 

Primarily, I have observed in a reporter model, that let-7a could influence the biogenesis and 

activities of an exogenous miRNA (miR-122 in this case) coupled with target-dependent 

biogenesis of miRNAs. Later to validate the hypothesis on relevant miRNA-responsive 

pathways, an endotoxin-activated macrophage cellular system has been adopted to visualize 

inter-regulation among miRNAs.  I have observed miR-146a could modulate biogenesis and 

activities of groups of miRNAs viz. miR-125b, miR-142-3p or miR-21 that shares the 

common 3‟ UTR. In turn, this phenomenon resulted in repression of the secondary target 

mRNAs also. These network based regulation of miRNAs let us to propose target dependent 

cooperative biogenesis hypothesis where miRNA species with higher number of binding sites 

influences the biogenesis and activity of a group of “cooperative” miRNAs of the same 

3‟UTR. Considering this observation a comprehensive computational analysis has also been 

performed to determine whether the general prevalence of the miRNA co-ordinate biogenesis 

phenomenon by determining this miRNA regulatory network for multiple miRNA in Homo 

sapiens and Mus musculus. The observation suggests, “Epistatic” mode of regulation of 

miRNA could in turn influence and fine-tune different cellular signalling pathways for 

reestablishment of cellular homeostasis. 
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3.1. Study on target driven Cooperative miRNA biogenesis on a reporter model: 

Multiple instances of target mRNA mediated modulation of miRNAs could be observed on 

different and diverse consequences. Target mRNA dependent biogenesis of miRNA is one of 

the prominent examples for this.  I was curious to understand how increased DICER1 

processivity influenced by increased number of cognate miRNA binding sites modulates the 

biogenesis and activity of different secondary miRNAs that share the same 3‟ UTR. This led 

us to hypothesize there might be an existence of secondary regulation, where the increased 

DICER1 processivity might manifest in upregulation of other families of secondary miRNAs 

that share the binding sites on the same 3‟ UTR. 

3.1.1. Target driven miRNA biogenesis is coupled with coordinated regulation of gene 

expression  

3‟ UTR of mammalian endogenous target mRNAs bear miRNA binding sites for several 

different cognate miRNAs. It was not clear how different miRNAs & their binding sites on 

the same 3‟ UTR coordinate the fate of them and target mRNAs. The speculation is here that 

there might be a coordinated activity among miRNAs to implicate its regulation. To 

understand how the presence of additional binding sites influence target driven miRNA 

biogenesis, a Renilla luciferase reporter system which contains three let-7a binding sites and 

a single miR-122 bulged site has been designed; mRNAs with defective let-7a binding seed 

sequences acts as control (Fig. 3.1A). Let-7a is endogenously expressed in HEK293 cells and 

exogenous miR-122 expression has been induced by doxycycline treatment (Fig. 3.1B). RL-

3xbulge-let7a_1xbulge-miR-122, and not RL-3xbulge-let7amut_1xbulge-miR-122, should be 

responsive to translation repression by let-7a, but repression by miR-122 should ideally 

impose for both the expression vectors. Interestingly, after miR-122 induction, repression by 

miR-122 was observed only for the RL-3xbulge-let7a_1xbulge-miR-122 mRNA but not for 



 
65 

 

the mutated let-7a site-bearing constructs (Fig. 3.1C). Quite predictably, the let-7a sites on 

wild type-constructs induced higher production of mature let-7a compared to the one with 

mutated counterparts. Interestingly, miR-122 synthesis was only enhanced by RL3xbulge-

let7a_1xbulge-miR-122 but not by its mutated counterpart (Fig. 3.1C). This was further 

validated from the derepression of endogenous let-7a target mRNAs (K-Ras, N-Ras) as well 

as miR-122 targets (CAT-1, ALDO A, and GYS1) (Fig. 3.1D).  

3.1.2. Cooperative Biogenesis ensures miRNA-mediated secondary target repression  

A multi-linear approach has been designed to understand the cooperative biogenesis of 

miRNAs with a finer detail. For further interception of the process, secondary target of miR-

122 (that does not have let 7a sites) has been cloned with RL-construct and primary one (that 

bears sites for both let 7a and miR-122) with GFP-one (Fig. 3.1E). Reporter level study on 

secondary target protein expression suggests increased repression and decreased expression 

of RL-proteins on the WT-construct transfected cells also (Fig. 3.1F-G). The obtained data 

clearly demonstrates the influential role of let-7a that could not regulate the biogenesis of 

miR-122, along with this contributing to differential target repression. Previous data on 

endogenous targets of miR-122 along with this depicts the invincible role of primary reporter 

miRNA (let-7a in this case). Even after transfection of RL-perfect-miR-122 construct as 

secondary target mRNA inside the cell shows the identical observation compared with RL-

3xb-miR-122. 
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Fig. 3.1: Target driven miRNA biogenesis leads to cooperative regulation of gene 
expression on a reporter model. 

A. Design of the reporter constructs used to study the coordinated repression of miRNA biogenesis 

study. B. Format of the experiment has been illustrated. HEK293 cells were transfected with RL-

3xbulge-let7a_1xbulge-miR-122 or RL-3xbulgemut_1xbulge-miR-122. C. miR-122 represses target 
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mRNA bearing functional let-7a sites but not the one with mutated let-7a sites. Target dependent 

increased biogenesis of miR-122 level after transfection of WT let-7a bearing construct on HEK cells. 

U6 snRNA has been used as endogenous control in presence of pre-miR-122 for both sets. Fold 

repression measured by luciferase assay. Relative fold repression has been plotted taking the set 

without miR-122 as unit. D. Target driven miRNA biogenesis operates for multiple miRNAs 

simultaneously as evident from increased level i.e. derpression of their respective endogenous targets. 

CAT-1, ALDO A and GYS-1 are miR-122 targets, while K-Ras and N-Ras are let-7a targets. E. 

Experimental scheme to study the effect of coordinated biogenesis on secondary gene expression level 

on a reporter model. F-G Dual luciferase reporter assay shows increased repression and decreased 

expression of secondary reporter gene bearing only miR-122 binding sites in presence of WT-reporter 

transfected GFP constructs containing intact let-7a binding sites compared to the mutated one with 

defective let-7a binding sites. 

3.2. TLR4 signaling pathway is well orchestrated by a group of miRNAs: A probable 

candidature of cooperative activities amongst miRNAs 

TLR4 signaling pathway induces a group of endotoxin-responsive miRNAs to form a cascade 

of network to regulate critical modulators of TLR4 signaling pathway. Bacterial 

lipopolysaccharide (endotoxin), which is synthesized by Gram-negative organisms, serves as 

an immediate activator of TLR4 signalling pathway that leads to production of pro-

inflammatory transcription factors that enhance the transcription of cytokines, chemokines 

and other antimicrobial enzymes to protect cells through initiating innate immune responses 

(Poltorak, Alexander, et al. 1998, O'neill, Luke A, et al. 2011).  

3.2.1. A Group of miRNAs show endotoxin responsiveness on macrophage cells 

Groups of miRNAs have proven to be key mediators in TLR4-responsive pathways; miR-21 

and miR-146a which show dose dependent increased biogenesis after LPS-induced activation 

on murine macrophage cells (Fig. 3.2A, Quinn, Susan R., and Luke A. O'Neill, 2011). Along 
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with these miRNAs also show time-dependent orchestrated expression after LPS exposure 

that miR-155 shows its peak at immediate early time-point compared to miR-146a and miR-

21 which show at comparably later time-point (Fig. 3.2B) (Kurowska-Stolarska, Mariola, et 

al. 2011, Taganov, Konstantin D., et al. 2006; and Sheedy, Frederick J., et al. 2010). The 

observation is also corroborative with the increased biogenesis of respective precursor 

miRNAs(Fig. 3.2C). The observation has been also reproduced on LPS-induced the 

peritoneal exudate cells (PEC) (Fig. 3.2D-E).  

 

Fig. 3.2: Expression of LPS-responsive miRNAs and their activities on murine macrophage 

cells. 

A miR-146a and miR-21 expression study on murine macrophages after induction with increasing 

concentration of LPS for 24h.. PCR data reveals dose-dependent increase of miR-146a and miR-21 

expression level after LPS induction on increasing concentration on RAW 264.7 cells for 24 hrs. B 
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Time-kinetics based miRNA expression study on murine macrophage after 10 ng./ml. of LPS 

induction. PCR data shows an increase of miR-155, miR-146a and miR-21 expression level after LPS 

induction. miR-155 shows a peak of expression at 8hrs. time-point, whereas miR-146a and miR-

21levels are upregulated at later time-points. C. Increased synthesis of pre-miR-146a and pre-miR-21 

post-LPS induction on RAW 264.7 cells after 24 hrs. D-E LPS induction on PEC cells also results in 

an increase in few miRNAs of interest, consequently repressing their target mRNAs. RT-PCR data 

reveals upregulation of few LPS-responsive miRNAs viz. miR-146a, miR-125b, miR-142-3p and miR-

21 after 10ng/ml of LPS induction for 24 h.  Along with this, respective targets of those miRNAs i.e. 

TRAF6 & IRAK1 (of miR-146a), IRF4 & HIF1AN (of miR-125b) and PDCD4 & MAP2K3 (of miR-

21) showed repression after 24h of LPS treatment confirming upregulated miRNA activities.  

3.2.2. Dicer plays crucial role on LPS-induced upregulation of groups of miRNAs: 

To investigate the importance of the RNAse III endonuclease, Dicer that plays a prominent 

role in processing of mature miRNA from its precursor, Dicer knockdown experiments has 

been performed on LPS-induced scenarios. I could not observe upregulation of LPS-

responsive miRNAs after knocking down the expression of Dicer on murine 

macrophages(Fig. 3.3A-B). Also, any changes in the precursor miRNA synthesis could not be 

seen(Fig. 3.3C). This is also correlative with derepression of respective target mRNAs under 

this condition (Fig. 3.3D). This observation entails significant implications of Dicer on LPS-

responsive miRNAs also. This led us to hypothesize abundances of Dicer also play a major 

role to maintain normal miRNA functionaries under LPS induction also. Primarily this 

observation signifies the importance of Dicer activity, and increased Dicer processivity due to 

target dependent miRNA biogenesis, may have an implication to LPS-responsive miRNA 

networks. 
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Fig. 3.3: Processing of LPS-responsive miRNAs are Dicer dependent. 

A Western blots shows confirmation of Dicer knockdown on murine macrophages after siDicer(30 

nM) transfection and LPS induction for 24 hrs. Western Blot shows reduced level of Dicer after 

siDicer mediated knockdown on RAW cells. β Actin serves as endogenous control. B-D Knockdown of 

Dicer inhibits LPS induced upregulation of groups of LPS-responsive miRNAs. qRT-PCR data shows 

reduced level miR-155, miR-146a, miR-125b, miR-142-3p and miR-21 on Dicer-knocked down LPS-

induced cells (B). Along with target mRNAs of those respective miRNAs shows derepression at 

knockdown condition (C). Although qRT-PCR data shows no significant change of the respective 

precursor miRNAs level even after Dicer-knock down on LPS-induced cells reconfirming the role of 
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Dicer at final processing steps of mature miRNA biogenesis from its precursor form (D). 10ng/ml of 

LPS has been treated to RAW264.7 cells for 24h, except for early-responsive miR-155 (4h. of LPS-

induction). 

3.2.3. miR-146a fine-tunes expression of different TLR4 signalling molecules 

miR-146a, one of the prominent immune regulators imparts a crucial regulation to modulate 

inflammation (Magilnick, Nathaniel, et al. 2017). Along with, miR-146a regulates repression 

of IL-1 receptor-associated kinases 1 (IRAK1) and TNF receptor-associated factor 6 

(TRAF6) levels has been mediated through 3‟UTR mediated control of target mRNAs (Fig. 

3.4A) (Taganov, Konstantin D., et al. 2006). Downstream molecules of TLR4 signalling 

pathways viz. TRAF6, IRAK1, IRAK2 etc bear target sites for miR-146a, shows repression 

against miR-146a activity on a time-dependent manner and its‟ derepression after miR-146a 

inhibition on LPS-induced macrophage cells also (Fig. 3.4B-E) (Hou, Jin, et al. 2009). miR-

146a acts in an interesting way that after its activation via NF-κβ, it forms a negative 

feedback loop with the signalling mediators of NF-κβ activation viz. TRAF6 and IRAK1. At 

earlier time-point upsurge of TRAF6 could be observed and later the increased biogenesis of 

miR-146a impacts negatively to repress TRAF6 expression. Experimental evidence 

previously also suggested increased expression of miR-146a after endotoxin shock, has a 

great impact on neutralizing inflammation, apoptosis and many other physiological critical 

pathways also. The irrefutable function of miR-146a on combating inflammation and 

orchestrated expression of multiple miR-146a target mRNAs led us curious to explore effect 

on other miRNAs that shares the common 3„UTR target sites with miR-146a, similar to the 

initial observation on reporter model.  I was excited to look into if there exists miR-146a-

mediated cooperative biogenesis of other miRNAs on LPS-activated murine macrophage 

cells.  
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Fig. 3.4: miR-146a cooperatively regulates biogenesis of secondary miRNAs on LPS-induced 

murine macrophages. 

A. Schematic representation of TRAF6 & IRAK1 mRNA with their respective miRNAs binding sites. 3’ 

UTR of these two mRNAs contain three miR-146a binding sites. TRAF6 & IRAK1 bear single miR-

125b and miR-142-3p binding sites on their respective 3’ UTR. B. Schematic representation of 

experiments. RAW 264.7 murine macrophage cells were either transfected with 30 nM anti-miR-146a 

inhibitors or anti-miR-122 in case of control. Post-transfection cells were induced with 10ng/ml. of 

LPS for respective time-points. C-D Validation of derepression of TRAF6 & IRAK1 mRNA level on 

anti-miR-146a transfected macrophage cells after 10ng/ml of LPS induction at respective time-points. 

E Dual luciferase reporter assay of miR-146a reporter genes i.e. RL-IRAK1 shows reduced 

repression after anti-miR-146a transfection on LPS-induced macrophage cells. Firefly expressing 

plasmids have been used as transfection control.  
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3.2.4. miR-146a mediates Cooperative biogenesis of groups of miRNAs 

Predicted (viz. TARGETSCAN), experimentally validated (miRTARBASE)  databases and 

previous publication based combinatorial analysis of TLR4 signalling pathway-miRNA 

network study  reveals, TRAF6 bears one conserved miR-125b binding sites and IRAK1 

bears one conserved miR-142-3p binding sites along with previously mentioned miR-146a 

binding sites by both targets across mammals (Fig. 3.4A) (Wang, Xiaohui, et al. 2014, Sun, 

Yaping, et al. 2011). Along with miR-125b and miR-142-3p expressions are upregulated after 

LPS induction, although miR-125b primarily getting downregulated at early-time-points and 

later getting upregulated (Zhou, Rui, et al. 2010, Murphy, Amy J. 2010, Sun, Yaping, et al. 

2011). Interestingly, significant decrease of miR-125b and miR-142-3p level could be 

observed after using anti-miR-146a inhibitors on LPS-induced macrophage cells after 24h. 

(Fig. 3.5A-B). In contrast, pre-miR-125b shows increased accumulation correlating with 

decreased processivity of miR-125b from its precursor (Fig. 3.5C). The observation led us to 

open a new path of miRNA-mediated miRNA-co regulation, where miRNAs sharing the 

same 3‟UTR may influence the biogenesis of other miRNAs. The phenomenon initially 

shows the fine tuning activity of miRNAs more promptly that it does not become restricted to 

a single class of miRNAs rather gives a more pragmatic explanation of existence of multiple 

miRNA binding site on the same 3‟UTR. The idea generates the concept of target mRNA-

dependent „Cooperative Biogenesis‟ of groups of miRNAs. To understand the molecular 

players behind this differential miRNA expression, I wanted to investigate expression of 

different miRNP associated factors viz. Dicer1, Ago2 and TRBPs that are associated with 

processing of miRNAs on different steps after inhibition of miR-146a activity. Any 

significant alterations of the expression level of miRNP factors could not be seen, negating 

the possibilities of miR-146a mediated regulation of pan-miRNP-processing factors to alter 

generic miRNA level inside the macrophages (Fig. 3.5D). The observation suggests a 
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miRNA-mediated cooperative regulation of other cognate miRNAs independent of influence 

of miRNP associated factors. 

 

Fig. 3.5: miR-146a may modulate the biogenesis of different cooperative miRNAs without 

affecting the cellular level of miRNP associated factors. 

A-B. miR-125b and miR-142-3p levels are downregulated after LPS induction on anti-miR-146a 

transfected RAW 264.7 murine macrophage cells. qRT-PCR data shows both the miRNAs have been 

significantly downregulated post 16 h & 24 h of LPS treatment after anti-miR-146a treatment. C.  

Cellular level of pre-miR-125b has been increased which is relatable with reduced mature miR-125b 
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biogenesis on anti-miR-146a transfected LPS induced macrophage cells for 24h. D. Cellular levels of 

miRNP-associated proteins remain mostly unchanged even after anti-miR-146a transfected LPS 

induced macrophages. miRNP-associated proteins & processing enzymes viz. Dicer, Ago2, TRBP2 & 

Drosha don’t show any significant change of expression on miR-146a inactive LPS-induced cells.  

3.2.5. miR-146a influence the biogenesis of miR-21 on murine macrophage cells  

3` UTR of the TRAF6 & IRAK1 mouse mRNA contains single miR-21 binding sites along 

with miR-146a (Fig. 3.6A) (Chen, Yanni, et al. 2013, Nara, Keisuke, et al. 2019). miR-21 is 

another critical modulator of LPS-responsive pathways (Sheedy, Frederick J., et al. 2010). 

Interesting to the assumption, I could observe reduced miR-21 level even after LPS-induction 

on anti-miR-146a inhibitor treated macrophages whereas miR-21 level remains unchanged 

after miR-155 inhibitions (Fig. 3.6A).  I have also checked the expression of let-7a, a non-

specific control, which remains merely unchanged post-LPS induction (3.6C, Mazumder, 

Anup, et al. 2013). Level of let-7a remains unchanged even after miR-146a inhibition, 

suggesting the existence of a specific regulatory module of miR-146a mediated coordinated 

biogenesis of secondary miRNAs(Fig. 3.6C). This observation validates that the existing 

cooperative network is specific to miR-146a and not any non-specific interactions that is also 

evident with unaltered expression of miR-146a on LPS-induced anti-miR-155 transfected 

macrophage cells (Fig. 3.6D). Also, miR-146a mediated cooperativity is specific to a group 

of miRNAs but not any non-specific miRNAs viz. let-7a.  Interesting to mention here, in this 

way the secondary cooperative miRNA families may impose a tertiary regulation to modulate 

another group of miRNAs, subject to experimental validation. 
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Fig. 3.6: miR-146a may cooperatively regulate the biogenesis of miR-21 but not let-7a.  

A. Schematic representation of TRAF6 & IRAK1 mRNA (mouse) with their respective miRNAs 

binding sites. 3’ UTR of these two mRNAs contain three miR-146a binding sites as illustrated 

previously also. Along with, TRAF6 & IRAK1 mRNAs both bear single and non-conserved miR-21 

binding sites on their 3’ UTR as predicted by TARGETSCAN (mouse). B. Cellular level of miR-21 is 

coordinated with miR-146a activity but not miR-155. RT-PCR data shows time-dependent increase of 

miR-21 over time after LPS induction on control and anti-miR-155 transfected cells, but upregulation 

of miR-21 after LPS induction is retarded on anti-miR-146a transfected murine macrophage cells.  C. 

Cellular level of let-7a remains unaltered after inhibition of miR-146a on LPS induced cells. D. No 

significant differences of LPS induced biogenesis of miR-146a on anti-miR-155 scenario. U6 snRNA 

served as endogenous control. 
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3.2.6. Cooperative biogenesis is coupled with cooperative activities of miRNAs 

It is discernible to elucidate that miRNP activities related to translational inhibition or mRNA 

destabilization always remain the primary concern to understand the function of miRNAs. So, 

to understand the differential activities of probable “cooperative groups of miRNAs”, a miR-

125b binding-site containing expression vectors viz. pSB-MAD1/3′UTRLuc containing 

MAD1-3′UTR downstream of reporter target has been transfected to see the effect of 

cooperative biogenesis on secondary reporter targets on macrophage cells (Bhattacharjya, S., 

et al. 2013). Dual luciferase assay shows reduced repression of miR-125b reporter target 

post-LPS induction on anti-miR-146a transfected murine macrophage cells (Fig. 3.7A). 

miRNAs has to be loaded on  the RNA-induced silencing complex (RISC) to repress 

messenger RNAs with partial complementary sequence. Ago2 is one of the important cargo 

proteins associated with this complex (Chendrimada, Thimmaiah P., et al. 2005).  I have tried 

to understand whether the Ago2-association of cooperative miRNAs is getting hampered or 

not after inhibition of primary miRNA (i.e. miR-146a) activity. The observation would entail 

if there exists a differential activity of secondary miRNAs influenced by its primary 

candidate i.e. miR-146a. Ago2-based immunoprecipitation study shows significant reduced 

association of candidate miRNAs viz. miR-125b and miR-142-3p with Ago2 on LPS-induced 

miR-146a inhibitor transfected macrophages (Fig. 3.7B). miR-21, another cooperative 

miRNA candidate also showed a similar trend of reduced Ago2 association (Fig. 3.7C). The 

data depicts the modulation of Ago2-association of different secondary miRNAs that shares 

the 3‟ UTR with miR-146a. Consequently, I have tried to look into expression of endogenous 

targets of miR-125b and other probable candidate miRNAs to observe the extent of 

coordination on murine macrophages.  
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Fig. 3.7: Cooperative biogenesis governed by miR-146a modulates the activities of secondary 

miRNAs. 

A. Decreased level of miR-125b activity after 24h of LPS induction on anti-miR-146a transfected 

cells. Dual luciferase assay shows miR-125b activity has been significantly reduced on anti-miR-146a 

transfected cells. RL-MAD1 (Renilla luciferase) that harbours one miR-125b binding sites on 3’ UTR 

acts as reporter for miR-125b target. Firefly luciferase (FF) constructs have been used to normalize 

the transfection efficiency between the sets for this assay. B. Reduced association of miR-125b and 

miR-142-3p with Ago2 after 24h. of LPS induction on anti-miR-146a transfected cells. Macrophages 

have been activated with LPS after transfection with F-HA-AGO2 and respective anti-miR inhibitors. 

LPS induction has been done for 24 h. Western blot of HA confirms the equivalent amount of Ago2 

pull down post-immunoprecipitation and acts as normalization control. Real-time PCR analysis 

shows significant decreased miR-125b and miR-142-3p association after normalization with pulled 

down Ago2 on murine macrophages. C. Reduced association of miR-21 with Ago2 after 24h. of LPS 

induction on anti-miR-146a transfected cells. Macrophages have been activated with LPS after 

transfection with F-HA-AGO2 and respective anti-miR inhibitors. LPS induction has been done for 24 

h. Western blot of HA has been provided earlier and acts as normalization control. Real-time PCR 
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analysis shows decreased miR-21 association after normalization with pulled down Ago2 on murine 

macrophages.  

3.2.7. miR-146a influences the expression of secondary target mRNAs via the 

cooperative regulation of miRNAs 

To understand the resonating effect of this cooperative phenomenon, I was interested to look 

into endogenous validated targets of those respective miRNAs and see their expression. 

MAP2K7 and HIF1AN & ADCY9 and HMGB1 are experimentally validated targets for 

miR-125b & miR-142-3p respectively (Zhang, Liang, et al. 2014, Chen, Sidi, et al. 2014, 

Huang, Bo, et al. 2009, and Wang, Xiuqin, et al. 2016). Along with, there was no 

experimentally validated or predicted report of presence of miR-146a binding sites on those 

respective 3‟ UTRs. The observation reveals derepression of those respective secondary non-

miR-146a target genes on miR-146a inhibited condition even after LPS induction (Fig. 3.8A). 

In addition, two important targets of miR-21 viz. PDCD4 & MAP2K3 also get derepressed 

(Fig. 3.8B) (Sheedy, Frederick J., et al. 2010, He, Feng, et al. 2019). The overall observations 

depict a probable non-canonical functioning of miR-146a, where miR-146a could 

cooperatively modulate the level of secondary miRNAs as well as their secondary target 

mRNAs that does not even harbour miR-146a binding sites. Different targets of miR-125b 

and miR-142-3p supported the notion of cooperative regulation. Even endogenous targets of 

miR-21 showed a similar trend. Here, a group of mRNAs that does not bear the target site of 

miR-146a are indirectly modulated through proposed miRNA cooperativity. This modulation 

of miRNA functioning reveals a new layer of miRNA activities and its regulation from its 

conventional understandings. It is understandable a epistatic mode of regulation of miR-146a 

could be seen. To understand if secondary cooperative miRNAs create a feedback response or 

not, further experimental blueprints have been designed. 
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Fig. 3.8: Derepression of different targets of coordinated miRNAs in absence of miR-146a 

activity on LPS induced macrophages. 

A. Derepression of miR-125b & miR-142-3p endogenous targets after 24h. of LPS induction on anti-

miR-146a transfected cells.  qRT-PCR analysis of endogenous miR-125b target (viz. HIF1AN & 

MAP2K7) and miR-142-3p target (viz. ADCY9 & HMGB1) after anti-miR-146a transfected condition 

shows derepression. B. Derepression of miR-21 endogenous targets after 24h. of LPS induction on 

anti-miR-146a transfected cells. qRT-PCR analysis of endogenous miR-21 target (PDCD4 & 

MAP2K3) after anti-miR-146a transfected condition shows derepression. 

3.2.8. miR-125b could not influence the biogenesis and activities of miR-146a on murine 

macrophage cells 

To decipher if there exist some feedback response of secondary cooperative miRNAs viz. 

miR-125b over miR-146a biogenesis and activity, miR-125b level has been modulated for 

further experiments. To understand this, miR-125b overexpressing plasmid has been 

transfected on murine macrophage cells to investigate alteration of miR-146a expression and 

activity inside the cells. Dual luciferase assay confirms the increased miR-125b biogenesis 

after its overexpression (Fig. 3.9A). I could not find any significant changes of miR-146a 

biogenesis or its‟ differential activity to repress its endogenous targets or reporter translation 
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after pmiR-125b overexpression nullifying the probable miR-125b feedback responses over 

miR-146a (Fig. 3.9A-C).  

 

Fig. 3.9: Perturbation of miR-125b level could not influence the biogenesis and activities of miR-

146a on murine macrophage cells. 

A. miR-125b is unable to modulate the biogenesis of miR-146a. qRT-PCR data shows overexpression 

of miR-125b could not govern cooperative induction of miR-146a level on murine macrophage cells. 

B. Unaltered biogenesis manifests in unaltered activities mediated by miR-125b over miR-146a target 

mRNAs. Real-Time PCR data shows no significant change on endogenous targets of miR-146a viz. 

TRAF6 & IRAK1 after miR-125b overexpression. Decreased HIF1AN level confirms increased 

activities of miR-125b after its overexpression. C. Dual luciferase data exhibits no detectable change 

on RL-IRAK1 expression after miR-125b overexpression. Firefly luciferase (FF) constructs have been 

used to normalize the transfection efficiency between the sets for this assay.  

3.3. Understanding the effect of miR-146a on whole cell transcriptomics level: 

Whole cell transcriptomics approach has been adopted to scrutinize and validate the 

cooperative biogenesis of miRNAs in a larger context. Differential expression of group of 
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miRNAs has been observed and validated after prediction of probable cooperative biogenesis 

candidate miRNAs, that has been elaborated on further text. 

3.3.1. Determining Coordinate biogenesis relationship of miR-146a within miRNA-

mRNA interactomes  

miR-146a may exhibit coordinate biogenesis of groups of miRNAs(CB) wherein it influences the 

generation of a cluster of miRNAs. Based on certain probable pre-requisite conditions for coordinate 

biogenesis phenomenon the possible CB regulator-target relationships of the CB-regulator mmu-miR-

146a-5p in lipopolysaccharide exposed murine macrophages have been predicted (Fig. 3.10).  

Fig. 3.10: Schematic representation of the methodology utilized to predict model CB regulator-

target relationships for miR-146a based on miRNA-mRNA network analysis. 

mRNA A (Gene A) bears two or more miR-146a binding sites and fewer number of miRNA-2 binding 

sites. Additionally, mRNA B (Gene B) harbours two or more miRNA-2 binding sites but no miR-146a 

binding sites. 

3.3.2. Analyzing coordinated biogenesis relationship governed by miR-146a in 

lipopolysaccharide exposed macrophages 

Utilizing expression information to ascertain which genes are likely to be expressed during 

macrophage immune responses, further analysis has been done to predict the mmu-miR-

146a-5p co-ordinate biogenesis regulatory network. A large number of CB regulator-target 

relationships were determined in which both Gene A and Gene B are down-regulated, given 
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that both the miR-146a and secondary effector miRNA in turn are likely to be up-regulated. 

From this predicted CB regulator-target interactome, few possible cooperative secondary 

miRNAs and their targets are experimentally validated, taking the previous experimental 

condition. 

3.3.3. Study on biochemical validation of predicted CB pair network on murine 

macrophages: 

In order to validate the predicted candidates, I have attempted to correspond whether a 

change in the levels of the CB-regulator is reflected in the levels of the secondary effector 

miRNA and its corresponding target mRNA by performing revalidation experiments inside 

the cells. Considering the limitations such as the low detectable expression of few miRNAs 

viz. miR-122-5p inside RAW 264.7 cells and limited ability to study a large number of 

potential candidates biochemically, some candidate miRNAs have been randomly selected 

for further analysis and validation. Since BACH2 (as Gene A) possesses the most number of 

miR-146a-sites (4 in number), the associated set of CB regulator-target has been chosen to 

validate whether the proposed computational methodology can indeed predict biologically 

relevant CB regulatory networks. The observation shows significant down-regulation of two 

potential miRNAs (namely miR-16, miR-21-3p) after anti-miR-146a transfection on LPS 

induced macrophage cells (Fig. 3.11A). Consequently, I could observe significant de-

repression in the predicted secondary effector genes as well, such as MCM5, NCAPG2 

downstream targets of miR-16 and RRM2, ASPM, NCAPD3, FEN1 downstream targets of 

miR-21-3p (Fig. 3.11B). Therefore, it is likely that a perturbation in the levels of the CB-

regulator (miR-146a) affects the down-stream targets in the coordinate biogenesis regulatory 

network such as the secondary effector miRNA (miR-16, miR-21-3p and miR-142-3p as 

previously shown) and their target genes.  This data suggests that miR-146a can indeed 
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potentially exhibit coordinate biogenesis on the activity of a group of miRNAs in LPS-

induced murine macrophages.  

 

Fig. 3.11: Experimental validation of predicted miR-146a network analysis and expression 

mapping confirms miR-146a mediated cooperativity. 

A-B. miR-146a influences expression of miR-16 and miR-21-3p and their secondary effector mRNAs 

after LPS induction on anti-miR-146a transfected murine macrophage cells. After the generation of 

CB pair and expression information mapping, few candidate miRNAs (miRNA 2 viz. miR-16, miR-21-

3p) and their target mRNAs (mRNA B viz. MIS18BP1, MCM5, NCAPG2, RRM2, ASPM, NCAPD3 

and FEN1) have been shortlisted. qRT-PCR data shows miR-16 and miR-21-3p level is 

downregulated on anti-miR-146a transfected LPS induced RAW cells after 24 hrs. (A) Presumably 

expressions of their target mRNAs have been derepressed on the same condition. (B) 

3.4. Understanding miR-146a-mediated Cooperative biogenesis independent of 

macrophage activation 

Endotoxin induced systems activate multiple signalling molecules and different signalling 

intermediators. miR-146a may have a prominent role to manifest cooperative biogenesis of 

groups of miRNAs, but thousands of different other LPS-responsive molecules may impart 
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an additive function to this phenomenon. To intercept the exclusive contribution of miR-146a 

on miR-146a mediated cooperative biogenesis, irrespective of endotoxin-induced activation 

of macrophages,. a miR-146a overexpression system has been adopted for further studies on 

macrophage cells. To negate the possibilities of comodulation through other LPS-responsive 

intermediators, this doxycycline sensitive Tet-On system has been used for induction of miR-

146a overexpression. Further experiments have been performed to validate if secondary 

candidate miRNAs and their secondary target mRNA could exhibit the similar observation 

that has been observed on LPS-responsive murine macrophages. 

3.4.1. Activation of macrophages is not prerequisite for miR-146a mediated cooperative 

biogenesis of miRNAs 

As earlier mentioned, increased level of secondary miRNAs may be a manifestation of 

integrated regulation of different LPS-induced effectors that may crosstalk with miR-146a to 

manifest the cooperativity. To negate these possibilities, a doxycycline-responsive (Tet-On) 

miR-146a expressing system has been incorporated to validate the role of miR-146a 

independent of macrophage activation (Fig. 3.12A). Inducible expression of miR-146a 

manifests in significant upregulation of miR-125b, miR-142-3p post-24h of doxycycline 

treatment (Fig. 3.13B). I could not see changes in the level of non-specific miRNA viz. let 7a 

like my previous observations also (Fig. 3.12B). Cellular level of pre-miR-125b has been 

decreased post-induction correlating with increased mature miRNA processing (Fig. 3.12C).  

Consequently dual luciferase reporter assay restrengthens my observation which shows 

increased activity of miR-125b but not of let-7a (Fig. 3.12D).Corroborating with this, 

repression of endogenous targets of potential secondary miRNAs viz. miR-125b and miR-

142-3p could also be observed (Fig. 3.12E). The observation clearly suggests a miR-146a 

driven cooperative biogenesis of secondary miRNAs viz. miR-125b and miR-142-3p. 

Additionally, I could observe cooperative-activity based influence of miR-146a over the 
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target mRNAs of those secondary miRNAs. Keeping in mind these secondary targets don‟t 

bear any experimentally validated target sites for miR-146a. Cumulative observation suggest 

that miR-146a are probably playing a key role in modulating a group of secondary miRNAs 

in a coordinated manner. 

 

Fig. 3.12: Biogenesis and activity of miR-125b is cooperatively regulated by de novo formed 

miR-146a irrespective of its induction on murine macrophage cells. 

A.  Scheme of experiment to study miR-146a mediated cooperative biogenesis of miRNAs on Tet-On 

inducible systems. B. Level of miR-125b and miR-142-3p is simultaneously increased on inducible 

miR-146a conditions on macrophage cells. Cells were expressed with inducible miR-146a on a Tet-

On doxycycline responsive system. Relative level of miRNAs were measured after treatment of 400 

ng./ml. of doxycycline treatment for 24h. qRT-PCR data confirms miR-146a overexpression and 
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coordinated upregulation of two candidate miRNAs viz. miR-125b and miR-142-3p. Let-7a, a non-

specific candidate miRNA did not show any change in expression even after miR-146a induction. C. 

Precursor level of miR-125b has been reduced on inducible miR-146a condition correlating with 

increased miR-125b level. Real-time data shows significant reduction of pre-miR-125b level, 

suggesting increased processivity of miR-125b from its precursor form. D. miR-125b activity has been 

cooperatively upregulated after induction of miR-146a on macrophage cells. Dual luciferase assay 

shows miR-125b activity has been significantly increased whereas no significant change is observable 

with reference to let-7a reporter repression. RL-MAD1 (Renilla luciferase) and RL-HMGA2 that 

harbours one miR-125b and seven let-7a sites on 3’ their UTR respectively acts as reporter for miR-

125b and let-7a. Firefly luciferase (FF) constructs have been used to normalize the transfection 

efficiency between the sets for this assay. E. Endogenous targets of miR-125b & miR-142-3p have 

been repressed cooperatively on inducible miR-146a conditions on macrophage cells. Along with 

qRT-PCR data confirms increased miR-146a-mediated repression of its target TRAF6 after miR-146a 

exogenous induction. 

3.4.2. Induction of miR-146a could upregulate the biogenesis of miR-21 on murine 

macrophages 

miR-21, the other candidate miRNA also shows the similar trend. Upregulation of miR-21 

level and repression of its target i.e. PDCD4 after miR-146a induction could be observed on 

macrophage cells also (Fig. 3.13A). Although miR-146a has shown coordinated activity to 

specific groups of miRNAs, to rule out the possibilities of regulation of miRNP associated 

proteins by increased miR-146a level, levels of different miRNP associated proteins post-

miR-146a induction have been investigated. I could not observe any significant change of 

those factors in the induced scenario as well, nullifying the possibilities of miR-146a 

mediated regulation of miRNP factor on the macrophage cells (Fig. 3.13B). So, miR-146a-

dependent upregulation of groups of secondary miRNAs without modulating levels of 

miRNP associated factors demonstrates stronger claim of miR-146a-mediated cooperativity 
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in macrophage cells. It could be noted here that there might be presence of other potential 

cooperative biogenesis pairs for a single “miR-146a-secondary miRNA” pair that might 

contribute the cooperativity additively. It is also documented here the phenomenon is 

miRNA-specific that any non-specific miRNAs did not exhibit the proclaimed cooperativity. 

 

Fig. 3.13: Overexpression of miR-146a influences biogenesis and activity of miR-21, whereas 

cellular levels of miRNP associated factors remain unchanged. 

A. Induced bio-genesis of mature miR-21 and derepression of miR-21 endogenous targets after 24h. 

of LPS induction on anti-miR-146a transfected cells.  qRT-PCR analysis of endogenous miR-21 target 

(PDCD4) after anti-miR-146a transfected condition shows derepression. B. miRNP-associated 

proteins do not show significant alteration of expression on inducible miR-146a overexpressed 

macrophage cells. miRNP-associated proteins & processing enzymes viz. Dicer, Ago2, TRBP2 & 

Drosha don’t show any significant change of expression on induced miR-146a conditions.   

3.4.3. Inhibition of miR-146a activity on a miR-146a overexpressed condition could not 

restore Cooperative biogenesis of secondary miRNAs 

To further rule out any other mode of cross-regulation other than miR-146a-mediated specific 

cooperativity of miR-125b, I have incorporated doxycycline-responsive (Tet-On) miR-146a 

expressing system on anti-miR-146a environment on macrophage cells to precisely identify 
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the molecular network (Fig. 3.14A). This could be seen here that a synchronized and 

coordinated expression of miR-125b along with miR-146a abundance inside the cells. The 

observation depicts cellular level of miR-125b is orchestrated with miR-146a abundance 

inside the cells, that even after addition of doxycycline, upsurge of miR-146a linked with 

miR-125b level could not be seen at miR-146a-inhibited environment(Fig. 3.14B-C). Again, I 

could not see any changes for non-specific miRNAs viz. let-7a on the same condition (Fig. 

3.14D). Altogether this multi-faceted investigation strengthens the fact that miR-146a is 

playing the de facto crucial role to cooperatively modulate the biogenesis and activities of 

groups of secondary miRNAs on macrophage cells.   

 

Fig. 3.14: Inhibition of miR-146a activity after overexpression of miR-146a leads to specific 

downregulation of miR-125b but not let-7a. 

A. Graphical representation of experimental scheme followed for panel B-D where anti-miRs and 

inducible miR-146a both have been transfected to precisely understand direct cooperative control of 

miR-146a over biogenesis of secondary miRNAs. B-C. Cellular level of miR-125b shows 

consequential expression along with abundance of miR-146a level inside the cells. miR-146a shows 

expected inducible expression in presence of control anti-miR, whereas induction has been inhibited 

when cells were transfected with anti-miR-146a. Complementing the miR-146a level, miR-125b also 

showed similar trend along with abundance of miR-146a inside the macrophage cells. D. Let-7a level 
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did not show any significant differential expression in cellular expression compared with cooperative 

miRNA candidates. 

3.4.4. Small RNA sequencing analysis reveals miR-146a cooperatively regulates the 

biogenesis of a large group of miRNAs in macrophages 

To understand the effect of miR-146a on the whole cell small RNA population, a whole-cell 

small RNA-seq approach has been adopted to find out the level of regulation governed by 

miR-146a. Like previous experimental conditions, LPS-free Tet-On based doxycycline-

responsive miR-146a overexpression system has been adopted to observe the miR-146a 

mediated specific effect. Forty nine individual group of miRNAs show significant (<0.05) 

upregulation (>1.5 fold increase) post induced miR-146a overexpression. The data of 

significantly upregulated miRNAs after miR-146a overexpression has been attached as 

appendix table 1. Interestingly, a group of miRNAs have been observed which have already 

shown cooperativity on the LPS-induced macrophage system that has also shown the similar 

trend. miR-125 family miRNAs (miR-125a and miR-351) showed significant upregulation 

post-miR-146a overexpression. miR-16, the miRNA which has been validated through 

prediction based Cooperative Biogenesis pair study has also shown a significant increase of 

expression. The data clearly suggests that not a few species of miRNAs rather biogenesis of a 

large group of miRNAs could be modulated by miR-146a expression status inside the 

macrophage cells. 

3.5. Understanding physiological relevance of miR-146a-mediated cooperative 

biogenesis 

LPS induction leads to activation of multiple signalling pathways viz. different MAPKs, p-

AKT, apoptotic pathways etc. Although many of the molecular mediators are known, little is 

reported regarding the molecular crosstalk of miRNAs over this pathway. Previous reports 
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suggest upregulation of miR-146a/b acts as a compensatory response to curb inflammatory 

responses by targeting IRAK1, TRAF6 or decreasing TNF-α production to form a negative 

feedback loop (Bhaumik, Dipa, et al. 2009, Hou, Jin, et al. 2009, Nahid, Md A., et al. 2009). 

IRAK1/TRAF6 cascade signalling was known to activate p38 on a ROS dependent manner as 

well as phosphorylation of extracellular signal-related kinases (Matsuzawa, Atsushi, et al. 2005, 

Mason, Nicola J., et al. 2004, and Ie, Zhen Ning, et al. 2015).  

3.5.1. miR-146a mediated cooperativity of signalling molecules proclaims a greater role 

to protect cells from LPS-induced inflammation  

This intrigues to look into differential expression of various signalling molecules of MAPKs 

in absence of miR-146a. Increased phosphorylation status of p-38 and ERK1 molecules in 

absence of miR-146a activity on LPS induced macrophages could be observed (Fig. 3.15A-

B). In contrast, I could also observe a decreased level of Hsp70 protein post anti-miR-146a 

transfection. Activation of Hsp70 through LPS was known to be involved in inhibition of NF-

κβ activation thus downregulation of pro-inflammatory cytokine productions (Shi, 

Yongzhong, et al. 2006, Dokladny, Karol, et al. 2010).  I have also checked the activated 

level of MSK1, a negative regulator of Toll-like receptor signalling, acts subsequently on p38 

and Erk1/2 mitogen-activated protein kinases (Ananieva, Olga, et al. 2008). Decreased levels 

of phosphorylated MSK1 could be observed on the same condition (Fig. 3.15A). A 

significant increase of TNF α & IL-1β level has been also documented in absence miR-146a 

activity revalidating a reciprocal relationship with pro-inflammatory cytokines production 

(Fig. 3.15C). 
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Fig. 3.15: miR-146a mediates a greater role to protect cells from LPS-induced inflammation.  

A-B. Absence of miR-146a activity leads to increased activation of MAPK signaling molecules. 

Western blot data confirms increased phosphorylation status of p-38 and ERK1/2 molecules on LPS 

induced inactive miR-146a condition compared to LPS-induced control on a dose dependent manner 

after 24h. of induction. Whereas p-MSK1 level has been reduced with anti-miR-146a transfected 

samples. β-Actin serves as internal control. Densitometric quantification of phosphorylation status of 

p38 and p-ERK1/2(p44/p42 respectively) reconfirms the observation. C.  Level of TNF α expression 

inside the cells is increased after time-dependent LPS induction on anti-miR-146a transfected RAW 

264.7 murine macrophage cells. RT-PCR data shows increased expression of TNF α and IL-1β after 

LPS induction on anti-miR-146a transfected RAW 264.7 murine macrophage cells.    
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3.5.2. Impact of miR-146a on controlling apoptosis and NO generation inside the 

macrophage cells 

LPS induction leads to production of iNOS expression which ultimately results in increased 

NO production (Lowenstein, Charles J., et al. 1993). The data reveals increased generation of 

nitric oxide post anti-miR-146a transfection on different time-intervals after LPS induction 

(Fig. 3.17A). It is also evident LPS-induced TNF α and Nitric Oxide upregulation aids in 

initiation of apoptosis on macrophage cells (Xaus, Jordi, et al. 2000).  I was curious to check 

the level of important apoptotic marker proteins post-anti-miR-146a transfection. Apoptotic 

stimulation inside the cell leads to the release of cytochrome C from mitochondria which bind 

with APAF1/Procaspase 9 complex to cleave and activate Caspase 9 (Li, Peng, et al. 1997). 

Downstream molecule of this pathway PARP, a 110 kda protein cleaved by Caspase 3 

between its Asp214 and Gly215 residue to produce a 89 kda cleaved PARP product after the 

initiation of apoptosis (Boulares, A. Hamid, et al. 1999). Increased cellular cleaved PARP 

post-anti-miR-146a transfected cells on different LPS-treatment time-point (24 h, 36 h , 48 h) 

could be seen(Fig. 3.16B).   Important translation initiation factor eIF4E also showed 

derepression post anti-miR-146a transfection, citing a probable link with miR-146a 

responsiveness. 

The integrative observation suggests miR-146a acts as crucial regulator with respect to 

neutralizing inflammatory responses which acts through multiple pathways; be it miRNA-

mediated Cooperative Biogenesis or its secondary target molecule mediated modulation of 

other associated factors, imparts a crucial role on combating pathogenic responses. This led 

us to propose “Cooperative Biogenesis Inflammatory Network (CBIN)” which is probably 

existent inside the macrophage cells (Fig. 3.16C). Needless to mention, the proposed model is 

not exclusively based on target dependent cooperative biogenesis of miRNAs but an 
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integrated response with other signalling intermediators. It is understandable through direct 

and indirect modulations, mediated through miR-146a leads to the establishment of cellular 

neutralization response over endotoxin shock. The network is complex and connected 

through diverse signalling compounds, so it is improbable to point out a single mediator, 

rather there might be an existence of complicated network that aids in restoration of cellular 

homeostasis after endotoxin-induced stress.  

 

Fig. 3.16: miR-146a implicates a leading role in combating endotoxin-induced stress on murine 
macrophage cells. 

A. Increased generation of nitric oxide in absence of miR-146a activity under LPS-induced condition. 

Griess assay based iNOS quantification reveals a little increased NO production on anti-miR-146a 

transfected cells compared to control. B. miR-146a plays a crucial role in combating LPS-induced 

apoptosis. Western blot data confirms increased cellular level of important apoptotic marker protein 
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Cleaved PARP after anti-miR-146a transfection on LPS induced macrophage. Derepressed level of 

crucial translation initiation factor eIF4E could be observed also. C. Simulation of a probable 

“Cooperative Biogenesis Inflammatory Network (CBIN)” model existent inside the macrophage cells.  



Role of Cellular Membranes 

On mRNA Targeting and

Coordinated miRNA Biogenesis
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Introduction 
                                                                     

 

 

                                                     miRNAs are the tiny modulators of RNA expression that 

regulates the majority of protein-coding mRNAs in mammalian cells (Bartel, David P.,2009). 

These are synthesized from the parental pri-miRNA with the assistance of Microprocessor 

complex (Drosha-DGCR8) to produce ~70nt. precursor miRNAs (pre-miRNAs) (Lee, Ahn et 

al. 2003; Zeng, Yi et al. 2005; Han, Lee et al. 2006). These precursor miRNAs are cleaved by 

the RNAse III type of endonuclease Dicer to produce mature forms of miRNAs (Bernstein, 

Caudy et al. 2001; Hutvagner, McLachlan et al. 2001). End product of this process i.e. mature 

form of miRNAs binds with other different silencing factors viz. Argonauts, TRBPs to form 

miRNA Induced Silencing Complex (miRISC) that ultimately binds to the 3’ UTR of the 

endogenous target gene with semi-complementarities. This resulted in repression of the 

translational product and/or degradation of target messenger RNAs (Hammond, Boettcher et 

al. 2001).  

To study the cellular compartmentalization of target mRNA repression, ER serves as the 

nucleation sites for the event, although further steps of degradation do not occur on the rER 

(Bose, Mainak et al. 2017). Translationally repressed mRNAs are migrated to the endosomes 
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(early endosomes & late endosomes) for previously mentioned steps. Endosomes and 

multivesicular bodies (MVBs) act as the denucleation sites where the silencing complex gets 

dissociated from the target messages and goes for further degradation.  

Extreme dynamicity with variation in volume or size and its variable organization within the 

different cell types makes mitochondria a unique organelle. Rigorous cycles of division and 

fusion of mitochondria are constantly undergoing inside the cell which ultimately plays a 

critical role in balancing the activity and morphology of mitochondria inside the cells (Chen 

and Chan 2009).  Mitochondrial fusion proteins Mfn1 and Mfn2 play an important role in 

maintaining the inter-mitochondrial dynamics, as well as Mfn2 takes part in balancing 

mitochondria-ER tethering. This has a huge impact inside the cell to maintain various cellular 

pathways and maintain energy dynamics inside the cells. Previous reports also suggest cells 

deprived with Mfn2 expression with defective mitochondria negatively modulate the miRNP 

recycling steps inside the cells (Chen, Detmer et al. 2003). The critical group of 

mitochondrial regulatory proteins i.e. mitochondrial uncoupler proteins (UCPs) takes part in 

maintaining mitochondrial membrane potential. UCPs could impair the generation of 

mitochondrial membrane potential through uncoupling of the electron transport chain. 

Previous report suggests that depolarization of mitochondria can lead to defective ER-

endosome association along with increased miRNPs levels detected in parasite infected 

macrophage cells (Chakrabarty and Bhattacharyya 2017). 

In the work elaborated, I have explored the cellular compartmentalization of occurrence of 

target dependent miRNA biogenesis. Later, I have tried to look into how cellular membrane 

and mitochondria-ER tethering impacts on cellular compartmentalization of target dependent 

miRNA biogenesis. Consequently my work emphasized on to study differential cellular 

compartmentalization in the context of coordinated miRNA biogenesis also. Interestingly, I 
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have found on the reporter model, miRNAs with higher no. of binding sites on target mRNA 

influences the enrichment and localization of secondary miRNAs and their targets. The 

observation also revalidates previous chapter’s observation, that not only the cellular level 

but also the organelle enrichment of target mRNA-cognate secondary miRNA is linked with 

the primary miRNA that have the higher no. of binding sites. 

4.1. Study on importance of mitochondrial activities on target-driven miRNA biogenesis 

and their cellular compartmentalization 

I have tried to unfold the cellular localization of the target-driven miRNA biogenesis 

phenomenon. Mitochondria, being the powerhouse of the cell, I have tried to interrogate the 

importance of mitochondrial polarization over this phenomenon. Previously amino acid 

starved and refed condition-based hepatic cellular models served for unravelling of target 

driven miRNA biogenesis. Here also, I have introduced the identical model to discover the 

impact of mitochondrial physiology over this phenomenon. Cells overexpressing 

mitochondrial uncoupler Ucp2 showed a reduced and impaired target driven miRNA 

biogenesis, suggesting a probable contribution of mitochondrial physiology. Later, using the 

Mfn2 knockout model shows the similar observations that enrichment of target mRNA and 

its trafficking has been significantly hampered with the absence of Mfn2. It is understandable 

mitochondrial dynamics and polarization serves as a crucial factor for any cellular 

phenomenon. My observation has validated not only the impaired biogenesis but its 

concurrent processing phenomenon has been also significantly impaired due to this.  

4.1.1. Increased rER compartmentalization of miRNAs on a target-dependent manner 

I could observe proper enrichment of cognate miRNAs under the presence of target mRNAs 

at cellular level as well as microsomal level. As per previous reports of rER being served as 

nucleation sites for repression, subsequent observations are also emphasized on rER 
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compartment to understand the influence of target mRNA on miRNA biogenesis and its 

compartmentalization. A time-dependent increase of miR-122 at cellular level could be 

observed post-4hrs. of induction (Fig. 4.1A). Along with enrichment of miR-122 on rER also 

showed the corroborative observation (Fig. 4.1B). 

The observation suggests a time-dependent increase of rER enrichment of cognate miRNA 

over time post reporter target mRNA overexpression. Time-dependent increase of 

microsomal enrichment also suggests the biogenesis is probably linked with its activity over 

here. Polysomes attached with rER serve as sites for initial assembly of miRNP and target 

repression (Barman and Bhattacharyya 2015). So, enrichment on rER distinctively depicts 

significance of this enrichment to implicate its function. 

 

Fig. 4.1: Early time kinetics of miRNA formation and its association with microsomes 

Relative levels of cellular (A) and microsome associated (B) miR-122 in HEK293 cells after indicated 

time points. qRT-PCR data shows time-kinetics of miR-122 enrichment on cellular fractions. Paired 

two-tailed Student’s t tests were used for all comparisons.  
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4.1.2. Study on role of uncoupler and mitochondria-ER fusion proteins on 

mitochondrial morphology and function  

I wanted to observe the effect of mitochondrial uncoupler and mitochondria-ER detethering 

proteins on mitochondrial morphology. Uncoupler Protein 2 expressing plasmid has been 

transfected on HeLa cells to elucidate the importance of Ucp2 on miRNP mediated 

trafficking. Overexpression of HA-Ucp2 has been validated through presence of tagged 

protein HA and knockdown of Mfn2 has been revalidated with the absence of Mfn2 

expression inside the HeLa cells (Fig 4.2A). Defective mitochondrial morphology with 

punctated and disruptive mitochondrial assembly has been observed compared with long 

thread-like healthy structure (Fig 4.2B).  

 

Fig. 4.2: Effect of mitochondrial depolarization on mitochondrial morphology in HeLa cells 

A. Expression of HA-Ucp2 and depletion of Mfn2 by siRNA on mitochondrial morphology in HeLA 

cells. The depletion of Mfn2 was achieved by siRNA treatment while the expression of HA-Ucp2 was 

confirmed by western blot analysis. B. Mitochondrial morphology in Mito-GFP expressing HeLa cells 

also expressing FH-Ucp2.  
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4.1.3. Role of mitochondrial uncoupler proteins on target mRNA driven miRNA 

biogenesis: 

 An amino acid starvation-refed hepatic cellular model was introduced which has been 

previously validated system that exhibits target dependent miRNA biogenesis. In this model, 

induction of endogenous miR-122 has been associated with its target mRNAs repression viz. 

CAT 1 and ALDO A (Bose and Bhattacharyya 2016) (Fig 4.3A). Here, I have tried to unravel 

the importance of mitochondrial depolarization on the CAT1-driven miR-122 biogenesis in 

re-fed hepatic cells after amino acid starvation. UCPs play a critical role by uncoupling the 

ETC (the electron transport chain) through a modulatory function by reducing the generation 

of the mitochondrial membrane potential. Strengthening the fact, depolarized mitochondria 

has been shown to reduce ER-endosome colocalization that may impart in increased 

enrichment of miRNPs in mammalian cells (Stalder, Heusermann et al. 2013). Earlier data 

suggests export of exogenous miR-122 has been impaired on UCP2 overexpressing cells. 

Similar decreased level of mature miR-122 production has been observed in amino acid re-

fed hepatocytes overexpressing UCP2 (Fig 4.3B-C).  Corroborative with this, derepression of 

miR-122 target i.e. CAT1 could be documented (Fig 4.3C). Increased accumulation of pre-

miR-122 could be correlated with reduced miR-122 level per molecule of CAT1 on the same 

condition (Fig 4.3D). Impaired miR-122 biogenesis post-re-feeding of amino acids could be 

witnessed on UCP2 overexpressed condition which suggests a role of mitochondrial 

polarization with miRNA biogenesis. This is corroborated with reduced derepressed level of 

endogenous miR-122 target mRNAs i.e. CAT1. Reduced processing of mature miRNA from  

pre-miR is also observed with increased accumulation precursor miR-122 on UCP2 re-fed 

condition. Three crucial markers of biogenesis and activity; mature miRNA, its precursor and 
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their target mRNAs collectively suggest a reduced miRNA biogenesis that in turn resulted in 

impaired miRNA activities on amino acid starved hepatic cells. 

 

Fig. 4.3: Target mRNA driven miRNA biogenesis is hampered in UCP2-overexpressed condition 

in Huh7 cells. 

A Scheme of the experiment has been shown. B qRT-PCR data has confirmed no upregulation of miR-

122 biogenesis in presence of its target under UCP2 overexpression condition during amino acid re-

feeding (B, left panel). CAT-1 mRNA level was also increased after 4 hours of amino acid starvation 

on HA-Ucp2 expressing cells (B, right panel).  C Western Blot data confirms HA-Ucp2 over-

expression on Huh7 cells. D Pre-miR-122 expression remained nearly unchanged in starved vs. refed 

conditions in HA-Ucp2 expressed cells. Reduced pre-miRNA processing was observed upon refed of 

Ucp2 overexpressed cells compared to control. 
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4.1.4. Target mRNA compartmentalization to rER does not get affected in mitochondria 

de-tethered with rER containing cells: 

 Mfn2, mitofusin2 proteins are one of the important membrane proteins of ER-

mitochondria tethering that maintains normal functioning of ER and its dynamics. 

Interestingly, a decrease of de novo formed miRNP synthesis could be witnessed in Mfn2 

knockout mouse embryonic fibroblast (MEF) cells compared with its’ wild type counterpart 

having a proper Mfn2 expression inside the cells (Hutvagner, McLachlan et al. 2001). There 

might be a defective rER targeting of target mRNAs and that may impart in impaired miRNA 

biogenesis. Reporter target mRNA level repression has been documented in MEF without 

Mfn2 (Fig 4.4A-B).  The observation could be corroborated with induced cellular level of 

miRNPs in Mfn2 knockout MEF cells (Chakrabarty and Bhattacharyya, 2017). Corroborating 

these findings, enhanced targeting of reporter mRNAs on polysomes attached rER could be 

seen on Mfn2-/- MEF cells (Fig 4.4C-D). This data implicates ER targeting of target mRNA in 

cells lacking Mfn2  has been increased contrary to the crucial step for impaired target mRNA 

driven cognate miRNA synthesis in Mfn2 knockout cells. The data deciphers increased 

repression of target mRNAs on mitochondria-ER detethered conditions. To understand the 

differential rER compartmentalization with the absence of Mfn2, any changes in the target 

mRNA targeting to rER has not been documented. Rather increased accumulation of target 

mRNA could be seen. Tet-On based induced reporter target mRNA model also showed 

increased sequestration of target reporter mRNA with the presence of its cognate miRNAs 

i.e. miR-122. To understand the molecular player for defective repression further in vitro 

studies have been done.    
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Fig. 4.4: Increased target RNA trafficking to rER in Mfn2 knockout cells. 

A Decreased de novo formed target mRNA in Mfn2-/- MEF cells. qRT-PCR data shows reduced target 

mRNA levels in presence of its cognate miRNA on Mfn2-/- cells . B The relative amount of the reporter 

target mRNAs in absence and presence of miR-122 has been shown in both cell types. All cells were 

co-transfected with Tet-On expression plasmid and inducible Renilla-3xbulge-miR-122 reporter 

plasmid and FF reporter plasmid (as normalization control). In the right panel relative fold 

repression of the miR-122 reporter has been studied in presence and absence of miR-122 expression 

in wild type and mitochondria defective cells. C-D Higher microsomal association of target mRNA in 

Mfn2-/- MEF cells. Microsomal sequestration of target mRNA in presence and absence of its cognate 

miRNA has been plotted (C). The relative level of microsome-associated target mRNA between 

normal and Mfn2 knockout cells expressing pmiR-122 has also been shown (D). Western Blot data of 
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ribosomal protein S3 shows equal amounts of microsomes were used for estimation of associated 

mRNAs.   

4.1.5. In-vitro study to understand role of mitochondria-ER tethering on miRNA-

mediated mRNA targeting on rER: 

An in vitro translation assay has been designed where isolated microsomes from MEF cells 

has been incubated with mitochondrial enriched fraction either isolated from wild type(WT) 

or Mfn2 knockout cells, and pre-miR-122 has been added along with the synthetic target 

mRNA to  the reaction mixture(Fig. 4.5A). Microsomes are reisolated after the reaction is 

done and enrichment of synthetic target mRNAs and mature miR-122 level has been 

measured. Increased enrichment of microsomal target mRNAs of miR-122 has been seen in 

Mfn2-/- mitochondria-containing mixture compared to control (Fig. 4.5B). Although a 

decrease in de novo biogenesis of miRNA and its microsomal enrichment has been noted in 

unit time in presence of the target mRNAs when they are incubated with  mitochondria of 

Mfn2 knockout MEF cells (Fig. 4.5C-D) when normalized with its target mRNA or reisolated 

Ago2. The observation proposes that formation of miRNPs in Mfn2 knockout cells is not the 

effect of defective rER and polysomal targeting of target mRNAs. The observation validates 

the previous observation of ex-vivo experiments. Increased target mRNA accumulation and 

decreased miRNA association rER clearly demonstrates there lies no problem with miRNA 

mediated target mRNA targeting to polysomes attached with rER.  Further, the later phase of 

miRNP recycling process has been impaired on Mfn2 negative cells that drive increased 

accumulation of target mRNAs. Poor recycling of miRNAs associated with the other 

components of miRNP factors also. This integrated study on mitochondrial polarization with 

target mRNA repression and targeting clearly shows a unique relationship between 

mitochondrial physiologies with miRNA mediated mRNA repression. Even the data 

generated from overexpression of uncoupler study also strengthens our hypothesis with 
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identical observation. Here, it could be clearly stated mitochondrial polarization and its 

connection with rER activities plays a significant role on miRNA mediated mRNA targeting 

and its subsequent repression. 

 

Fig. 4.5: In-vitro assay to find out the effect of Mitochondria-ER tethering on mRNA-cognate 

miRNA compartmentalization. 
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A. Schematic representation of in vitro translation assay showing reisolation of rER used for the 

assay done in presence and absence of wild type and mutant cell derived mitochondria. Calnexin, 

Ago2 and COX IV blots confirmed equivalent enrichment of microsome along with mitochondria after 

reisolation. B. Relative estimation of RNA from reisolated microsome after incubation in presence of 

mitochondria obtained from wild type and Mfn2-/- cells. Increased target mRNA sequestration in 

presence of cognate miRNA in assays done with mutant mitochondria was observed C. Measurement 

of miR-122 being formed and became associated with microsome showed reduced miR-122 

association for per unit of RL-3x bulge-miR-122 mRNA when rER from wild type cells were incubated 

with Mfn2-/- mitochondria. D. Reduced microsomal association of miR-122 have been also observed 

when normalizing with endogenous control Ago2 level.  

4.2. Cooperative Biogenesis of miRNAs is coupled with differential 

compartmentalization of target mRNAs 

After understanding molecular compartmentalization of target dependent miRNA biogenesis 

and its modulation by mitochondrial physiology, I was interested to look into differential 

cellular compartmentalization manifested due to target dependent cooperative biogenesis. 

The phenomenon that has been briefed in the previous chapter.  Polysomes attached with rER 

serve as the primary nucleation sites for miRNP-mediated target assembly and repression 

(Barman, Bahnisikha, and Suvendra N. Bhattacharyya. 2015).  I was inquisitive to explore 

the differential ER and polysomal sequestration of secondary cooperative miRNA i.e. miR-

125b and its target in absence of primary candidate miRNA i.e. miR-146a. After observing 

differential miRNA compartmentalization of the cognate miRNAs driven by its target 

mRNA, further investigation was done on the other miRNAs that share the same 3’ UTR. 

The observation showed a significant differential compartmentalization of secondary mRNAs 

and their target mRNAs when the level or activity primary miRNA that have higher no. of 

binding site on the same 3’ UTR has been perturbed. It was presumably correlatable with the 
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previous data on differential activity due to cooperative biogenesis, that there might be an 

influence over cellular compartmentalization also, as miRNAs are resided on specific cellular 

compartments i.e. polysome attached with rER to elicit its repressive activities.  The findings 

suggest that target mRNA dependent cooperative interactions with other “sister” miRNAs not 

only influence the biogenesis but also its compartmentalization.    

4.2.1. Differential secondary miRNA compartmentalization in absence of its’ primary 

miRNA binding site:  

I wanted to understand the compartmentalization of the reporter model of how absence of let-

7a binding site could influence miR-122 and its target sequestrations (Fig 4.6A).  Reporter 

target only for miR-122 i.e. GFP-3xb-miR-122 shows significant reduced microsomal 

enrichment in absence of RL-3xbulge-let7a_1xbulge-miR-122 (WT) expression which 

suggests not only miR-122 biogenesis & its activity, rather its’ compartmentalization is 

coupled with let 7a compartmentalization (Fig. 4.6B). Consistent with the previous 

observations, target mRNA driven reduced level of polysomal sequestration of miR-122 

endogenous targets could be seen also (Fig 4.6C). This data suggests reduced expression of a 

target mRNA by miRNA brings it to rER that leads to efficient synthesis of a second miRNA 

that share the miRNA binding site on the same 3’ UTR. Thinking on a different note, since 

the let-7a repressed mRNA induces higher miR-122 production on membranes, more miR-

122 targets can now be repressed by the elevated miR-122 levels. Therefore, repression of 

one target mRNA will bring about successive repression of other targets by such a 

mechanism. 
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Fig. 4.6: Reporter based Target-dependent Cooperative Biogenesis Study shows differential 

cellular compartmentalization of secondary miRNAs and their targets. 

A. Graphical presentation of the experimental set up. miR-122 expression was induced by doxycycline 

for 24h in Tet-On stable HEK293 cells transfected with target mRNA constructs and secondary target 

GFP-3xb-miR-122. B Increased cellular and decreased microsomal sequestration of secondary GFP 

reporter mRNA for miR-122. C Target induced increased endogenous targets are polysome enriched 

over mutants. qRT-PCR based- quantification has been used to study relative levels of mature 

miRNAs and target mRNAs.  

4.2.2. Differential membrane sequestration of secondary miRNAs and targets governed 

by cooperative miRNA biogenesis: 

After validating the observation on a reporter assay the differential compartmentalization of 

miRNAs and targets on LPS-induced scenarios has been explored on murine macrophages for 

further studies. It has been observed that miR-125b biogenesis and activity has been 

cooperatively regulated by miR-146a activity. Detailed understanding on this has been 

already elaborated in the previous chapter. Continuation to this, I could observe decreased 

enrichment of miR-125b on membranes as well as its endogenous target on miR-146a 
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dysfunctional conditions. Proper isolation of membranes has been shown with marker 

enrichment on respective fractions (Fig. 4.7A). I could observe reduced membrane 

enrichment of miR-125b and their target mRNAs on anti-miR-146a transfected cells (Fig 

4.7B-C). Reduced sequestration of target mRNA of miR-125b is evident with the outcome 

along with decreased miRNA level. This entails the differential membrane enrichment of 

target mRNAs and miR-125b level on inactive miR-146a environment.  

 

Fig. 4.7: Differential membrane compartmentalization of secondary miRNAs and target 

mRNAs due to target dependent cooperative biogenesis on murine macrophages. 

A. Western Blot data of membranes and cytosolic marker proteins after digitonin based cellular 

fractionation. Western Blots of GRP78 and GAPDH acts as marker protein for membrane and 

cytosolic compartments respectively confirms proper isolation of respective compartments on anti-

miR inhibitor transfected macrophages. B. Digitonin mediated cell permeabilization study shows 

differential membrane enrichment of miR-125b on anti-miR-146a transfected LPS induced RAW cells. 

C. Level of target mRNA of miR-125b also showed decreased membrane enrichment on identical 

condition. 
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4.2.3. Differential microsomal compartmentalization of secondary miRNAs and their 

target mRNAs: 

Microsomes serve as a nucleation site for miRNP assembly and as well as miRNA-mediated 

mRNA repression. Study on microsomal enrichment of secondary miRNAs and their target 

would unravel differential cellular compartmentalization when a single miRNA species is 

dysfunctional. Reduced microsomal enrichment of two candidate miRNAs viz. miR-125b and 

miR-142-3p on anti-miR-146a transfected conditions on murine macrophages could be seen. 

Isolation of microsomes has been validated with the enrichment of ER marker i.e. Calnexin 

(Fig. 4.8A). Reduced microsomal sequestration of secondary cooperative miRNAs viz. miR-

125b and miR-142-3p could be documented also (Fig. 4.8B).  Studying on the target of those 

secondary miRNAs that share the same 3’ UTR with miR-146a also reveals differential and 

reduced target mRNA compartmentalization on rER along with increased derepressed 

cellular level of secondary target mRNAs viz. RL-MAD1L1, IRF4 and HIF1-AN (Fig. 4.8D-

F). This suggests a differential compartmentalization influenced by the primary miRNA 

candidate viz. miR-146a. Also the reporter targets mRNA for miR-125b and their 

endogenous target shows the reduced association on microsomes in absence of miR-146a 

activity, suggesting a direct modulation. Along with, I could also observe the other 

cooperative candidate miRNA; miR-142-3p also showed reduced association at rER fraction. 

The cumulative data shows miR-146a influenced targeting of secondary miRNAs through 

“cooperativity”, reduces rER compartmentalization of their secondary target mRNAs also. 

One miRNA with “higher no. of binding site” on a target mRNA not only influences 

biogenesis and activity of themselves, but also compartmentalization of secondary miRNAs 

or sequestration of secondary target mRNA also could be coordinated by this mechanism. 

Therefore, repression of one target mRNA will bring about successive repression of other 

targets by such a mechanism.  This understanding led to add another layer of post-
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transcriptional regulation where miRNAs with higher or stronger binding sites could 

coordinate the fate of other miRNAs having less or weaker sites mediated through their 

common targets. 

 

Fig. 4.8:  Differential microsomal compartmentalization of secondary miRNAs and their target 

mRNAs in murine macrophages. 

A. Western blots confirm the purity of microsomes isolation of anti-miR transfected murine 

macrophages. Calnexin and GAPDH are used as markers for ER and cytosolic compartments 

respectively. B-C. Differential microsomal enrichment of miR-125b and miR-142-3p on anti-miR-
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146a transfected LPS induced RAW264.7 cells. RT-PCR data shows miRNA level on microsomes also 

decreases as well as on total cellular fraction after anti-miR-146a transfection. D-F Level of target 

mRNAs of miR125b also shows differential enrichment on microsomes. Real-time PCR of endogenous 

target of miR-125b viz. Reporter target of miR-125b (RL-MAD1L1), IRF4 and HIF1AN level shows 

reduced microsomal sequestration and increased level of derepressed mRNAs on total cellular 

fractions.  

\4.2.4. Reduced microsomal enrichment of Ago2-associated secondary miRNAs 

influenced by miR-146a: 

I wanted to look into differential microsomal enrichments of secondary miRNAs and how 

their activities are influenced by miR-146a. Ago2 association of those miRNAs at rER 

fraction may depict the differential repressive activities by those secondary miRNAs. 

Microsomal Ago2-pulldown data suggests reduced association of secondary candidate 

miRNAs viz. miR-125b and miR-142-3p on anti-miR-146a transfected LPS induced murine 

macrophage cells (Fig. 4.9A-B). Later, I also wanted to observe the differential enrichment of 

secondary target mRNAs. As described earlier, I could not observe any distinguishable 

change in Ago2-association of those target mRNAs viz. IRF4 & HIF1AN of miR-125b (Fig. 

4.9C). The data reveals not only miRNA enrichment of secondary candidate miRNAs is 

hampered, but also reduced miRNA activity also could be documented through my data. 

Secondary target mRNAs although could not provide satisfactory observation, maybe I have 

to validate with other secondary target mRNAs after depicting conclusive remarks. Although 

previous cellular Ago2-pulldown data distinctively confirms reduced secondary target mRNA 

association on anti-miR-146a transfected LPS induced murine macrophage cells. 



 
115 

 

 

Fig.4.9. Reduced Ago2 associated microsomal enrichment of secondary miRNAs on anti-miR-

146a transfected LPS induced murine macrophage cells. 

A. Western blot data confirms equal microsomal HA-Ago2 pull down. B-C. Real Time PCR data 

suggests reduced association of secondary miRNAs and slightly reduced association of secondary 

target mRNAs of miR-125b on anti-miR-146a transfected LPS induced murine macrophage cells.  
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Introduction 
                                                                  

 

 

                                                     microRNAs (miRNAs) are tiny ~22 nucleotide short in 

length non-coding RNAs, regulates the majority of the protein coding genes in metazoans. 

After successive repression, target mRNA either goes for degradation or it may be 

temporarily stored in a specific cellular location, called processing bodies (P-bodies) or stress 

bodies (Kedersha and Anderson 2007; Decker and Parker 2012; Bartel 2018).  Cellular 

compartments play a crucial role in miRNA mediated regulation of target messages that each 

cellular organelle impart its specific form of regulation to elucidate organelle specific 

function. Even miRNP complex could act differentially depending on its cellular 

compartmentalization and that it may behave and act accordingly with target messages 

depending on this (Gibbings, Ciaudo et al. 2009; Li, Liu et al. 2013; Barman and 

Bhattacharyya 2015; Chakrabarty and Bhattacharyya 2017). 

  Mitochondrial membrane potential has a significant contribution towards maintaining 

miRNA-activity regulation other than generation of energy through oxidative 

phosphorylation. Intriguingly, production of mitochondrial membrane potential and its 

defectiveness has significant contribution on impaired miRNA activities (Ernoult-Lange, 

Benard et al. 2012). Along with, it has also been reported mitochondrial membrane potential 
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has an immense contribution on miRNA-mediated target mRNA shuttling. It also controls the 

organellar tethering and dynamics, specifically of  Endoplasmic Reticulum (ER) and 

endosome that ultimately results in modulating the miRNA function in mammalian cells 

(Chakrabarty and Bhattacharyya 2017). Earlier it has also been observed that protein 

synthesizing ER serves as the location for miRISC-dependent target mRNA pairing and 

active miRNP formation (Barman and Bhattacharyya 2015; Bose, Chatterjee et al. 2020).  

Consequently Multivesicular Bodies (MVBs) that work in vicinity with processing bodies are 

the core positions for degradation of target messages (Bose, Barman et al. 2017).  

Mammalian target of rapamycin (mTOR), an important nutrient sensor, also imparts vital role 

in regulating mitochondrial physiology. Previous reports suggest decreased mTOR function 

has a direct regulation over controlling mitochondrial respiration and in turn enhances rate of 

aerobic glycolysis (Ramanathan and Schreiber 2009). Different studies also validated that 

mTORC1 active complex takes part in enhancing biogenesis of mitochondria along with 

synthesis of mitochondria-related proteins, the process is governed through activity of eIF-

4EBPs (Morita, Gravel et al. 2013). Although, it was unknown how depolarization or 

inactivity of mitochondria regulates the activity of mTOR complex and consequently how 

this occurrence influences trafficking and intercellular shuttling of miRNPs and target 

mRNAs. 

Here, I validated how proper function and dynamicity of mitochondria, in normal cells 

influences the migration of miRNPs as well as post-targeting of target mRNA how this 

regulates the fate of this. My observation suggested that impaired activation of mTORC1 

leads to decreased polysomal enrichment of translation initiation factor eIF4E located on the 

surface of rER, this in turn inhibits the active translational status inside the cell along with 

defective intracellular shuttling of miRNPs in mammalian cells.   
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5.1. Tethering of mitochondria-ER imparts a crucial role on maintaining recycling and 

activities of miRNP functioning: 

Tethering of mitochondria-ER through Mitofusin2 (Mfn2) molecule has been proven to be 

regulated by the mitochondrial membrane potential (ΔΨm) (Schrepfer and Scorrano 2016). 

Defective fusion of mitochondria is connected with deformed mitochondrial morphology 

mostly due to higher rate of mitochondrial fission (Chen, Toone et al. 2003; Chan 2012; 

Mourier, Motori et al. 2015). Here, I have tried to quantify the microsomal and polysomal 

enrichment of miRNA and associated proteins in MEF cells in Mfn2 knockout condition to 

elucidate the significance of mitochondria-ER tethering on miRNP shuttling and its activities 

over target mRNAs. 

5.1.1. Polysome attached with rER is the major sites for translation regulation 

Treatment with KCl-puromycin isolates polyribosomes embedded on rER surface (Barman 

and Bhattacharyya 2015). In further experiments I have observed enrichment of majority of 

protein associated with the translation including eIF4E with miscible part of active polysomal 

translating pool after KCl-Puromycin based extraction isolated from microsome of MEFs 

(Fig. 5.1). The data is corroborated with the earlier findings that deciphering microsome 

associated pool serves as the prime location for control of translation where the target 

mRNAs along with miRNAs are enriched, interact and mRNAs are further trafficked to 

subsequent cellular organelle. It has been elucidated on previous observations that the 

decreased rate of translation of the mRNAs in high confluent cells causes increased 

accumulation of the miRNPs at the polyribosomes embedded on rER surface to cause 

enhanced miRNA activity as proper functional status of translation is pre-condition for proper 

recycling of miRNPs (Ghosh, Bose et al. 2015).  
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Fig.5.1: Study on enrichment of translational factors on polysome attached rER compartments 

A.  Schematic representation of KCl/Puromycin based extraction method for isolation of polysomes 

attached with the microsomal membrane from MEFs. B. Microsomes from WT or Mfn2-/- MEFs are 

treated with KCl/Puromycin to extract the translating polysomes. Further, proteins were isolated 

from residual ER and solubilised polysome enriched fractions. Samples were analyzed by western 

blotting to check distribution of miRNP proteins (Ago2 and Dicer) and translation factors after the 

extraction. Respective distribution of the ER and ribosomal marker proteins (Calnexin and S3 

respectively) were also checked and were followed to ensure proper fractionation in panel B. 

5.1.2. Increased polysomal accumulation of miRNPs and target mRNAs on Mfn2 

knockout cells: 

Enhanced retention of micro RNA and its target mRNAs at polysomes attached with rER 

have been documented at initial observations in Mfn2 knockout cells (Fig. 5.2A-B). This data 

corroborated with the findings of the previous chapter where increased retention of target 
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mRNAs on microsomes have been reported. Here to understand the phenomenon precisely, it 

could be observed that polysomes attached with rER are the main site where increased 

accumulation of miRNAs and their targets could be seen.   

 

Fig.5.2:  Increased polysomal sequestration of miRNAs and its target at rER attached 

polysomes on Mitochondria-ER detethered cells. 

Microsomes from WT or Mfn2-/- MEFs were treated with KCl/Puromycin to extract the translating 

polysomes. Further, RNAs were isolated from residual ER and solubilised polysome enriched 

fractions. A-B. Amount of miRNAs and mRNAs were also quantified by qRT-PCR based 

quantification against U6 or ribosomal RNA content. p values are calculated by Student’s t-test, and 

one, two, and three asterisks represent p values less than 0.05, 0.01, and 0.001, respectively. Shown 

are the mean and s.e.m for n>3. 

5.1.3. Defective polysomal distribution of translation factors on Mfn2 knockout cells 

I wanted to decipher the reason behind higher attachment of miRNPs with microsomes in 

Mfn2 omitted cells. I have reported a decreased level of polysomal pool in Mfn2 knockout 

cells (Fig. 5.3). The impaired enrichment of eukaryotic translation initiation factor 4E(eIF4E) 

to ER fraction is also reproduced with defective status of translation seen in Mfn2 -/- cells that 

was observed in the polysomal fraction analysis using 15-35% sucrose density based gradient 
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analysis to study the differential enrichment of translational factors. Compartmentalization of 

eIF4E with the heavier polysomal part (fraction 6-9) was crucially disturbed in Mfn2-/- cells 

with very less or no eIF-4E association (Fig. 5.3B).  

 

Fig. 5.3: Differential ribosomal association of translation factors on Mitochondria-ER 

detethered MEF cells. 

A. Cell extracts from WT and Mfn2-/- MEFs were isolated and analyzed on 15-55% sucrose density 

gradient. Gradient fractions were further collected and absorbance was monitored at 254nm and the 

respective absorbance profile graphs were plotted. B. Extracts of MEFs (WT and Mfn2-/-) were 

isolated and analyzed on 15-35% sucrose density gradient and different fractions were collected and 

proteins were isolated. Distribution profile of different translation factors (viz. eEF2, eIF2α, eIF4E, 

p-eIF-4EBP1) were analyzed by Western blots. 
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5.1.4. Differential microsomal enrichment of eIF4E on Mfn2 knockout cells:  

I have reported the differential enrichment of various significant translation factors that takes 

part in activating and modulating the translational status inside the mammalian cells and 

observed a reduced enrichment of eIF4E, the crucial cap binding factor required for active 

translational initiation, on microsomal fraction (Fig. 5.4A-B) (Sonenberg and Hinnebusch 

2009). Although I could not detect observable differences in expression in the cellular levels 

of eIF4E comparing wild type with Mfn2 knockout cells (Fig. 5.4A). Consequently, eIF4E 

has shown higher association with its inhibitor protein eIF4E-BP1 in Mfn2-/- cells, which 

probably coincides with reduced active translation and reduced active eIF4E status inside the 

Mfn2-/- cells (Fig. 5.4B-C). This also corroborated with reduced p-eIF4E-BP1 on microsomes 

on Mfn2 negative cells, suggesting an increased deactivation of eIF4E molecules. The 

impaired inactivated and decreased pool of eIF4E to ER is correlative with defective 

translation reported in Mfn2 negative cells that were previously reported in the 15-35% 

sucrose density gradient based experiment using ribosome-enriched supernatant.  

Therefore mitochondrial detethering of rER could directly reduce of miRNA recycling by 

targeting the translation initiation caused due to defective trafficking of crucial cap binding 

initiation factor eIF4E from non-microsomal cytosolic fraction to the rER associated 

compartment, a phenomenon regulated by its specific binding with eIF4E-BP1 reported in 

Mfn2 negative cells. Along with the eIF4E-T(eIF4E-transporter) that also functions as 

nuclear importer of eIF4E and the agonist of eIF4E-BP1 to interact with eIF-4E, also 

significantly reduced on rER part of Mfn2 knockout  cells (Fig. 4B)(Dostie, Ferraiuolo et al. 

2000). The observation suggests eIF-4EBP1 might get higher access to bind with eIF4E and 

thus inactivates and impaired the active translation status in Mfn2-/- cells. 

 



 
124 

 

5.1.5. Differential microsomal distribution of mTOR & other related signalling 

molecules on Mfn2 negative cells: 

To elucidate the molecular players behind defective translational status, further upstream 

regulatory networks have been studied. The mechanistic target of rapamycin (mTOR), the 

important energy sensor of cells and components of mTORC1 complex, that phosphorylates 

eIF4E-BP1. I could detect a relative decrease of cellular mTOR level. This was accompanied 

by a decrease in mTOR level also in microsomes (normalized against Calnexin representing 

the total content of microsomes isolated by fractionation of Mfn2-/- cells) (Fig. 5.4A-B, D). 

Reduced microsomal enrichment of mTOR and eIF4E led us to speculate there might be a 

correlative action in presence of mitochondria-ER tethering. The data is correlative also with 

other downstream molecules of mTOR viz. Ribosomal protein S6 kinase(S6-K),  with a 

reduced microsomal  enrichment on Mfn2 negative condition (5.4E). Here I could also 

validate enhanced phosphorylation of another crucial translation initiation factor Eukaryotic 

Initiation Factor 2α(eIF2α); corroborating with impaired protein synthesis machinery in Mfn2 

negative cells (Fig. 5.4A-B). Increased phosphorylation of eIF2α has shown a greater impact 

to reduce and impair the global translation status inside the cells (Wengrod, Wang et al. 

2015). To check if phosphorylation of eIF2ɑ is a manifestation of activated unfolded protein 

response(UPR) pathway in Mfn2-/- MEF cells, I have checked activated levels of protein 

kinase R (PKR)-like endoplasmic reticulum kinase (PERK) there. Although I could not find 

any difference in the total PERK expression but I could see increased p-PERK in Mfn2-/- 

MEF cells which suggests a probable activated UPR response in Mfn2-/- MEFs (Fig. 5.4A-B). 

I have tried to explore the probable correlations of UPR and mTOR inactivation by adopting 

two different strategies. To check if phosphorylation of eIF2ɑ is a manifestation of activated 

UPR pathway in Mfn2-/- MEF cells, I have checked activated PERK levels there. Probably 
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this differential distribution might have a crucial regulatory effect on cellular miRNP 

trafficking. 

 

Fig. 5.4.: Differential cellular and microsomal distribution of eIF4E and other translational 

factors. 
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A-B. Relative abundance of different translation factors (eIF4E, P-eIF-4EBP1, P-eIF2α, eEF2 and 

eIF2α), mTOR or ribosomal protein S3, PERK & p-PERK in cell extracts and microsomes derived 

from MEF WT and MEF Mfn2-/- cells. Total or microsomal fractions were analyzed by western 

blotting.  β-Actin and Calnexin served as an internal control for cellular and microsomal samples 

respectively. Endogenous cellular eIF4E was immunoprecipitated and association of eIF-4EBP1 with 

immunoprecipitated materials was analyzed by western blotting in WT vs. Mfn2-/- MEF extracts. C. 

Relative quantification of eIF4E in individual fractions or its interaction with eIF4E-BP1 was 

quantified by densitometric analysis of western blot data from multiple experiments. D-E. Relative 

mTOR and phosphorylated S6K levels with microsomes were also quantified densitometrically. 

5.1.6. Study on impact of UPR responsive pathways on microsomal targeting of eIF4E 

in Mfn2-/- MEF cells  

I was curious to explore the molecular players of the differential microsomal targeting of 

eIF4E in Mfn2-/-MEF cells.  There might be PERK/UPR responsive pathways connected to 

mTOR inactivation in Mfn2-/- MEF cells.  To explore the possibility that PERK/UPR is 

connected to mTOR inactivation in Mfn2-/- MEF cells,  I have treated the WT MEF cells with 

UPR activator Thapsigargin (2.5μM for 16 hrs) to see the effect on mTOR signalling 

pathway. As per previous reports also, I could see inactivation of mTORC1 and its 

downstream molecules (5.5A) (Preston, Amanda M., and Linda M. Hendershot. 2013). On 

the contrary, no decreased microsomal compartmentalization of eIF4E-BP1 is evident on 

TSG treated cells. eIF4E or p-mTOR also showed no decrease in microsomal fraction of TSG 

treated cells (Fig. 5.5B). Increased p-PERK did not show a connection with reduced 

microsomal targeting of eIF4E which has been witnessed in Mfn2-/- MEF cells. There may 

exist different layers of regulation by UPR or Mfn2 loss which differs in their effect on eIF4E 

compartmentalization.  
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Fig. 5.5: Unfolded Protein Response (UPR) is not linked with eIF4E compartmentalization. 

A-B.  Treatment of UPR activator Thapsigargin leads to activation of PERK and inactivation of 

mTORC1 and its downstream molecules on MEF cells. Western blot data shows differential cellular 

enrichment of P-PERK, different translation factors (eIF4E, p-eIF-4EBP1, p-S6-K and p-eIF-2α) and 

P-mTOR after 2.5 μM of Thapsigargin treatment for 16 h. On MEF cells. Immunoblot data of 

microsomes also showed increased enrichment of eIF4E, p-eIF2α and eIF-4EBP1 on Thapsigargin-

treated cells. Β Actin or Calnexin were used as loading control for total or microsomal fractions 

respectively. 

5.1.7. Decreased mTORC1 activity restricts the compartmentalization of eIF4E to rER:  

To elucidate the specific function of eIF4E on differential polysomal association in 

modulating miRNA turnover and retention in mammalian cells, I had treated  the mTORC1 

inhibitor, rapamycin in MDA-MB-231 cells (Sonenberg and Hinnebusch 2009). As per 

expectation, decreased mTORC1 activation could be seen. Along with reduced levels of  

phosphorylation of eIF4E-BP1 and S6K could be observed after rapamycin treatments (Fig. 

5.6A). The observation was also corroborated with reduced compartmentalization of P-

eIF4E-BP1 and eIF4E at rER compartment (Fig. 5.6A). Along with increased levels of 

endogenous miRNAs viz. let-7a and miR-21 could be seen in cellular fraction after treatment 

with rapamycin (Fig. 5B).  
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Fig. 5.6: Rapamycin, the mTORC1 inhibitor, impairs eIF4E compartmentalization at 

microsomal fraction. 

Cellular and microsomal distribution of different translation factors (eIF4E, P-eIF4E-BP1, p-S6-K) 

and mTOR complex proteins (P-mTOR, Raptor and Rictor) after 16 hrs of 100 nM Rapamycin treated 

and Control (DMSO treated) MDA-MB-231 cells. Proteins samples from total or microsomal 

fractions were analyzed by western blotting. β Actin and Calnexin were used as loading control for 

total and microsomal fractions respectively. (B) Quantitative RT-PCR data to check cellular let-7a 

and miR-21 levels after 16 hrs of 100 nM Rapamycin treatment compared to control (DMSO-treated) 

on MDA-MB-231 cells. U6 snRNA served as an internal control. 

5.1.8. Rescue of eIF4E microsomal targeting after induction of mTOR signalling 

pathways 

To further scrutinize the role of mTORC1 in eIF4E recruitment at rER compartment, 

mTORC1 signalling pathway has been activated by expressing Myc-Rheb, an constitutive 

activator of mTORC1, that is known to act upstream of mTOR to activate the pathway (Inoki, 

Ken, et al. 2003). The Rheb-mediated activation of mTORC1 level leads to increased 

phosphorylation of its downstream substrates along with increased microsomal & polysomal 

compartmentalization of eIF4E (Fig. 5.7A-C). Also I could observe reduced polysomal 

sequestration of miRNAs suggesting an active intracellular trafficking of miRNPs in high 

Rheb and activated mTORC1 condition (Fig. 5.7D-E). The observations in Rheb-over 
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expressed conditions suggest the de facto crucial role of mTORC1 to mediate the 

mitochondrial polarization-driven compartmentalization of eIF4E, ultimately which decides 

the fate of miRNAs and target mRNAs. The observation signifies the mitochondria controlled 

mTOR driven eIF4E targeting in mammalian cells. Mfn2 plays the crucial role for the 

mitochondria-ER tethering that drives activation of the mTOR molecule for proper migration 

eIF4E into microsomes for active translations. In turn eIF4E targeting and translation 

initiation is coupled with miRNP trafficking. This manifests in increased retention of 

miRNAs on defective mitochondria containing cells causing poor intracellular shuttling for 

degradation or extracellular export.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7:  Overexpression of the mTORC1 activator, Rheb enhances eIF4E targeting to 

microsomes and reduces polysomal accumulation of miRNAs. 
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A,B, Cellular and microsomal enrichment of different translation factors (eIF4E, p-eIF-4EBP1, p-S6-

K and p-eIF-2α) and mTORC1 complex proteins (P-mTOR, Raptor) after overexpression of c-myc-

RHEB on MDA-MB-231 cells. Proteins samples from cellular or microsomal fractions were analyzed 

by western blotting. β Actin and Calnexin were used as loading control for total and microsomal 

fractions respectively. C, Increased polysomal enrichment of eIF-4E on c-myc-Rheb overexpressed 

MDA-MB-231 cells. Ribosomal protein S3 serves as a marker of polysomal fractions. E, Quantitative 

RT-PCR based analysis reveals reduced cellular and polysomal association of let-7a after 

overexpression of c-Myc-Rheb on MDA-MB-231 cells. U6snRNA served as an internal control.  

5.2. Impact of cellular confluency on translational control & miRNP trafficking 

It has been seen that expressions of mitochondrial uncoupler, UCP2 are increased at high 

density cellular growth(HDC) phase which ultimately leads to mitochondrial depolarization 

with defective mitochondrial morphology. It has been also seen the increased polysomal 

sequestration of miRNPs on high cellular confluency conditions (Ghosh, Souvik, et al. 2015). 

I wanted to explore the molecular players to understand the phenomenon with finer details. 

Previous observation on Mfn2 negative conditions with a defect in mitochondrial function 

shows mTOR driven microsomal eIF4E targeting. Here this intrigues a probable correlation 

with miRNP trafficking on mammalian cells. 

5.2.1. Cellular confluency driven mTOR activation leads to differential microsomal 

targeting of eIF4E 

I have studied the cellular distribution of phospho-mTOR and eIF4E in high confluency 

(HDC) vs. low confluency cells(LDC) and observed a reduced phospho-mTOR level and 

reduced eIF-4E levels in HDC state cells (Fig. 5.8A). Also the same observation has been 

seen in isolated fraction of microsomes, with decreased eIF4E and phospho-mTOR level at 

rER of HDC cells (Fig. 5.8B). As per the initial correlation of increased cellular confluency 

with increased Ucp2 level, Ucp2 has been overexpressed on low confluency cells to unravel 

Ucp2-dependent eIF4E compartmentalization happens or not. Interestingly, the identical 
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observation has also been validated in cells overexpressing Ucp2 (Uncoupler 2) proteins (Fig. 

5.8A-B). Collectively this suggests impaired mTORC1 function is responsible for decreased 

phosphorylation of eIF4E-BP1 and unbound eIF4E is crucial for miRNA intracellular 

shuttling in high confluency cells. This data shows identical phenotype which has been 

previously seen for Mfn2 also(Fig. 5.4A-B). Here I could observe cellular confluency 

monitors the mTORC1 activation that ultimately leads to activation of downstream molecules 

as well as targeting of eIF4E onto rER. 

 

Fig. 5.8.: Cellular confluency drives mTORC1 activation for microsomal targeting of eIF4E. 

A. Expression of mTORC1, eIF4E, phosphorylated S6K and eIF4E-BP1 on LDC and HDC MDA-MB-

231 cells. β-tubulin has been used as internal control. B. Levels of translational initiation factor 

eIF4E and phosphorylated mTOR with microsome isolated from HDC vs. LDC cells and also in HA-

Ucp2 cells compared to control transfected cells. Amount of microsomes used for analysis were 

evident from the Calnexin levels in individual fractions. 

5.2.2. Cellular confluency correlatable with AMPK activation 

It is imaginable that the cells are “starved” in this HDC state (increased mitochondrial 

OXPHOS) and have activated 5' adenosine monophosphate-activated protein kinase(AMPK) 

that will downregulate the mTORC1 pathway. Interestingly, I could observe increased p-



 
132 

 

AMPK level in total and microsomal fraction in HDC cells (Fig. 5.9A).  I have tried to 

explore whether AMPK plays a more prominent role that acts song with the mTOR pathway. 

Is it possible that the effect is somewhat regulated at the AMPK level rather than the direct 

turn-off mTOR by mitochondria? To unravel the quest, further experiments have been 

performed..   

5.2.3. Activation of AMPK does not play a crucial role for targeting of eIF4E on rER 

To verify whether AMPK plays a more prominent role than the mTOR pathway, the AMPK 

pathway has been inhibited using the specific inhibitor in HDC cells to see the concurrent 

effect on differential rER targeting of translational factors. Compound C or Dorsomoprhin 

has been known conventionally to inhibit AMPK pathway activation (Zhou, Gaochao, et al.  

2001). Here the observation collectively suggests increased mTORC1 activation after 

Compound C treatment on MDA-MB-231 cells in HDC conditions corroborating with 

previous reports (Fig. 5.9B, Ng, T. L., et al. 2012). I could not observe restoration of 

translation factor localization in Comp C treated HDC cells, rather reduced P-mTOR and 

eIF4E enrichment on microsomes compared to the untreated control could be seen(Fig. 

5.9C).  These observations suggest the existence of different modes of AMPK mediated 

inactivation of mTORC1 which is probably acting independently of that of mTOR and eIF4E 

localization to rER. AMPK deactivation is likely uncoupled with mTORC1 and eIF4E 

localization to polysomes or microsomes in LDC cells. AMPK probably does not belong to 

this mTORC1-mediated regulatory network for differential compartmentalization of eIF4E 

that I am reporting in defective mitochondrial context (Ucp2 overexpressing or Mfn2-/- 

cells). Altogether the data signifies a more prominent and direct role of mTOR over eIF4E 

relocalization and miRNP trafficking over any other signalling modulators. 
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Fig. 5.9: AMPK activation is not linked with eIF4E compartmentalization. 

A.  Increased cellular and microsomal enrichment of activated AMPK on HDC cells. Western blot 

data reveals increased P-AMPK status on HDC states compared with LDC states of MDA-MB-231 

cells. B-C. Treatment of AMPK inhibitor Dorsomorphin on HDC cells increases mTORC1 activation 

on MDA-MB-231 cells although restoration eIF-4E level on microsomes could not be seen. Western 

blot data shows cellular and microsomal enrichment of different translation factors (eIF4E, p-eIF-

4EBP1, p-S6-K), P-mTOR and AMPK. 10 μM of Dorsomorphin has been treated for 2 hours on 

MDA-MB-231 cells. β Actin or Calnexin were used as loading control for total or microsomal 

fractions respectively. 

5.3. Study on role of translation inhibitors on mTOR driven microsomal targeting of 

eIF4E 

To understand the inter-dependence of translational processes with mTOR driven microsomal 

targeting of eIF4E and miRNP trafficking, translation inhibitors have been used to see the 
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effect how the processes are linked with this. Puromycin and cycloheximide are well 

recognized translational inhibitors, although their mechanisms of action are different. While 

puromycin enhances ribosomal runoff from engaged mRNAs, cycloheximide arrests the 

ribosomes and stabilizes the polysomes.  

5.3.1. Effect of puromycin on mTOR-mediated eIF4E targeting 

Little is known about puromycin mediated mTOR regulation. With 100ng/ml of puromycin 

for 3 hours of treatment, I have recapitulated the condition described by Holland, John J., 

(Holland, John J 1963).  Although, I could not observe a detectable difference in mTORC1 

activation and eIF4E level after puromycin treatment in treated cells, an increase in levels of 

p-mTOR & eIF4E was observed in microsomal fraction isolated from puromycin treated 

cells. However, Calnexin, the ER marker also showed higher enrichment on puromycin 

treated cells (Fig. 5.10A). It is known that puromycin treatment on isolated microsomes leads 

to run-off of attached polysomes and to get them detached in presence of KCl. This treatment 

causes a decreased association of miRNAs with microsomes (Bose, Mainak, et al. 2020).  

Thus, the microsomes could have probably become “rough” to “smooth” upon puromycin 

treatment. Decreased microsomal enrichments of miRNAs have been also observed upon 

puromycin treatment (Bose, Mainak, et al. 2020 and Fig. 5.10B).  
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Fig. 5.10: Effect of Puromycin treatment on cellular and microsomal eIF4E, mTOR (A) and 

microsomal let-7a level (B). 

A. Western blots show P-mTOR and eIF4E level on 100ng/ml of puromycin treated MDA-MB-231 

cells for 3 h. β Actin or Calnexin were used as loading control for total or microsomal fractions 

respectively. B. Level of let-7a at microsomes after puromycin treatment on MDA-MB-231 cells for 3 

h. U6 snRNA served as an endogenous control. 

5.3.2. Effect of cycloheximide on mTOR-mediated eIF4E targeting 

Cycloheximide is known to have an activator for mTOR signalling that is also evident in the 

findings of increased mTORC1 activation and downstream S6-K phosphorylation upon 

cycloheximide treatment (Fig. 5.11) (Kimball, Scot R., et al. 2008). The cycloheximide 

treatment is known to enhance miRNA levels in cells (Ghosh, Souvik, et al. 2015) which was 

consistent with that data obtained for HDC cells where a slow translation process is known to 

enhance the miRNA content. Reduced microsomal compartmentalization of p-mTOR and 

eIF4E could be observed upon cycloheximide treatment on MDA-MB-231 cells (Fig. 5.11). 

The observation reconfirms the connection between inactivated translational statuses with 

reduced intracellular miRNA trafficking (Holland, John J. 1963). 

 

 

 

 

 

Fig. 5.11: Effect of cycloheximide treatment on p-mTOR and eIF4E levels. 
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A. Western blots show p-mTOR, p-S6-K and eIF4E level on 100ng/ml of cycloheximide treated ( for 

16 h) MDA-MB-231 cells. β Actin or Calnexin were used as loading control for total or microsomal 

fractions respectively.  
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 I have tried to explore multiple aspects of miRNA biogenesis and their compartmentalization 

to unravel basic molecular and cellular biology quests. In my first chapter I have tried to 

unravel a basic question about miRNA-miRNA interaction where multiple different miRNA 

binding sites containing 3’UTR mediated cooperativity have been explored. Later I have tried 

to validate the hypothesis in a physiologically relevant macrophage system where miR-146a 

plays an important role. Consequently, I have concentrated on the effect of mitochondrial 

physiology on compartmentalization of miRNA-mediated repression.  I have found a retarded 

miRNP recycling from ER to endosomes on mitochondria-ER detethered cells. Later, to 

study differential compartmentalization due to cooperative miRNA biogenesis phenomenon, I 

could observe a varied enrichment of secondary miRNAs and their target mRNAs at rER. 

Third part has mainly focused on how mitochondrial depolarization or detethering with rER 

affects miRNP trafficking inside the mammalian cell where this has been observed that 

mTOR plays a crucial role that drives eIF4E compartmentalization to ER for active 

translational status which promotes active intracellular shuttling of miRNAs for further 

processing and extracellular export. Here are the different scientific dimensions and 

perspectives of my findings that signifies the relevance of the work. 

6.1. Induction of the idea “Target mRNA Dependent Cooperative Biogenesis of miRNAs 

(TDCB)” 

Initial observations suggest exogenous expression of miR-122 could be modulated with 

endogenous expression of let-7a that share the same 3’ UTR target mRNAs. Thinking on a 

different note, since the let-7a repressed mRNA induces higher miR-122 production, more 

miR-122 targets can now be repressed by the elevated miR-122 levels. Therefore, repression 

of one target mRNA will bring about successive repression of other targets by such a 

mechanism. This led us to hypothesize a cellular condition where miRNAs with weaker or 
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lesser number of sites can be upregulated with the aid of another miRNA having more sites 

on a particular mRNA. This preliminary observation gives us an initial idea of Target 

Dependent Cooperative Biogenesis (TDCB) where target-mediated increased-biogenesis of 

one miRNA modulates the biogenesis of a second family of miRNAs that share the same 3’ 

UTR. Consequently, I have identified and unravelled the unique molecular architecture of a 

Target mRNA Dependent Cooperative Biogenesis (TDCB) on a physiological relevant 

system where a miRNA-network fine-tunes the inflammatory responses. 

“Target dependent biogenesis of miRNA'' or “Target dependent protection of miRNAs” are 

the different consequences of this modulatory effect (Bose and Bhattacharyya, 2016; 

Chatterjee et al., 2011). Although both the previous works have been centred upon a 

regulation of a single miRNA family, here the observation has mainly centred on 

understanding the sequential molecular events on network-based physiological context. 

Earlier PDCD4 mediated co-regulation of miR-21 and miR-499 has been also documented, 

where activity and stabilization of one miRNA species has been shown to influence others 

(Ajuyah et al., 2019).  Here the proposed coordinated biogenesis model of miRNA where 

presence of multiple target sites increases the processivity i.e. the rate of fall off of Dicer 

molecule from the miRISC and association with new miRISC increases. In turn, this not only 

increases the biogenesis of a single family of miRNAs rather the miRNAs of adjacent targets 

sites in a coordinated manner that concordantly resulted in a repression of secondary 

mRNAs(Fig. 8B). Here the mechanistic study advances the basic understandings of miRNA 

biology from a “one miRNA to one mRNA'' regulation to “miRNA-targetome based 

network” where cooperativity among target sites influences the biological processes.  
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6.2. Target Dependent Cooperative Biogenesis of miRNAs exists in normal cellular 

physiology and could be activated under stress 

Target dependent cooperative biogenesis of miRNAs is a general and complex phenomenon 

probably occurring on many miRNA-driven pathways although it is a strenuous thing to 

single out the phenomenon on a normal cellular physiology due to existence of a different 

subtle crosstalk of different interlinked pathways. I have chosen a well-conserved miRNA 

responsive pathway where miRNAs act prominently to regulate multiple inflammatory 

pathways, making a suitable candidate to showcase the phenomenon. Although the 

expressions of many endotoxin-responsive miRNAs are mostly controlled in a NF-κβ 

dependent manner, their mode of action varies as they form reciprocal regulatory 

relationships sometimes also. Crosstalk of miRNAs during inflammatory responses is a well 

recognized instance, where a group anti-inflammatory miRNAs tries to neutralize the activity 

of pro-inflammatory miRNAs to re-establish the cellular homeostasis, which in turn 

manifests in tumour suppression for building up of anti-tumour immunity (Mann, Mati, et al. 

2017, Magilnick, Nathaniel, et al. 2017). miR-155 and miR-146a has shown the critical 

reciprocal mediators of this phenomenon (Huffaker et al., 2012; Mann et al., 2017). Crosstalk 

between other different miRNAs also suggested being important players in the response to 

endotoxin shock (Savey, 1991). Probably here comes the idea of cooperation amongst 

miRNAs such that not only it fine tunes their targets, rather it broadens the spectrum of 

regulation by means of co-modulating the biogenesis and activities of miRNA also, from 

where the idea of “Cooperativity” culminates.  I have tried to uncover molecular beads of this 

suspected string, emphasizing mainly on the re-establishing of homeostatic cellular 

physiology by alleviating pro-inflammatory response.  
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NF-κβ binds to the putative promoter elements for many endotoxin responsive miRNAs in a 

time-dependent manner that it diversifies the response as immediate early, early and later 

responses (O'Neill et al., 2011; Zhou et al., 2010). This intrigues to unravel the molecular 

intermediators of the phenomenon.  Absence of miR-146a on LPS induced macrophage cells 

shows differential expression of LPS-responsive miRNAs that share target sites with miR-

146a. To broaden the observation, whole cell transcriptomics analysis suggests a group of 

miRNAs also exhibits miR-146a mediated CB, irrespective of pre-documented LPS induced 

behaviour. Be it NF-κβ or Akt1, groups of signalling molecules control the expression of 

endotoxin-responsive miRNAs after induction. To eliminate the possibilities of cross-

regulation of those molecules on TDCB and to understand the fine molecular network 

governed exclusively by miR-146a, I have tried to adopt a LPS-free system. Precisely 

inducing the miR-146a expression on macrophages correlates the observation found on 

activated macrophages. Experimental analysis and different RNA sequencing data 

corroborates with each other that strengthens the findings on macrophage inactivated 

conditions also (Fig. 6.1).  
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Fig. 6.1: Graphical Model of Cooperative Biogenesis of miRNAs in Mammalian Cells. 

a. Target mRNA (mRNA A in black) dependent cognate miRNA (miRNA 1 in black) biogenesis 

happens on polysomes attached with rER. b. This phenomenon influences biogenesis and activity of 

other secondary miRNAs (miRNA 2 in red) that share the same 3’ UTR in the cooperative manner. c. 

Increased cooperative biogenesis of secondary miRNAs leads to increased target cleavage or 

translational repression of secondary target mRNAs (mRNA B in green) as well as primary targets 

(cleaved mRNA A in black). 

6.3. Coordinated Biogenesis of miRNAs forms a Cooperative Network at Whole Cell 

Targetome Level 

An integrative computational approach has been utilized to predict probable regulatory 

relationships between miRNAs wherein one miRNA is likely to influence the biogenesis of 

the other. The hypothesis in this scenario was that in case a CB regulator (miRNA-1) is up-

regulated; it up-regulates the expression of another miRNA (miRNA-2) by co-ordinated 

biogenesis mechanism and in turn that positively influences the repression of its 

corresponding targets (mRNA-A). As a result of this observed phenomenon, a corresponding 

downstream effect in the known mRNA target (mRNA-B) of the secondary effectors 

miRNA-2 should be observed. Interestingly, the proposed notion has been observed also. 

Utilizing large scale expression analysis data of monocyte response to LPS exposure, I could 

identify a number of miRNA which are likely to be regulated by miR-146a-5p. miRNAs such 

as miR-16-5p, miR-26a-5p, miR-27b-3p, miR-30e-5p, miR-93-5p, miR-98-5p to name few 

have been commonly identified as probable miR-146a targets in miR-146a-5p coordinate 

biogenesis regulatory network in mice and humans. Moreover, the predicted coordinate 

biogenesis relationships (miRNA-1:mRNA-A ̶ ̶̶˃ miRNA-2:mRNA-B) for mmu-miR-146a-5p 

have been studied in detail and I could validate that miR-146a-5p likely regulates the 
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biogenesis of miR-16-5p and miR-21-3p in turn regulating the expression of secondary 

effector mRNA as well. 

6.4. Understanding physiological relevance of Cooperative Biogenesis of miRNAs on 

murine macrophages 

The mechanisms might have finer levels of cooperative regulation, vested upon multiple co-

mediators, that this may not be exclusively controlled by miRNAs. Crosstalk between 

“miRNAs” and “effector proteins regulated by miRNAs” probably imparts the cooperation to 

exhibit ultimate effects. For example, regulation of TNF-a expression might be controlled at 

different levels by different modulators. IRAK1/TRAF6-controlled phosphorylation of p38 & 

ERKs activates different MKs [MAPK-activated protein kinases] to further activate different 

transcription factors, production of pro-inflammatory cytokines, and cell surface receptors 

that may ultimately lead to onset of cellular apoptosis by production of different pro-

inflammatory cytokines (Chi et al., 2006; Chuang et al., 2000; Roux and Blenis, 2004).  

MAPK-signalling pathways attribute a huge impact on iNOS synthesis also (Chan and 

Riches, 2001; Chen and Wang, 1999). TNF-α also bears binding sites for miR-125b (Tili et 

al., 2007). miR-21, another important CB candidate relevant to the context has a significant 

repressive effect on p38‐CHOP and JNK signalling to inhibit pro‐inflammatory phenotype 

and macrophage apoptosis modulated by MAP2K3 expression (Canfran-Duque et al., 2017). 

PDCD4, another pro-inflammatory protein is also suppressed by miR-21 that leads to 

decreased NF-κβ activity and increased production of anti-inflammatory cytokines IL-10 

(Sheedy et al., 2010). I could observe significant derepression of these molecules (i.e. 

MAP2K3 & PDCD4) on miR-146a inhibited conditions also, wherein both of these mRNAs 

do not bear miRNA-responsive sites for miR-146a. This “miR-146a→TRAF6→miR-

21→PDCD4/MAP2K3/PTEN→p38/NF-κβ/JNK” mediated probable regulatory axis might 
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be one among the thousands network that directly attributes to elicit physiological responses . 

This idea of understanding led us to predict Cooperative Biogenesis Inflammatory Network 

(CBIN) that is probably existent inside the cell post endotoxin-induced inflammation. There 

is other multi-linear co-regulation that has been also reported on the inflammatory 

environment that backs the hypothesis for fine-tuning each and every orchestrated response 

(Kim et al., 2012; Rajaram et al., 2011). Altogether, the list of observations summarizes that 

the groups of miRNAs acts coordinated in an orchestrated manner to protect the macrophage 

cells to neutralize against pro-inflammatory response and inhibition of apoptotic pathways 

resulting in tissue healing. 

6.5. Importance of mitochondria-ER tethering on target dependent microRNA 

biogenesis: 

The previous observations imply the significance of cellular compartment in regulating 

miRNP synthesis. Consequently with the earlier probabilities (Bose, Barman et al. 2017; 

Chakrabarty and Bhattacharyya, 2017), I have supportive proofs in validation of ER 

embedded polyribosomes as the main location for synthesis of miRNP in animal cells. Along 

with this has also been observed that miRNP synthesis is a well-orchestrated phenomenon 

and controlled by cellular energy dynamics that is mainly orchestrated by mitochondrial 

functionaries (Fig. 6.2). Elucidating the organelle-organelle communication through two 

different cellular compartments, ER contributes in shuttling of miRNP associated proteins 

such as Ago2 & Dicer1 for repression of target messages and further recycling of proteins for 

active miRNA processing-machineries inside the cells. 

 Significance of compartmentalization of miRNA-mediated activities still remains to 

be further explored to understand the diverse function and regulation of miRNAs. The 

translation repression mostly happens at polysomes linked with rER, whereas the miRNA-
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controlled target message decay and attached miRNP recycling are stringently modulated at 

MVB/P-body. These observations entail two spatiotemporally unlinked phenomena showing 

separate modulation in mammalian cells (Bose, Barman et al. 2017) to affirm the requisite 

steadiness for miRNA-regulated target message degradation in mammalian cells.  

6.6. Significance of mitochondrial physiology to control miRNA-driven mRNA targeting 

to ER 

The work suggests the sequential steps of miRNP trafficking is dysfunctional in mitochondria 

depolarized cells which has been validated in an in vitro translation assay system as well as in 

cellular conditions. These suggest that the differential membrane potential and mitochondrial 

depolarization can regulate the synthesis of miRNPs. Engagement of mitochondria in 

regulating the turnover of miRNAs earlier has been validated (Chakrabarty and 

Bhattacharyya 2017). The data presented here, I have tried to validate and strengthen our 

notion that the synthesis of miRNAs is regulated by activities of mitochondria. Previously 

this has been reported that the metabolic flux is regulated through mitochondrial function 

along with also by miRNAs (Chan, Zhang et al. 2009; Vander Heiden, Cantley et al. 2009). 

The observation is also implacable for autophagy control by the two candidates i.e. 

mitochondria & miRNAs (Twig, Elorza et al. 2008; Fullgrabe, Klionsky et al. 2014). This 

could be stated that mitochondria with different dysfunctionaries might show direct or 

indirect modulation over impaired synthesis of miRNAs in various disease models of 

defective mitochondrial phenotype. The molecular nitty-gritty’s behind differential Ago 

protein-Dicer1 interaction affected by mitochondria were partially elusive to us. Importance 

of mitochondria-ER tethering acts as the crucial player in regulating the miRNP synthesis by 

passively modulating the Ago2 enrichment/recycling over cellular compartments and miRNA 

production is responsive to mitochondria-ER detethering.  
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6.7. Mitochondrial health influences the rER compartmentalization of eIF4E mediated 

through mTOR activation 

The Eukaryotic initiation factor 4F (eIF4F) complex, vital for initiation step of protein 

synthesis on which eukaryotic translation initiation factor 4E(eIF4E) is one of the sub-unit, is 

reversely regulated by a group of inhibitors, named as eIF4E-binding proteins (4E-BPs). eIF-

4E regulates the association of eIF4F with messenger RNA 5’-cap to start up cap-mediated 

protein-synthesis in the polysome associated with rER. Subcellular compartmentalization of 

activated mTORC1 (i.e. phosphorylated form with associated complex) on the surface of rER 

might induce phosphorylation of eIF4E-BP1. This ultimately leads to unbound eIF4E from 

4E-BP to initiate synthesis of proteins at rER surface of miRNA-silenced target messages to 

enhance miRNA transport inside the cells and extracellular export. The phenomenon is 

influenced by bringing inactive 4EBP-bound eIF4E to rER membrane more effectively, 

consequently p-mTOR phosphorylates eIF4E-BP1 that it dissociates from eIF4E to form the 

active initiation complex. Association of active eIF4E to 43s “pre”-initiation complex makes 

it operational such that protein synthesis & miRNP-mediated silencing of target messages 

could happen at polysomes associated with rER membrane surface.  Contrastingly 

dysfunctional mitochondria containing cells mimics the condition of the mTORC1 

inactivated status inside cells. This in turn causes reduced transport of eIF4E to the rER 

surface that manifests in impaired synthesis of proteins and enhanced retention of target 

messages and respective miRNAs. In conclusion it may be inferred that activation and 

inactivation of eIF4E mediated by 4EBP1, is properly monitored by cellular activity status of 

mTORC1 governed by mitochondrial health that ultimately controls translation and cellular 

shuttling and export of miRNAs. 
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6.8. Importance of mitochondria-driven intracellular trafficking of miRNPs through 

modulating cellular translation status 

miRNP functionaries are modulated by a diverse group of mediators or cellular pathways. 

Subcellular compartments play an important role for multifaceted functions and organelles 

play a vital role for cognate miRNA specific repression of target messages (Gibbings, Ciaudo 

et al. 2009; Bose, Barman et al. 2016). Current observations suggest mitochondria itself as 

well as in conjunction with other organelle viz. ER may influence the miRNP activities 

(Stalder, Heusermann et al. 2013; Barman and Bhattacharyya 2015; Bose, Mainak et al. 

2016). Mitochondria mediated regulation of miRNA activities and stability are mostly 

modulated by two important mitochondrial proteins viz. Ucp2 and Mfn2. Ucp2 influences the 

generation of ΔΨM as well as between mitochondria-ER tethered interactions that impart an 

influential regulation over ER-endosomal tethering and trafficking of miRNPS. The 

interaction is crucial in a way that it aids in intracellular shuttling of mRNA- miRISC 

complex from ER surface (that acts as bench for this association) to endosomes & MVBs, 

sites for target message decoupling from miRISC and ultimate decapping and deadenylation 

prior to degradation  (Bose, Barman et al. 2016; Chakrabarty and Bhattacharyya 2017). 

Increased expression of Ucp2 influences a series of events to manifest a significant 

differential targeting and repression of target messages. Also, miRISC activities at polysomes 

are connected with the efficacy and turnover of protein synthesis machineries (Ghosh, Bose 

et al. 2015). Hence cumulative findings gives an idea of mitochondrial regulation over 

modulation of protein synthesis as well as contributors of ATP during miRISC mediated 

nucleation steps and further repression. 
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6.9. Conjoint regulation of mRNA translatability with miRNA-mediated repression  

 The rate of translation of proteins i.e. mRNA translatability is another crucial factor 

that acts along with the intracellular shuttling and turnover of miRNAs. Enhanced 

sequestration of mRNAs and its cognate microRNAs manifested through increased retention 

at translationally impaired polyribosomes associated with rER surface in high density cellular 

(HDC) conditions (Ghosh, Bose et al. 2015). Reciprocal observation also has been validated 

on reverse cases. The significance of 5’ m7G cap-binding of translating RNA governed by 

eIF4E and its binding at the mRNAs is rate-limiting step for uninterrupted synthesis of 

proteins from its template RNA strand. Previously documented reports suggest, specificity 

and synchronized recruitment of eIF4E at translating RNAs happens in a sequential manner 

that contributes a preciseness on metazoan translational regulation where other different 

inhibitor proteins or competitor of eIF4E such as eIF4E-T could impair the eIF4E binding at 

the 5' Cap (Filipowicz and Sonenberg 2015). Binding of few of such competitive proteins is 

influenced indirectly by miRNPs recruited to cis-acting part of the 3'UTR region of target 

mRNA molecules (Filipowicz and Sonenberg 2015).  

 In HDC cells, the mRNAs with miRNA binding sites are repressed in a m7G-Cap 

structure dependent manner. As per the hypothesis, stimulation of miRNA-repressed 

messages happens due to high availability of eIF4E as its interactor protein eIF4E-BP gets 

phosphorylated in the LDC cells. This eventually increases intracellular movement of mRNA 

and miRNA-linked to high miRNA export. Therefore, it mimics the situation that happens 

with 5’TOP elements containing mRNAs, translation of which otherwise remain repressed in 

low translation condition (Thoreen, Carson C., et al. 2012). mTORC1 upregulation more 

specifically promotes the translation of TOP elements containing translationally inactive 

mRNAs over non-TOP mRNA. 
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6.10: Detethering of mitochondria-ER interaction activates UPR pathways to aggravate 

the defective phenotype

 

Fig. 6.2: A schematic representation of mitochondria controlled differential activation of 

mTORC1 governs intracellular trafficking and extracellular export of miRNAs in mammalian 

cells. 
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Mammalian cells with functional mitochondria (left half of the picture) show proper activation of 

mTORC1 that leads to subsequent migration and phosphorylation of 4E-BPs on polysomes attached 

with rER to dissociate from inactive eIF-4Es and further recruitment of eIF4E onto the active eIF4F 

translation initiation complex. This follows proper intracellular shuttling and extracellular export of 

miRNAs and dissociation of ribosomal subunits for another set of new cycles. In contrast to this, cells 

containing defective mitochondria (depolarized or detethered with rER, right half of the picture) show 

reduced activity of mTORC1 that manifests in decreased migration and phosphorylation of 4E-BPs 

with reduced active eIF4E level. Ultimately this causes enhanced retention of miRNAs and target 

mRNAs with poor intracellular trafficking and extracellular export of miRNAs.  

Another important translation protein, eukaryotic initiation factor 2α (eIF2α) shows increased 

status of phosphorylation on Mfn2 knockout conditions. This led me curious to unravel the 

crosstalk of mTORC1 pathways with eIF2α activation. Downstream of unfolded protein 

response(UPR) pathways, protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) 

activates eIF2α. Although further observation also suggested that the unfolded protein 

response(UPR) pathway or loss of Mfn2 activities did not show similar observation on eIF4E 

compartmentalization. Here there might be an existence of a crosstalk of mTORC1 pathways 

with UPR pathways, which may aggravate the change that has been observed in Mfn2 

negative cells. Altogether, defective mitochondria tethering of rER caused by Mfn2 loss-of-

function probably plays a crucial role to reduce rER targeting of eIF4E where activated UPR 

response plays an additive role by specifically upregulating eIF2α phosphorylation and by 

generally decreasing the translation process of all mRNAs irrespective of their miRNA-

mediated repression or not. Upregulated levels of eIF4E may more specifically work on 

already repressed mRNAs and these mRNAs win over otherwise non-repressed mRNAs in 

translationally defective condition. The increase of phosphorylated eIF2α level causes an 

overall slow-down in the translation process.  However, UPR activation alone could not elicit 

the reported observation as eIF4E could not get transferred to rER. 
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In summary our proposed hypothesis has been validated with multiple strong evidences that 

modulating the energy status, polarization and inter-organellar tethering governed by 

mitochondria could impart a significant influence over miRNA mediated targeting of 

mRNAs, its intracellular transport to regulate the miRNP functionaries and in turn if required 

extracellular export of the target message outside of the cell. 
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Appendix Table 1: List of miRNAs significantly (P. Value< 0.05) expressed after miR-146a 

overexpression (24 h. Doxycycline treated vs. untreated) on murine macrophage cells: 

Gene Symbol Name of miRNA Avg. Fold Expression P.Value 

MI0000729 mmu-mir-7a-2 14.947 0.006 

MI0000138 mmu-let-7i 14.795 0.032 

MI0000147 mmu-mir-99b 13.516 0.039 

MI0018007 mmu-mir-5099 11.934 0.001 

MI0000710 mmu-mir-222 11.834 0.004 

MI0004665 mmu-mir-146b 11.824 0.039 

MI0000689 mmu-mir-25 10.930 0.044 

MI0004637 mmu-mir-423 10.480 0.040 

MI0000141 mmu-mir-23b 10.469 0.028 

MI0000795 mmu-mir-378a 10.345 0.005 

MI0000728 mmu-mir-7a-1 10.107 0.002 

MI0000571 mmu-mir-23a 9.628 0.002 

MI0006306 mmu-mir-1198 9.622 0.002 

MI0000151 mmu-mir-125a 9.231 0.001 

MI0000566 mmu-mir-16-2 8.810 0.000 

MI0004124 mmu-mir-744 8.581 0.027 

MI0000704 mmu-mir-320 8.377 0.029 

MI0000145 mmu-mir-30b 8.208 0.008 

MI0004703 mmu-mir-501 7.874 0.001 

MI0000408 mmu-mir-130b 7.758 0.020 

MI0009961 mmu-mir-1964 7.247 0.003 

MI0009992 mmu-mir-1981 7.247 0.034 

MI0000140 mmu-mir-15b 7.176 0.008 

MI0003522 mmu-mir-542 6.969 0.051 

MI0000584 mmu-mir-34a 6.670 0.011 

MI0000643 mmu-mir-351 6.573 0.002 

MI0000640 mmu-mir-350 6.553 0.016 

MI0000590 mmu-mir-322 6.214 0.006 

MI0004133 mmu-mir-671 6.135 0.044 
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MI0004705 mmu-mir-450b 5.772 0.036 

MI0000598 mmu-mir-326 5.529 0.007 

MI0000609 mmu-mir-331 5.447 0.013 

MI0000696 mmu-mir-212 5.299 0.027 

MI0000768 mmu-mir-365-1 4.892 0.023 

MI0021923 mmu-mir-378c 4.746 0.026 

MI0021583 mmu-mir-6236 4.441 0.001 

MI0026047 mmu-mir-8115 4.204 0.013 

MI0009934 mmu-mir-1945 4.180 0.041 

MI0006127 mmu-mir-582 4.079 0.001 

MI0009937 mmu-mir-1947 3.633 0.026 

MI0004702 mmu-mir-500 3.511 0.030 

MI0014020 mmu-mir-3057 3.496 0.019 

MI0021587 mmu-mir-6240 3.473 0.000 

MI0009990 mmu-mir-1983 3.380 0.039 

MI0009965 mmu-mir-1968 3.279 0.013 

MI0018041 mmu-mir-5129 2.747 0.030 

MI0018008 mmu-mir-5100 2.258 0.017 

MI0014042 mmu-mir-3079 2.139 0.001 

MI0023714 mmu-mir-7219 1.960 0.027 

MI0016971 mmu-mir-1843b 1.763 0.000 

MI0025006 mmu-mir-7666 1.690 0.028 

 

 

  



 
155 

 

Appendix Table 2. List of Antibodies: 

Name of Antigen Raised in Dilution 
(WB) 

Dilution 
(IP) 

SMyce 

Ago2 (eIF2C2) Mouse 1:1000 - Abnova 

HA Rat 1:1000 1:100 Roche 

Calnexin Rabbit 1:10000 - Bethyl 

β-Actin HRP-
conjugated 

1:10000 - Sigma Aldrich 

GW182 Rabbit 1:10000 - Bethyl 

Grp-78/Bip-1 Rabbit 1:2000 - Millipore 

Cox-IV Rabbit 1:1000 - Cell 
Signalling 

Ucp2 Rabbit 1:4000 - Novus 

Drosha Rabbit 1:8000  Bethyl 

P-p38 Rabbit 1:1000  Cell 
Signalling 

P-ERK1 Rabbit 1:1000  Cell 
Signalling 

P-MSK1 Rabbit 1:1000  Cell 
Signalling 

MSK1 Rabbit 1:1000  Cell 
Signalling 

HSP70 Rabbit 1:1000  Cell 
Signalling 

Cleaved PARP Rabbit 1:1000  Cell 
Signalling 

Cleaved Caspase 
9 

Rabbit 1:1000  Cell 
Signalling 

P-Akt (Ser-473) Rabbit 1:1000  Cell 
Signalling 
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Ribosomal S3 Rabbit 1:1000 - Cell 
Signalling 

eIF-4E Rabbit 1:10000 1:1000 Bethyl 

P-eIF-4EBP1 Rabbit 1:1000 - Cell Signaling 

P-eIF-2α Rabbit 1:1000 - Cell Signaling 

eEF2 Rabbit 1:10000 - Bethyl 

eIF-2α Rabbit 1:1000 - Cell Signaling 

mTOR Rabbit 1:1000 - Cell Signaling 

P-mTOR Rabbit 1:1000 - Cell Signaling 

Ribosomal L7a Rabbit 1:1000  Cell Signaling 

eIF-4E-T Rabbit 1:8000  Bethyl 

Dicer Rabbit 1:5000  Bethyl 

Rictor Mouse 1:1000  Sigma 

β-Tubulin Mouse 1:1000  SIGMA 

AMPK Rabbit 1:1000  Cell Signaling 

P-AMPK Rabbit 1:1000  Cell Signaling 

PERK Rabbit 1:1000  Cell Signaling 

P-PERK Rabbit 1:1000  Cell Signaling 

S6-K Rabbit 1:1000  Cell Signaling 

P-S6-K Rabbit 1:1000  Cell Signaling 
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Appendix Table 3. List of Primers: 

Gene Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) 

 

RL  CCAAGCAAGATCATGC   GCTCTTGATGTACTTACCC  

18s rRNA TGACTCTAGATAACCTCGGG   GACTCATTCCAATTACAGGG  

U6 
snRNA 

CTCGCTTCGGCAGCACATAT
ACT  

ACGCTTCACGAATTTGCGTGTC  

CAT-1 GCCGCCGGCTTGGATTCTGA  CCCCGAGGGCCAGATCA  

β-Actin  CAGATCATGTTTGAGAGACC
TTC  

CCCAGGAAGGAAGGCTGGAAG  

GYS-1 GGTGGCTAACAAGGTGGGTG
GC  

CGATCAGCCAGCGCCCGAAA  

ALDO A TGGACCTAGCTTGGCGCGGA   CCTGGGCCAGCAGGCAGTTC  

N-RAS TCATGGCGGTTCCGGGGTCT   TCAACACCCTGTCTGGTCTTGGC  

HIF1AN  AGTGCCAGCACCCATAAGTT
C 

 AACCCAAGAAGTCCATGACAATC 

Mis18bp1  TCTTCCAAAGCACAAACCTG
G 

TTCCCACTTTGGCAGTTATC 

MCM 5  ATCCAGGTCATGCTCAAGTC TTCCTGGGAAGGGCATAGC 

NCAPG2 
   

ACTAGATGAATTATCAAGGA
AAC 

CATTTATTATAGATACAGAAGCAAG 

RRM2  TTTCTATGGCTTCCAAATTGC GATGCAAAAGAACCGGAAAAG 

ASPM  ATATTAACCCCTGATGACTT
C 

AACCATTTTTTCAGAAGTAAAC 

NCAPD3  AAGGCTTTTCATATCTGGTC
C 

TTGGGAAGATGCTTTGCAATATG 

FEN1  AACACAATGATGAGTGCAAA
C 

ATGCACAGATCCACAAACTG 

TRAF6 CCTCAAGATGTCTCAGTTCC
ATC 

GTTCTGCAAAGCCTGCATC 
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IRF4  TGATCGACCAGATCGACAG
C 

TGTCGATCCCTTCTCGGAAC 

TNF α GTCTCAGCCTCTTCTCATTCC TCCACTTGGTGGTTTGCTA 

IL 1β GACCTTCCAGGATGAGGACA CCTTGTACAAAGCTCATGGAG 

IL 10 TGCTAACCGACTCCTTAATG
C 

ATCACTCTTCACCTGCTCCAC 

GFP TGACCACCCTGACCTACGG GAAGTCGATGCCCTTCAGC 

IRAK1 CTGTGGCCCTGGATCAAC GAAAAGCTGGGGAGAGGAAG 

PDCD4 GTAGATTGTGTACAGGCTCG
AG 

CCCACACACTGTCTTTCCGC 

MAP2K3 GAGGCTGATGACTTGGTGAC GCACCATAGAAGGTGACAGTG 

Pre-miR-
155 

CTGTTAATGCTAATTGTGAT
AGG 

CTGTTAATGCTAACAGGTAGG 

Pre-miR-
146a 

AGCTCTGAGAACTGAATTCC GCTGAAGAACTGAATTTCACAG 

Pre-miR-
21 

TGTCGGATAG 
CTTATCAGACTG 

TGTCAGACAGCCCATCG 

TAB2 AGCACATGTGGATAGAATAA
G 

CCTTCGAGTTAGATTATTTTCC 

Pre-miR-
125b 

AGTCCCTGAGACCCTAACTT
G 

AGCTCCCAAGAGCCTAAC 

Myd88-3' 
UTR 

TCTAGAGGATCCCCATCAAG
TACAAGGC  

GCGGCCGCGGCCAAGGTAGAATATT
ATTTATTATT 

IRAK1-3' 
UTR 

TCTAGAGGTGTGTTCACCTG
GGCAGATCCC 

GCGGCCGCGGTTATTGCAACATACG
TTTTTATTAC  

MAP2K7 GATCCCACCAAGCCTGACTA
TG 

ACTGGAAGTCCCCTGAGAAGCC 

HMGB1 GGCCTTCTTCTTGTTCTGTT GCAACATCACCAATGGATAA 

ADCY9 GCAAAATGGCTGTCAAGACG
AGC 

CTGGCTGTTAGTGAGCTTCTCC 
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Appendix Table 4. List of Plasmids: 

Name of plasmids Reference Plasmid description 

pRL-con From Witold 

Fillipowicz 

(Pillai, 

Bhattacharyya 

et al. 2005) 

Humanized Renilla Luciferase coding region. 

pRL-3xbulge-miR-

122 

From Witold 

Fillipowicz 

(Bhattacharyy

a, 

Habermacher 

et al. 2006) 

Three miR-122 binding sites downstream of Renilla 

Luciferase (RL) coding region. 

pRL-3xbulge-let-

7a 

From Witold 

Fillipowicz 

(Pillai, 

Bhattacharyya 

et al. 2005) 

Three let-7a binding sites downstream of Renilla 

Luciferase (RL) coding region 

pGL3FF From 

Promega 

Firefly Luciferase (FL) under SV40 promoter 

pmiR-122 As described 

by Chang J. 

(Chang, 

Nicolas et al. 

Plasmid encoding pre-miR-122 under a constitutive U6 

promoter 
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2004) 

GFP-con  Plasmid expressing GFP protein, amplified and cloned in 

pCI neo vector 

GFP-3xbulge-miR-

122 

 GFP replacing RL in pRL-3xbulge-miR-122 

 

FH-AGO2 

 

From Tom 

Tuschl 

(Meister, 

Landthaler et 

al. 2004) 

FLAG and HA tagged human AGO2 expression plasmid 

 

pTet-On®  

Advanced Vector 

From 

Clontech 

Expressing  Tet-responsive reverse transactivator 

 

pTRE-Tight-BI 

Vector 

From 

Clontech 

Expression plasmid containing a promoter with modified 

Tet-responsive element 

imiR-122  Pre-miR-122 sequence cloned within  pTRE-Tight-BI 

Vector in NheI and NotI sites 

pre-miR-122 

mimic 

From Life 

technologies 

(PM11012) 

 

pre-let-7a mimic From Life 

technologies 

(PM 10050) 

 

RL-3xbulge-let-

7a_RL-1xbulge-

 1xbulge-miR-122 sequence cloned downstream of 

3xbulge-let-7a sequence in NotI site of  pRL-3xbulge-let-
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miR-122 7a   

RL-3xbulge-

mut_RL- 

1xbulge-miR-122 

 1xbulge-miR-122 sequence cloned downstream of 

3xbulge-mut sequence in NotI site of  pRL-3xbulge-mut   

pRL-MYd88-
3'UTR 

 The Human Myd88-3′UTR (NM_001172566.1, +665 to 

+2532) was amplified from human genomic DNA region 
and was cloned into the pRL vector downstream of the 
downstream of Renilla Luciferase (RL) coding region 
gene using the XBaI and NotI restriction sites. 

pRL-IRAK1-
3'UTR 

 The Human IRAK1-3′UTR (NM_001569.3, +2219 to 

+3573) was amplified from human genomic DNA region 
and was cloned into the pRL vector downstream of the 
downstream of Renilla Luciferase (RL) coding region 
gene using the XBaI and NotI restriction sites. 

 

imiR-146a  
Pre-miR-146a sequence cloned within  pTRE-Tight-BI 
Vector in BamHI and HindIII sites 

pmiR-125b 

From Dr. 
Susanta Roy 
Chowdhury (S 
Bhattacharjya 
et al) 

Precursor miRNA-125b (Chr11: 121970465–121970552, 
- strand) was amplified by PCR from human genomic 
DNA and cloned into pU61 Hygro (Genescript, USA) 
vector using BamHI and HindIII (NEB, USA) sites.  

pSB-
MAD1/3′UTRLuc  

From Dr. 
Susanta Roy 
Chowdhury (S 
Bhattacharjya 
et al) 

The MAD1-3′UTR (NM_003550.2, +2422 to +2727) was 

amplified from human genomic DNA region was cloned 
into the linearized pMIR-REPORT vector (Applied 
Biosystems, Foster City, CA, USA) downstream of the 
Luc gene using the MluI and HindIII restriction sites. 

GFP-3xbulge-let-
7a_RL-1xbulge-
miR-122 

 
Pre-miR-122 sequence cloned within  pTRE-Tight-BI 
Vector in NheI and NotI sites 
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GFP-3xbulge-
mut_RL-1xbulge-
miR-122 

 1xbulge-miR-122 sequence cloned downstream of 
3xbulge-let-7a sequence in NotI site of  pGFP-3xbulge-
let-7a   
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Research Article

Retrograde trafficking of Argonaute 2 acts as a
rate-limiting step for de novo miRNP formation on
endoplasmic reticulum–attached polysomes in
mammalian cells
Mainak Bose*, Susanta Chatterjee*, Yogaditya Chakrabarty* , Bahnisikha Barman* , Suvendra N Bhattacharyya

microRNAs are short regulatory RNAs in metazoan cells. Regulation
of miRNA activity and abundance is evident in human cells
where availability of target messages can influence miRNA bio-
genesis by augmenting the Dicer1-dependent processing of
precursors to mature microRNAs. Requirement of subcellular
compartmentalization of Ago2, the key component of miRNA
repression machineries, for the controlled biogenesis of miRNPs
is reported here. The process predominantly happens on the
polysomes attached with the endoplasmic reticulum for which
the subcellular Ago2 trafficking is found to be essential. Mito-
chondrial tethering of endoplasmic reticulum and its interaction
with endosomes controls Ago2 availability. In cells with depo-
larized mitochondria, miRNA biogenesis gets impaired, which
results in lowering of de novo–formed mature miRNA levels and
accumulation of miRNA-free Ago2 on endosomes that fails to
interact with Dicer1 and to traffic back to endoplasmic reticulum
for de novo miRNA loading. Thus, mitochondria by sensing the
cellular context regulates Ago2 trafficking at the subcellular level,
which acts as a rate-limiting step in miRNA biogenesis process in
mammalian cells.

DOI 10.26508/lsa.201800161 | Received 15 August 2018 | Revised 15 January
2020 | Accepted 15 January 2020 | Published online 3 February 2020

Introduction

miRNAs constitute an extensive class of small regulatory RNAs that
are ~22 nucleotides long and control the expression of more than
half of protein-coding genes in humans (1). miRNAs are endoge-
nously transcribed from their respective genes as pri-miRNAs that
are processed inside the nucleus by the microprocessor (Drosha-
DGCR8) complex to generate a ~60–70-nt pre-miRNA (2, 3, 4). The

pre-miRNAs mature in the cytoplasm where they are processed by
the RNaseIII endonuclease Dicer to mature miRNAs (5, 6). Mature
miRNAs form complex with effector Argonaute proteins to form
miRNPs that usually bind to 39-UTRs of target mRNAs having im-
perfect complementarities to the respective miRNAs. Binding of
miRNAs induces translation repression that is usually accompanied
by exonucleolytic degradation of target messages (7).

Because miRNAs are implicated in numerous cellular and de-
velopmental pathways (8), it is not surprising that their biogenesis,
activity, and turnover are under stringent regulation. Corresponding
target mRNAs can also act as a key player in regulating miRNA
biogenesis and stability (9, 10, 11, 12, 13, 14). It has been reported of
late that a target mRNA induces increased activity of Ago-associated
Dicer1 to enhance biogenesis of their cognate miRNAs (15). Target-
driven miRNA biogenesis is ensured by increased processivity of the
enzyme Dicer1 that in the presence of cognate mRNAs go through
higher number of successful Ago-loading cycles for respective
miRNAs. This feedback-like mechanism aids in prompt stress recovery
of hepatic cells by accelerating the final step of miRNA biogenesis.
However, information on the exact subcellular sites of target-driven
biogenesis and its regulation has remained unidentified.

Recent evidences have gradually started to unravel the sub-
cellular sites of miRNP assembly and function. The rER has been
confirmed as the central nucleation site of miRNA assembly and
their interaction with target mRNAs (16, 17). Localization kinetics of a
miRNA-targeted message has revealed that a newly formed target
mRNA localizes to the ER-attached polysomes first, followed by
miRNP binding and onset of translation repression (18). Therefore,
it would be interesting to investigate whether rER could act as the
site of target-driven miRNA biogenesis. Given so, it would be also
fascinating to outline the exact sequence of molecular events that
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occur on the rER membrane in the context of miRNA–target message
interaction and miRNA biogenesis.

Although miRNA-mediated translation repression sets on the
rER membranes, eventual deadenylation, decapping, and mRNA
degradation processes do not occur on the rER (19). The repressed
mRNAs are shuttled to early and late endosomes (EEs and LEs) and
then to multivesicular bodies (MVBs) where they get uncoupled
from the boundmiRNPs and undergo degradation. The free miRNP
may recycle back to the rER for fresh rounds of repression.
However, information on the dynamics of miRNP recycling and its
regulation by intracellular organelles is limited.

Mitochondria are extremely dynamic organelles that differ in size
and organization depending on the cell type or physiological state.
They undergo continuous cycles of fission and fusion, which are
apparently two opposite processes which operate in equilibrium to
maintain the mitochondrial functional and structural homeostasis
in mammalian cells (20). Two human proteins Mfn1 and Mfn2, the
homologs of Drosophila fzo (fuzzy onions protein), play important
role in maintaining the functional and structural aspects of mi-
tochondria in human cells. It has recently been shown how the
mitochondrial tethering with rER, a process impaired in cells with
depolarized mitochondria, can control the miRNP recycling in
human cells (21).

Another group of proteins, mitochondrial uncoupler proteins (UCPs),
plays an important role in controlling mitochondrial membrane
potential. This protein by uncoupling the electron transport chain
can reduce the mitochondrial membrane potential. According to a
previous report, defective ER–endosome association due to mi-
tochondria depolarization can cause an increase in miRNPs levels
in mammalian cells (22).

In the work described here, we have identified how the accu-
mulation of miRNA-free Ago2, on the LE/MVB membranes in cells
defective for mitochondrial tethering with ER, reduces its MVB to ER
shuttling to affect de novo miRNP biogenesis on the rER–attached
polysome. These findings explore rER as the site of miRNP bio-
genesis and have shown how the biogenesis process is dependent
on the energy content of the cell.

Results

De novo–synthesized miRNAs get enriched on rER-attached
polysome in mammalian cells

To explore the subcellular sites of miRNP assembly and function,
we treated HEK 293 cells ectopically expressing liver-specific miR-122,
with the detergent digitonin and measured the activity of miRISC-122
present in digitonin-soluble cytosolic and insoluble membrane frac-
tions (18, 19). As HEK 293 cells do not express miR-122, ectopic ex-
pression of miR-122 allow us to follow the miRNA biogenesis process
there. Digitonin selectively dissolves the high cholesterol–containing
cell membrane, whereas low cholesterol–containing organelle
membranes remain intact and can be separated as an insoluble
pellet enriched with “membrane fraction” from the soluble “cytosolic
fraction” after digitonin treatment. The pellet fractions contain
different membranous structures, including rER. To understand the

compartmentalization ofmiRNAs with different organelles, andmore
precisely with rER, we did selective isolation of rER in the form of
microsome that is devoid of other cellular organelles. Significantly
higher specific activity of miRISC-122 was observed in the insoluble
membrane fraction compared with the whole cell lysate or the
digitonin-solubilized cytosolic fraction (Fig 1A and B). Therefore,
functional miRNPs are relatively less abundant in cytosolic fraction,
whereas found enriched in the membranous fraction of mammalian
cells. To explore the exact subcellular structures with which active
miRNPs are attached, we fractionatedHEK 293 isotonic cell lysate on
a 3–30% iodixanol (OptiPrep) density gradient to separate out
individual organelles based on their densities. Endosomes and
MVB-rich fractions showed enrichment of both Ago2 and miR-122,
although substantial amounts of Ago2 were also detected in ER/
polysome fractions (Fig 1C and D). Interestingly, Dicer1 was found
to be predominantly present in the ER and polysome fractions. We
performed an RISC-mediated target cleavage activity assay in vitro
with each fraction and observed a higher specific activity of
miRISC-122 present in ER-enriched fractions and polysome. The
pre-miR-122 was also almost exclusively found enriched in the
fractions positive for ER marker (Fig 1D).

Evidences from earlier reports suggest that the outer surface of
the rER acts as the central nucleation site of miRNP assembly and
interaction with target mRNAs (16, 17). Earlier, miRNAs and Ago2
were found to be associated with actively translating polysome in
HeLa cells (23, 24, 25). A recent report has shown how the de
novo–formedmRNAs first localize to ER-bound polysome, before its
miRNP binding and translation repression. Microsome, primarily
representing rER, was isolated from HEK 293 cells to reconfirm the
rER association of cellular miRNPs (18). In isolated microsome, as
expected, we detected significant amount of Ago2 protein and
enrichment of miRNAs (Fig 1E and F).

How the miRNPs remain attached with the rER membrane? They
might attach via mRNAs that are a part of the ribosomal pool
present on the rER or may have direct contact sites on the
membrane to adhere to the rER. To gain an insight into the possible
mode of attachment of miRNPs to the ER membrane, the micro-
somes were treated with KCl and puromycin to preferentially ex-
tract the membrane-attached translating pool of ribosomes from
the ER membrane (18) (Fig 1G). Whereas no notable Ago2 or miRNA
extraction was observed with no KCl–puromycin treatment, most of
Ago2 was found to be almost exclusively get extracted with KCl and
puromycin (Fig 1I and J). This suggests most of the rER-attached
Ago2 is attached with ribosomal pool and largely absent in the non-
ribosomal membrane fraction. Dicer1 showed association with both
soluble and residual membrane fractions upon KCl–puromycin
treatment. The de novo–synthesized miR-122, accumulated from an
inducible expression construct in HEK 293 cells, along with its target
mRNA RL-3xbulge-miR-122 was predominantly co-isolated in the
supernatant after KCl–puromycin treatment of rER (Fig 1H). Previous
reports from our laboratory have also documented how the newly
formed mRNAs are trafficked to polysome attached with rER that
follows with miRNP binding of target mRNA and miRNA-mediated
repression on rER membrane (18). Taken together, these obser-
vations corroborate the previous findings and suggest preferential
association of both active miRNPs and target mRNAs with the rER-
attached polysome.
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Figure 1. Attachment of de novo–formed miRNAs with ribosomes attached with the rER membrane.
(A, B) Active miRNPs are membrane associated. FH-Ago2 was immunoprecipitated (IP) from total cell lysate as well as digitonin-soluble cytosolic and insoluble
membrane fractions after fractionation of cells performed by treating with 50 μg/ml of digitonin. The IPed materials obtained from cell equivalent amount of each
fraction were used in the in vitro RISC cleavage assays. Densitometric quantification of the cleaved RNA band was used for calculating specific activity of miR-122 and
normalized against the amount of Ago2 IP following procedures described in the Materials and Methods section and plotted. Representative autoradiogram data
obtained from one experimental set have been shown in panel (A) along with theWestern blot data for IP FH-Ago2. The relative amount of Ago2 present in each reaction is
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Target-dependent miRNA biogenesis happens on rER

Target-dependent biogenesis of corresponding miRNAs due to en-
hanced processivity of Dicer1 in the presence of target messages has
been reported earlier in mammalian cells (15). However, questions
related to the exact subcellular location of the de novo–synthesized
miRNPs are unresolved. Because miRNP assembly and interaction
with target mRNA is compartmentalized on the surface of the rER, it
is plausible that the target-driven de novo–formed miRNPs too get
accumulated on the rER. To understand that, we fractionated HEK
293 cells by digitonin treatment as above and the distribution of
miRNA in detergent soluble cytosolic and insoluble membrane
fractions were analyzed in the presence and absence of target
mRNA RL-3xbulge-miR-122 (Fig 2A and B). As per expectation, it was
observed that in the steady state, miR-122 primarily accumulates in
the membrane-enriched fractions. Also, the observed miR-122
compartmentalization to the membrane fractions was found to
be enhanced in the presence of the target mRNA (Fig 2B). The
specific activity of miRISC measured in the presence of the target
mRNA was much higher in the membrane-associated pool (Fig 2C).
The specific activity of miR-122 RISC associated with the rER/mi-
crosomes got enhanced in the presence of miR-122 target mRNAs
(Fig 2D).

These results were observed in steady-state cells. It would have
been interesting to track the fate or subcellular destination of a de
novo–formed mature miRNA in the presence of enhanced targets.
To follow the kinetics of miRNP generation, we induced pre-miR-122
transcription driven from a doxycyclin-inducible promoter for 24 h
in Tet-On HEK 293 cells with doxycyclin and followed subcellular
localization of newly formed mature miR-122 after separating
cellular organelles on an iodixanol (OptiPrepR) gradient. This
helped us not only to track the levels of newly formed miRNAs but
also to follow its subcellular distribution. We observed a robust
increase in de novo synthesized miR-122 in the rER-enriched
fraction, whereas the steady-state level of control miRNA let-7a
(non-induced miRNA control) showed less attachment with rER (Fig
2E).

Kinetics of compartmentalization of miRNAs synthesized in the
presence of target mRNAs

The time kinetics of de novo formation of mature miR-122 in the
presence of its substratemRNAwas analyzed. The de novo–synthesized
miR-122 level was quantified in the presence of its target RL-3xbulge-
miR-122. After 24 h of induction, a sharp increase in miR-122 level
was detected in microsomal fraction when cells expressing the
target reporter mRNA was compared with cells expressing a control
mRNA without miRNA-binding sites (Fig 2F). Notably, the micro-
somal enrichment of de novo–formed miRNAs was higher than the
increase observed in total cellular content, signifying that target-
driven miRNA enrichment happens preferably on the rER. Having
confirmation of enrichment of newly synthesized miRNAs being
localized on the rER, the exact sequence of molecular events was
probed in subsequent assays. After 4 h of miR-122 induction, a steep
increase in cellular mature miR-122 content was noted up to 24 h
(Figs 2G and S1A). miR-122 association with rER was analyzed over
time, and it was observed that de novo–synthesizedmaturemiR-122
gradually accumulates on the rER and polysomes against time (Figs
2H and S1B). Next, the Ago2 association of de novo–formed miRNAs
on rER membranes was analyzed. Ago2 was immunoprecipitated
from microsomal fractions, and its miR-122 association was mea-
sured against time. It was observed that Ago2 association of de
novo–formed miR-122 enhanced specifically for Ago2 present on
the rER but not with cytosolic Ago2 (Fig 2I). As expected, Ago2 as-
sociation of miR-122 showed concomitant increase in its repressive
activity as detected by the luciferase assay (Fig 2J).

Therefore, newly formed mature miRNAs localize primarily with
rER or ER-bound polysomes in the presence of target mRNAs, and
these miRNAs are Ago2 bound and capable of repressing targets.
Technical obstacles had prevented us to identify the sequence of
event happening in vivo further. Hence, to confirm that the miRNA
biogenesis occurs on the rER membrane–bound polysome, we
resorted to an in vitro assay system that could closely emulate
miRNP formation on membranes in the presence of target mRNA.
An in vitro translation reaction was performed with rabbit reticulocyte

shown in the Western blots showing levels of FH-Ago2 and GAPDH in panel (B). The FH-Ago2 detected with anti-HA antibody. RISC(-) is the reaction done without any
addition of RISC. In Total (3×) reaction, threefold excesss of cytosolic fractions was used. (C, D) Subcellular distribution of miRNP components in human cells. FH-Ago2
stable HEK 293 cells transiently expressing miR-122 were lysed under isotonic conditions and subjected to ultracentrifugation on a 3–30% iodixanol gradient for
separation of subcellular organelles. Hepatocyte growth actor-regulated tyrosine kinase substrate (HRS), calnexin, LAMP1, COX4, and Rab7 were used as markers of
endosomes/multivesicular bodies (MVBs), rER, lysosomes, mitochondria, and late endosomes, respectively. Subcellular distribution of Dicer1 has been observed. FH-Ago2
was IPed from individual fractions using FLAG-specific antibody, and IPed materials were used for in vitro RISC cleavage assay. Specific activity of miR-122 RISC in each
fraction has been plotted by normalizing the RISC activity present against the amount of Ago2 precipitated from each fraction. Pre-miR-122 levels in individual fractions
have been quantified by qRT-PCR. Values for each fraction have been plotted as percentage of total miR-122 calculated by summing miR-122 present in all the fractions.
Positions of ribosomal RNA bands are marked by * in the ethidium bromide–stained gel shown here. (E, F) Mature miRNAs are rER-enriched in HEK 293 cells. Relative
enrichment of miR-16, miR-21, and let-7a as determined in isolatedmicrosome by qRT-PCR when compared with equal amount of RNA from total cell lysate. Presence of
Ago2 and DICER1 in microsome fractions was determined by Western blot. Absence of GAPDH (cytosolic marker) and β-Actin and presence of calnexin (rER marker) in the
microsomal fraction confirmed the purity of isolated microsome as compared with protein equivalent amount of non-microsomal or total cell extract. (G) Schematic
presentation of isolation of polysomes using KCl–puromycin based on HEK 293 cells. Microsomes isolated from HEK 293 cells were treated with 500 mM KCl and 1 mM
puromycin before ultracentrifugation at 100,000g for 1 h to separate the ribosomal and non-ribosomal pool. (H) miRNP and target mRNAs are associated with the rER-
attached ribosomes. Western blot data show the distribution of Ago2 in the soluble and pellet fractions after treatment and centrifugations. Calnexin was used as the ER
marker protein. Mature miR-122 as well as its target mRNA RL-3xbulge-miR-122 distribution in the abovementioned pellet and soluble fractions were determined by
qRT-PCR. (I) Exclusiveness of the Ago2 and miRNA extraction with KCl–puromycin. Treated and non-treated extracts were analyzed by Western blots using cell equivalent
amounts for each fraction. ER (calnexin), ribosome (S3), and endosomes/MVBs (HRS) marker protein distributions were checked to observe the specificity and purity of
the isolation method. Western blot data of HRS protein suggest that minimum contamination of endosomal fractions in the microsome that can account for the
observed Ago2 that was found to be extracted with ribosome upon extraction with KCl and puromycin. (J) Relative amount of let-7a miRNA associated with soluble and
pellet fractions with or without KCl–puromycin treatment was measured. Paired two-tailed t tests were used for all comparisons. P < 0.05 (*); P < 0.01 (**); P < 0.001 (***). In
(B, D, E, H, J), values are means ± SEM from at least three biological replicates.
Source data are available for this figure.
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Figure 2. Target-driven biogenesis occurs on the rER-attached polysomes.
(A) Schemeof digitonin-basedmembrane isolation fromHEK 293 cells. (B)Relative steady-state distribution ofmiR-122 in total, cytosol, anddigitonin-insolublemembranes in
HEK 293 cells exogenously expressing the liver miRNA-122 in the presence of its target RL-3xbulge-miR-122 and control RL-conmRNA. Northern blot (left panel) where ethidium
bromide staining of the gel used for Northern blotting of miRNA and U6 are shown. Quantification of the same (right panel) against the U6 RNA has been shown. (C) In vitro RISC
cleavage assay with FH-Ago2 IP from cytosolic and membrane fractions. Membrane-associated miRISC isolated from target RNA–expressing cells showed higher specific
activity for substrate RNA cleavage. The cleaved RNA products are marked by an arrowhead. (D) Target mRNA–induced de novo miRNPs get enriched on microsomes. Northern
blotting was used to detect maturemiR-122 and U6. RISC cleavage assay was performedwith protein equivalent amounts of FH-Ago2 IP. (E) TargetmRNA–driven de novo–formed
miRNAs arepresent in theER fraction. Relative distribution of newly synthesizedmiR-122 aswell as endogenous let-7a in the presence ofmiR-122 targetmRNA. From the3–30%
OptiPrep gradient, fractions 7, 8, and 9 were pooled to get rER-associatedmiRNA, whereas fractions 1–3 and fractions 4–6 were enriched, respectively, for endosome/MVBs– and
lysosome-associated miRNAs (as described in Fig 1C and D). Amounts of RNA used for quantification in RT-PCR reaction were identical. (F) Inducible miR-122 associates with
microsome in the presence of target mRNA. Real-time quantification of mature miR-122 present in microsomal fraction and in total after 24 h of induction in the presence of
RL-3xBulge-miR-122 and control RL-3xBulge-let-7a were measured and plotted. (G, H) Increase in de novo–formed mature miR-122 level with time in the presence of its target
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lysate (RRL) and the reaction was reconstituted with isolated mem-
brane or polysomes or microsomes and synthetic pre-miR-122 and
target mRNA. To mimic the target-driven biogenesis under cell-free
conditions using cellular membranes, we added in vitro–transcribed
target mRNA and synthetic pre-miR-122 to the reaction. Membrane
structure–attached polysomes were suspected to be involved in the
process andwere substituted in the in vitromiRNA formation reaction
described above by using either digitonin-insoluble membrane or
microsome or polysomes isolated from HEK 293 cells (Fig 3A). Con-
sistent with the findings we had in vivo, we observed enrichment of
target mRNAs on the membranes within 30 min of incubation in the
presence of pre-miR-122 (Fig 3B). Our observation suggests that
availability of precursor-miRNA leads to increased miRNP forma-
tion that may be preceded by targeting of cognate target mRNA on
membrane. Target-driven biogenesis was successfully recapitu-
lated on re-isolated membranes. With digitonin-insoluble mem-
branes, mature miR-122 was increasingly getting accumulated with
the membranes in the presence of increasing concentration of RL-
3xbulge-miR-122 target mRNA (Fig 3C). Using microsome or rER, it
was observed that within 30 min of the in vitro reaction, mature
miR-122 and target mRNA RL-3xbulge-miR-122 get increasingly lo-
calized on the microsome against time (Fig 3D). Moreover, presence
of RL-3xbulge-miR-122 was significantly higher on polysomes after
in vitro translation with RRL than RL-con (Fig 3E). In the same ex-
periment, we quantified themiR-122 level that also showed polysomal
enrichment in the presence of target mRNA (Fig 3E). Consistent with
the known model of target-driven miRNA biogenesis, our data
revealed a time kinetics of target mRNA association and miR-122
formation on polysome. It suggests target-driven mature miRNA
formation on ER-attached polysome, but the target mRNA targeting
to polysomes precedes the de novo miRNA formation (Fig 3F).

Impaired de novo miRNP formation on ER-attached polysomes in
cells with depolarized and ER-detethered mitochondria

miRNA-targeted mRNAs get degraded in the LE/MVBs that are pre-
ceded by translation repression of the message on the rER (19). It has
also been shown that MVB targeting of miRNPs and repressed
messages is prerequisite for recycling of the exiting miRNPs engaged
in repression. In the process, a large fraction of Ago2 also get
decoupled from miRNAs on MVBs as the MVB-localized fraction of
Ago2 is specifically miRNA deficient and phosphorylated (26). As the
ER is known to be a site for RISC nucleation or Ago2 loading of siRNAs
(17) and MVBs or LEs are ascertained as the region of target mRNA
cleavage and Ago2-miRNA unloading (19), we were interested to find
how mitochondria may have an effect on this process. It was of
particular concern as it has been shown previously that mitochondria

plays an important role in controlling the subcellular compartmen-
talization and stability determination of miRNAs and target messages
in mammalian cells (27).

In a recent report, it has also been shown how mitochondria
control the interaction between the organelles to ensure miRNP
recycling and how a defect in mitochondrial tethering to rER im-
pairs the endosome–ER interaction that is associated with accu-
mulation of miRNPs and repressed message on the rER. Protozoan
parasite Leishmania donovani uses mitochondrial depolarization
in host cells to down-regulate miRNP turnover and increases
miRNP levels in infected macrophage. The increased miRNPs get
accumulated with rER-associated fraction (27). In infected cells,
accumulation of miRNA-free Ago proteins in the endosome/MVB
fraction was also noted (27). The significance of this accumulation
was not clear. Based on the observations described in earlier
sections, we wanted to test whether accumulation of Ago2 protein
on the endosomal fraction has anything to do with de novo miRNP
biogenesis in mammalian cells having depolarized mitochondria or
in a context where mitochondria is not tethered with the ER.

We used the same doxycycline-inducible expression system for
expressing pre-miR-122 in HEK 293 Tet-On cells and followed the
accumulation of mature and precursor-miR-122. To see the effect of
mitochondrial depolarization on miRNA/pre-miR level, we have
introduced uncoupler protein 2 expression plasmid, FH-Ucp2
(FLAG-HA-Ucp2), in HEK 293 Tet-On Cells (Fig 4A). In cells, trans-
fected either with control vector plasmid or FH-Ucp2 expression
plasmid in the presence of doxycycline, the time-dependent in-
crease of miR-122 association with Ago2 was followed (Fig 4B). The
de novo–mature miR-122 association with Ago2 was inhibited in
cells expressing FH-Ucp2 (Fig 4B). Mfn2 is a tethering protein for
mitochondria with the rER, and similar to that observed with
Ucp2–expressing cells, depletion of Mfn2 by siRNA also gave a similar
result of retarded miR-122 miRNP formation in cells treated with
siMfn2 but not in control siRNA-treated cells (Fig 4C). Expression of
FH-Ucp2 and depletion of Mfn2 were confirmed by Western blot
analysis of the respective protein (Figs 4G and S2A). We could also
see changes in mitochondrial morphology in those cells with
punctuated, fragmented defective mitochondria compared with
filamentous, extended healthy mitochondria in control cells (Fig
S2B). Interestingly, subcellular fractionation of the FH-Ucp2-expressing
or Mfn2-depleted cells into endosomal (early endosome) and ER
fractions followed by Ago2-associated miRNA content analysis
carried out for respective fractions suggested preferential depletion
of de novo–formed miRNPs happened for the ER-associated Ago2
pool. Data suggests that the problem of de novo synthesis of miRNPs
on the ER fraction has been affected in mitochondria-depolarized
(FH-Ucp2 expressing) or ER–mitochondria–detethered cells (Fig 4D).

mRNA. Levels of miR-122 were quantified and plotted after 0, 12, 16, 20, and 24 h of induction. (G) Values obtained with total cellular RNA were plotted in panel (G).
(H) Quantifications of microsome and polysome-associated miR-122 are represented in panel (H). In both cases, the level at 0 h is taken as one unit. (I) De novo–formed miR-122
associates with rER-bound Ago2 in the presence of target mRNA. Tet-On–stable HEK 293 cells were transiently transfected with FH-Ago2, inducible miR-122, and RL-3xbulge-miR-
122–expressing plasmids. FH-Ago2 IP from cytosolic andmicrosomeafter inductionwere used for quantification of associatedmaturemiR-122. In all cases, the level at 0 h is taken
as one unit. (J) The newly formedmiRNPs are functional. Repression kinetics of RL-3xbulge-miR-122 after induction of de novo synthesis ofmiR-122 was followed andquantified. Tet-
On–stable HEK 293 cells were transfected with either RL-con or RL-3xbulge-miR-122 and inducible miR-122 expression plasmids. After 0, 2, 4, 12, and 24 h of induction for miR-122
expression, Renilla Luciferase expression in cells transfectedwithRL-conor RL-3xbulge-miR-122wasmeasured in thedual luciferaseassay. Firefly luciferase–expressingplasmids
were co-transfected in all cases, and relative luciferase activity in 0 h was taken as unit. In all cases, Renilla luciferase (RL) expression were normalized by firefly expression. Paired
two-tailed t tests were used for all comparisons. P < 0.05 (*); P < 0.01 (**); P < 0.001 (***). For statistical analysis, minimum three sets of data were used.
Source data are available for this figure.
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It has been reported previously that the re-feeding of amino
acid–starved hepatic cells is associated with de novo synthesis of
miR-122 (15) (Fig 4E). In this physiological context, we also explored
the effect of mitochondria depolarization on de novo miR-122
production in re-fed cells upon amino acid starvation. Consis-
tent with our observation in HEK 293 cells, where ectopic expression
of mature miR-122 miRNPs was prevented in presence of excess
Ucp2, we have noticed a similar decrease in mature miR-122 pro-
duction in re-fed Huh7 cells expressing FH-Ucp2 (Fig 4F). It was
consistent with an increase in miR-122 target mRNA levels in FH-
Ucp2 expressing cells (Fig 4F). It was also consistent with the

increase in pre-miR-122 level and drop in the amount of miRNA
produced per molecule of target mRNAs in re-fed cells expressing
FH-Ucp2 (Fig 4H).

ER targeting of mRNA remains unaffected in cells with
mitochondria-detethered ER

It has been reported previously that targeting of mRNAs to ER-
attached polysomes is prerequisite for their interaction with the
Ago protein (18). It was also known that the miRNA-loaded Ago
protein remains bound to Dicer1 before it interacts with the target

Figure 3. Target mRNA–dependent miRNA formation on isolated cellular membranes in vitro.
(A) Target-dependent miRNA biogenesis assay in vitro. Schematic representation of the experiment is shown. Digitonin-insoluble membrane was incubated with rabbit
reticulocyte lysate (RRL), synthetic pre-miR-122, and in vitro–transcribed mRNAs (50 ng) and subjected to in vitro translation reaction for 30 min at 30°C. After the reaction, the
membranes were reisolated and mRNA levels associated with the membrane were quantified. (B) Enrichment of target mRNA in the presence of cognate miRNA on digitonin-
insoluble membrane in vitro. (C) Effect of target mRNA concentration on miRNA biogenesis in vitro. The translation reaction with RRL was performed with isolated digitonin-
insoluble membranes and with increasing concentration of in vitro transcribed RL-3xbulge-miR-122 (0, 10, 50, 100, and 200 ng) mRNA and synthetic pre-miR-122. After the
reaction, membrane-associated mature miR-122 formed was quantified. (D) Increased association of RL-3xbulge-miR-122 and mature miR-122 with microsome in vitro. In vitro
translation was performed with isolated microsome and RRL, pre-miR-122, target RNA for different time points (0, 15, and 30 min) and levels of mature miR-122 formed and
attached with microsome were quantified after reisolation of microsome from the reaction. (E) Polysomal enrichment of target mRNA and its cognate miRNA in the in vitro
translation cummiRNA biogenesis assay system. Polysome association ofmRNA andmiR-122 after in vitro translation for 30min carried out with polysome isolated fromHEK 293
cells in the presence of synthetic pre-miR-122 and in vitro–transcribed RL-con or RL-3xbulge-miR-122. (F) Targeting of mRNA to polysome precedes cognatemiRNA biogenesis
and its association with polysome in vitro. Time-dependent polysomeassociation of targetmRNA andde novo–synthesized cognatemiRNAs with time. Translation reaction was
carried out as described in previous panels, in the presence of RL-3xbulge-miR-122 and pre-miR-122, in a reaction mixture containing polysomes and RRL for different time
intervals, andamounts ofmiRNA andmRNA associatedwith polysomes reisolated after the reactionwere quantified andplotted. All experimentswere carried out three times.
Paired two-tailed t tests were used for all comparisons. P < 0.05 (*); P < 0.01 (**); P < 0.001 (***).
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Figure 4. Defective de novo miRNP formation in mitochondria-depolarized cells.
(A) Scheme of the experiment used to determine the de novo rate of Ago2-miR-122 miRNP formation using doxycycline-inducible Tet-On HEK 293 cells. The Tet-ON HEK
293 cells were transfected with doxycycline-inducible pre-miR-122 plasmid construct (ipmiR-122). Doxycycline was added to the cells for 48 h after transfection. The cells
were harvested after doxycycline induction of indicated time periods, and immunoprecipitation was performed for endogenous Ago2 protein. miRNA estimation and
relative quantification were performed for IPed Ago2-associated miRNA by qRT-PCR. (B, C) Values of Ago2-associated miR-122, mature miR-122, or precursor-miR-122 in
Tet-on HEK 293 cells induced with doxycycline for specified time periods. Shown are themean and SEM values from at least three independent experiments. (B, C) All cells
were co-transfected with Renilla-3xbulge-miR-122 reporter, Tet-inducible pre-miR-122 expression plasmid ipmiR-122, and FH-Ucp2 (panel B) or siMfn2 (panel C). IPed Ago2
level, U6 small nuclear RNA level, and 18S ribosomal RNA level were used as internal controls for the estimation of Ago2-associated miR-122, mature miR-122, and
precursor-miR-122, respectively. All values have been normalized against values at 0 h. (D) Shown are themean and SEM from at least four independent experiments with
values of Ago2-associatedmiR-122 in an iodixanol OptiPrepR (3–30%) gradient fractions positive for early endosome (EE) and ERmarkers. Lysate was obtained from TET-ON
HEK 293 cells induced with doxycycline for 24 h. All cells were co-transfected with Renilla-3xbulge-miR-122 reporter, Tet-inducible pre-miR-122 expressing ipmiR-122,
and either FH-Ucp2 or siMfn2. miR-122 present in ER fractions from each set were normalized against corresponding EE-associated miR-122 levels. (E, F) Target
mRNA–driven miRNA biogenesis is hampered in mitochondria–ER uncoupled condition in Huh7 cells. (E) Scheme of the experiment is shown in panel (E). qRT-PCR data
have confirmed no up-regulation of miR-122 biogenesis in the presence of its target under Ucp2 over-expression condition during amino acid re-feeding (F, left panel).
CAT-1 mRNA level was also increased after 4 h of amino acid starvation on HA-Ucp2–expressing cells (F, right panel). (G) Western Blot data confirm HA-Ucp2 over-
expression on Huh7 cells. (H) Pre-miR-122 expression in starved versus re-fed conditions in HA-Ucp2–expressed cells. Reduced pre-miRNA processing was observed upon
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mRNAs 39UTR. Subsequently, the Ago2-miRNA-Dicer1 complex scans
the 39UTR to find the target site(s) and release the Dicer1 for a new
round of pre-miRNA processing (15). Therefore, interaction of the
mRNA with the miRNPs on the rER could be a rate-limiting step in
the target-driven cognate miRNA biogenesis happening on the rER
of mammalian cells.

Interestingly, we documented an impairment of de novo miRNP
biogenesis in MEF cells derived from Mfn2−/− mouse embryo com-
pared with MEF taken from a wild-type animal embryo expressing
Mfn2 (Fig 5A). This could be due to impaired targeting of the target
messages to the ER membrane causing a defect in miRNA biogenesis.
Increased steady-state expression of miR-122 and repression of its
target mRNA has been documented in the MEF cells without Mfn2 (Fig
5B and C). This is consistent with increased steady-state levels of
miRNPs reported inMfn2−/− cells (27). Interestingly, increased targeting
of target mRNAs to the rER or microsome in Mfn2−/− MEF cells has also
been noted (Fig 5D and E). These data suggest increased ER targeting
of mRNA in Mfn2−/− cells, contrary to what suspected to be the rate-
limiting step for lower target-drivenmiRNA biogenesis in Mfn2−/− cells.
To test the point further, we used an in vitro assay where isolated
microsome was incubated, either with crude mitochondrial fractions
derived either fromwild-type orMfn2−/− cells, in the presence of target
mRNA and pre-miR-122 (Fig 5F). After the reaction, association of target
mRNAs and de novo–synthesized miRNA-122 with the microsome was
measured. Consistent with in vivo data, we observed an increased
association of miR-122 target mRNA with the microsome incubated
with Mfn2−/− mitochondria (Fig 5G). However, there was a reduction in
de novo miRNA formation and its association with microsome in unit
time in presence of the target mRNAs and incubated with Mfn2−/−

mitochondria (Fig 5H). This result rules out the possibility of impaired
target message association to the rER and polysomes as the cause of
retarded de novo miRNP formation observed in Mfn2−/− cells.

Defective compartmentalization of Ago2 and Dicer1 causes
restricted de novo miRNP formation in Mfn22/2 cells

Fractionation of the MEF cells into different subcellular compart-
ments and subsequent analysis of the contents of different frac-
tions revealed predominant association of Ago2 and Dicer1 with the
endosomal fraction in Mfn2−/− MEF cells (Fig S3A–C). From a mi-
croscopic study carried out in the Mfn2−/− MEFs, we also observed
increased signals both for Ago2 and Dicer1 with the endosomal
compartments (Figs 6A–C and S3D–F). These data were consistent
with previous observations made with cells expressing the mito-
chondrial membrane potential decoupling protein Ucp2 in excess
or in cells where the pathogen L. donovani induces depolariza-
tion of mitochondria (28). In that work, retarded organelle dynamics
and mitochondrial detethering with ER and endosomes were also
noted, resulting in lowered juxta-positioning of the ER and
endosomes in mitochondria-compromised cells. Interestingly, lower
juxta-positioning of the ER and endosomes was also substantiated
in Mfn2−/− MEFs (29). Therefore, it is possible that this loss of

endosome–ER contacts resulted in higher accumulation of Ago2
and Dicer1 on endosomes that are needed to be trafficked back to
the ER for its loading with de novo miRNAs and formation of new
miRNPs in a target RNA–dependent manner on the ER-attached
polysome. To support the notion, we additionally performed in vitro
Ago2 trafficking experiments with endosomes purified from the HEK
293 cells expressing the FH-Ago2. Endosomes were incubated in the
in vitro reaction in the presence of rER fraction isolated either from
the wild-type or Mfn2−/−MEF cells. Usually, the rER is tethered to the
mitochondria, and the process is compromised in Mfn2−/− cells.
After the incubation, the ER fraction was re-isolated, and its as-
sociation with transferred Ago2 was estimated. Interestingly, the
transfer of Ago2 to the rER from the endosomal fraction was higher
in the wild type than in Mfn2-negative samples (Fig 6D–F). Defi-
ciency of miRNA biogenesis observed in the Mfn2−/− cells can, thus,
be corroborated with the in vivo observations we had earlier. The
importance of miRNA-unloaded Ago2 trafficking to the ER for de
novo miRNP formation was further supported when partial res-
toration of miRNP biogenesis could be achieved in Mfn2-deficient
cells expressing HA-Ago2 in excess but not in cells expressing HA-
Ago2Y529E, an Ago2 mutant with mutation in its MID domain that
restricts its miRNA binding (Fig 6G) (30).

In the previous work, it has been described that most of the Ago2
present in the endosomal fraction is not loaded with miRNAs (26),
and it has also been reported previously that Ago2 miRNA loading is
dependent on its interaction with Dicer1 and also on the phos-
phorylation status at the Y529 position as the phosphorylation of
Ago2 at this site leads to its unbinding of miRNAs (31). Upon im-
munoprecipitation performed with total cell extract using Ago2-
specific antibody, we observed a retarded interaction of Dicer1
and Ago2 protein in Mfn2-negative MEFs, and the data were
consistent also with increased level of phosphorylation of Ago2
in the endosome fraction of Mfn2−/− cells (Fig 6H–J). Therefore, the
detethering of mitochondria with other organelle induces an
abortive Ago2–Dicer1 complex formation in Mfn2-depleted cells
along with increased Ago2 phosphorylation that may contribute
further down-regulation of de novomiRNP formation in Mfn2-negative
cells.

Discussion

In this article, we have shown the importance of organelles in
controlling the miRNP biogenesis process. Consistent with the
previous predictions (19, 27), we have strong evidences in support of
ER-attached polysomes as the primary site for miRNP biogenesis in
mammalian cells. It has also become evident that miRNP bio-
genesis is a regulated process and is sensitive to cellular energy
status that is primarily governed by mitochondrial activity (Fig 7). By
ensuring the inter-organelle interactions between two separate
cellular domains, mitochondria may ensure exchange of their
components such as the Ago protein and Dicer1 to ensure regulated

re-fedof Ucp2 over-expressed cells comparedwith control. Paired two-tailed t testswere used for all comparisons. P < 0.05 (*); P < 0.01 (**); P < 0.001 (***). In (A, B, C, D, E, F, G,
and H), values are means from at least three biological replicates ± SEM.
Source data are available for this figure.
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formation of de novo miRNPs to enhance effective gene repression
process.

miRNPs are believed to be very stable molecules that also
undergo turnover associated with extracellular vesicles-mediated
export of Ago2-uncoupled miRNAs from the LEs and MVB com-
partments. However, the fate of the “miRNA-free” Ago2 is not clear.
Although a fraction of the Ago2 may, as a part of quality control
check, undergo degradation upon targeting of Ago2 to lysosomal
compartment (19, 32), a fraction of the same is available and get
trafficked back to ER for its loading with new mature miRNAs
processed by associated Dicer1 on the polysome attached with the
ER.

It is an important question why the miRNA-mediated pro-
cesses are compartmentalized in mammalian cells. Although
the clear answer is still unavailable, it can be explained by
compartment-specific miRNA activity regulation. While the translation

repression machineries are mostly associated with rER, the miRNA-
mediated target degradation and associated miRNP turnover are
heavily regulated at MVB/P-body compartments. Thus, these two
spatiotemporally uncoupled processes become independent in
mammalian cells (19) to ensure the required robustness of miRNA-
mediated gene repression processes in mammalian cells. The two
pools of Ago proteins are also different from each other. Whereas
the ER associated Ago proteins are primarily loaded with miRNAs
and as expected are in bound forms with their targets (26), the MVB
located Ago proteins are phosphorylated and primarily unbound to
miRNAs and target mRNAs. The MVB-localized Ago can also interact
with Dicer1 and, therefore, it is possible that the Dicer1–Ago in-
teraction may happen irrespective of their binding with pre-miRs
and mature miRNAs. It is to be noted that both mature and pre-
miRNAs are accumulated on the rER, and therefore, the processing
of pre-miRNAs and subsequent transfer to Ago2 may occur by

Figure 5. Increased target RNA trafficking to rER in Mfn2 negative cells.
(A) Decreased association of newely formed miR-122 with Ago2 on mitochondria-defective cells. qRT-PCR data showing Ago2-associated de novo formed miR-122 level
decrease over time on Mfn2−/− cells compared with WT cells was plotted. (B) Decreased de novo–formed target mRNA in Mfn2−/− MEF cells. qRT-PCR data show reduced
target mRNA levels in the presence of its cognate miRNA onMfn2−/− cells. (C) The relative amount of the reporter target mRNAs in the absence and presence of miR-122 has
been shown in both cell types. All cells were co-transfected with Tet-ON expression plasmid and inducible Renilla-3xbulge-miR-122 reporter plasmid and FF reporter
plasmid. In the right panel, relative fold repression of the miR-122 reporter has been studied in the presence and absence of miR-122 expression in wild-type and
mitochondria-defective cells. (D, E) Higher microsomal association of target mRNA in Mfn2−/− MEF cells. Microsomal sequestration of target mRNA in the presence and
absence of its cognate miRNA has been plotted (D). The relative level of microsome/rER-associated target mRNA between normal and Mfn2-negative cells expressing
pmiR-122 has also been shown (E). Western blot data of ribosomal protein S3 show equal amounts of microsome associated ribosomes were used for estimation of
associatedmRNAs. (F) Schematic representation of in vitro translation assay showing reisolation of rER used for the assay performed in the presence and absence of wild-
type and mutant cell derived mitochondria. Calnexin, Ago2, and COX IV Western blots confirmed equivalent amount of microsome along with mitochondria after
reisolation. (G) Relative estimation of RNA from reisolated microsome after incubation in the presence of mitochondria obtained from wild-type and Mfn2−/− cells.
Increased target mRNA sequestration in the presence of cognate miRNA in assays performed with detethered mitochondria was observed. (H) Measurement of miR-122
being formed and became associated with microsome showed reduced miR-122 association for per unit of RL-3xbulge-miR-122 mRNA when rER from wild-type cells
were incubated with Mfn2−/− mitochondria (left panel). Reduced microsomal association of miR-122 has been also observed when normalization was done with
endogenous control Ago2 (right panel). In both panles while bars represent WT and black bars denote Mfn2−/−. Paired two-tailed t tests were used for all comparisons. P <
0.05 (*); P < 0.01 (**); P < 0.001 (***). In (A, B, C, D, E, and F), values are means from at least three biological replicates ± SEM.
Source data are available for this figure.
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Figure 6. Retarded Ago2 retro transport to rER-attached polysome in cells with defective ER–endosome interaction.
(A, B, C) Representative combined frames showing endogenous Ago2 protein localization with ER (A) or endosomes (B) in MEFs of depicted genotypes. In panel (A), cells
expressing an ER-targeting variant of DsRed (ER-DsRed, red) were stained by indirect immunofluorescence for endogenous Ago2 (green). Likewise, in panel (B), cells
expressing an endosomal targeting variant of YFP (Endo-YFP, green) were stained by indirect immunofluorescence for endogenous Ago2 (purple). Endo-GFP or ER-dsRED
signals were detected by direct fluorescence of the tagged protein. Marked areas are zoomed and ER region of interest in the zoomed images has been enclosed by a
dotted perimeter. White arrows depict foci with either elevated or reduced colocalization between ER or Endosomal structures with Ago2 bodies. Scale bars, 10 μm. Also
shown are the mean ± SEM from at least four independent experiments (10 cells per experiment) of colocalization data between ER-Ago2 (C, top) and Endosome-Ago2
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Ago-associated Dicer1 even after the miRNA-independent inter-
action of Ago–Dicer1 complex with the 39UTR of target mRNAs (15).
Therefore, compartmentalization of Ago proteins is a very effective
way to control miRNA biogenesis and recycling.

From the observations we made, it seems that the process of
Ago2 trafficking from endosomal compartment to ER compartment
is blocked in mitochondria-defective cells that also get recapitu-
lated in an cell-free in vitro Ago2 transfer assay adopted in this
study. Therefore, the energy status and other mitochondrial activity
changes can influence the miRNP biogenesis primarily by affecting
the intracellular Ago2 shuttling. Involvement of mitochondria in
controlling the miRNA turnover has been documented previously
(27). Here, we have gathered evidence to claim that the biogenesis
process of mature miRNAs is heavily dependent on mitochondria. It
has been shown earlier that the metabolic flux is controlled by
mitochondria, and that the same is also controlled by miRNAs
(33, 34). This holds true also for autophagy regulation both by
mitochondria and miRNAs (35, 36). Therefore, some of the ob-
served effects associated with mitochondrial abnormalities may
be attributed indirectly by associated defective miRNA biogen-
esis in different model systems of mitochondrial dysfunction. The
mechanistic detail of how mitochondria affects the Ago protein–
Dicer1 complex formation is, however, not clear. It is possible that
some “hot-spots” on the MVB membrane are the sites for Ago–
Dicer1 interaction, and these missing in mitochondria defective
cells, are prerequisite for miRNP formation happening on ER-
attached polysomes. Mitochondrial tethering with the ER mem-
brane may have a major role to play in controlling the miRNP
formation by indirectly affecting the Ago2 compartmentalization
process, and miRNA biogenesis is sensitive to mitochondrial
detethering with the ER. However, the exact mechanism is yet to be
unraveled.

Materials and Methods

Plasmids and siRNAs

The miR-122 expression from an encoding plasmid has been per-
formed as described elsewhere (37). The Renilla reporter plasmids
containing humanized Renilla Luciferase CDS (RL-con) or with three

miRNA-binding sites (either for miR-122 or let-7a) downstream of
the Renilla Luciferase (RL)–coding region, RL-3xbulge-miR-122 or
RL-3xbulge-let-7a (kind gifts from Witold Filipowicz), were used. pTet-
On Advanced Vector (Clontech)was used tomake TET-inducible stable
HEK 293 cells. The inducible expression constructs, iRL-3xbulge-miR-
122 and imiR-122, have also been described earlier (15, 18).

Cell culture and transfection

Human HEK 293 andMEF cells were grown in DMEM containing 2 mM
L-glutamine and 10% heat-inactivated FCS. All plasmid transfec-
tions were performed using Lipofectamine 2000 and siRNAs (at 50
nM concentration) using RNAiMax (Life Technologies) as per the
manufacturer’s protocol. For experiments using tetracycline-inducible
constructs, induction was performed using 300 ng/ml of doxycycline
(Sigma-Aldrich).

Luciferase assay

Luciferase assays were performed using Dual-Luciferase Assay Kit
(Promega), following themanufacturer’s instructions, on VICTOR X3 Plate
Reader with injectors (PerkinElmer). The ratio of firefly luciferase–
normalized RL expression levels in control to experimental sets were
measured as fold repression.

RNA isolation, Northern blotting, and real-time PCR analysis

TRIzol reagent (Life Technologies) was used to isolate total RNA.
Northern blotting was performed as described early (38). For de-
tection, γ32P-labeled 22-nt miRCURY complementary LNA probes for
miR-122/let-7a (Exiqon) or cDNA probe for U6 small nuclear RNAwere
used. Blots were detected using phosphor imaging by Cyclone Plus
Storage Phosphor System (PerkinElmer), and ImageJ was used for
quantification. In case of qRT-PCR, miRNA quantification was per-
formed by TaqMan-based miRNA assays (Applied Biosystems) fol-
lowing the manufacturer’s instructions. mRNA qRT-PCR was carried
out using Eurogentec Reverse Transcriptase Core Kit as per the
manufacturer’s instructions. cDNA was prepared using random
nonamers and PCR with gene-specific primers using MESA GREEN
pPCRMaster Mix Plus (Eurogentec).

(C, bottom). Mander’s coefficient was used to represent the colocalization between organelles under consideration and Ago2 foci. (D, E, F) Scheme of the in vitro inter-
organellar Ago2 transfer assay is shown in panel (D). Microsome isolated form WT or Mfn2−/−MEF cells (designated as WT and KO) were incubated with MVBs isolated form
FH-Ago2–expressing HEK 293 cells and subsequently themicrosome was re-isolated. MVB isolation was performed by immunoprecipitation using anti-Rab7 antibody, and
the subsequent incubation with microsome was performed on the beads bound to MVBs. Western blot data indicated transfer of FH-Ago2 from MVBs (HEK 293) to the
microsome isolated fromWTMEF cells, whereas Mfn2 knockout prevents transfer of FH-Ago2. Quantification of the same is shown in panel (F). Marker protein calnexin was
used to indicate equality of re-isolated microsome content (E). (G) Level of Ago2-associated doxycycline-induced miR-122 at specified time points in MEFs of indicated
genotype. All cells have been co-transfected with Tet-ON–expressing Renilla-3xBulge-miR-122 reporter and Tet-inducible pre-miR-122–expressing ipmiR-122 and
complemented with either HA-Ago2 or HA-Ago2Y529E expression plasmids as indicated. miR-122 levels were normalized against corresponding values at 0 h. Shown are
the mean and SEM from at least three independent experiments. P-values were calculated by t test, and one, two, and three asterisks represent P-values less than 0.05,
0.01, and 0.001, respectively. (H) Phosphorylation level of Ago2 was determined in subcellular fractions from MEFs of indicated genotypes. OptiPrep (3–30%) density
gradients were used for separation of fractions positive for EE and ER and were used for endogenous Ago2 protein immunoprecipitation. The level of phosphorylated-Ago2
(4G10) present in IP Ago2 from ER and EE positive fractions was determined by Western blotting. (I, J) Immunoprecipitation of FH-Ago2 was performed with anti-HA
antibody to pull down Ago2 from MEFs of indicated genotype transfected with Flag-HA tagged Ago2 (FH-Ago2). Western blot analysis was performed for indicated
proteins to check their association with IPed Ago2 (panel I). In panel (J), antibodies against endogenous Ago2 was used to immunoprecipitate Ago2 to confirm its Dicer1
dissociation in MEF cells. Paired two-tailed t tests were used for all comparisons. P < 0.05 (*); P < 0.01 (**); P < 0.001 (***). In (A, B, C, D, E, F, G, H), values are means from at
least three biological replicates ± SEM.
Source data are available for this figure.
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Immunoprecipitation and Western blotting

For immunoprecipitation of FLAG-tagged Ago2 from HEK 293 cells,
FLAG-M2 Agarose beads (Sigma-Aldrich) were used as described
previously (25). Proteins and RNAs were extracted from beads for
further analysis. For Western blotting, proteins were transferred
to polyvinylidene fluoride or polyvinylidene difluoride mem-
brane after SDS–PAGE electrophoresis followed by blocking and
probing with either of the following primary antibodies (dilution
mentioned also) at 4°C overnight. Mouse anti-Ago2 (Abnova)
(1:1,000), Rabbit anti-calnexin (Cell Signaling Technology) (1:1,000),
Rabbit anti-HRS (Bethyl Laboratories) (1:1,000), Rat anti-HA (Roche)
(1:1,000), HRP-conjugated β–Actin (Sigma-Aldrich) (1:10,000), HRP-
conjugated GAPDH (Sigma-Aldrich) (1:50,000), Rabbit anti-COX4
(Cell Signaling Technology) (1:1,000), Rabbit-LAMP 1 (Cell Signal-
ing Technology) (1:1,000), Mouse-Alix (SantaCruz) (1:200), Mouse-P-
Ago2 (4G10) (Millipore) (1:1,000), and Rabbit anti-S3 (1:1,000) were
used with dilutions mentioned here.

Cell fractionations

Cells were treated with 50 μg/ml digitonin (Calbiochem) for 10 min
at 4°C followed by centrifugation at 2,500g as described (18). 3–30%
OptiPrep (iodixanol) density gradient centrifugation was carried out
as described elsewhere (39). Polysome and microsome as well as
KCl–puromycin extraction of microsome was carried out following

the protocol described earlier (18). After isolation of respective
fractions, equivalent amount of RNA was used to check organellar
compartmentalization of miRNAs or target mRNAs over total cellular
fractions. To check differential compartmentalization of proteins,
equivalent amount of proteins from organellar fractions were run
for Western blots compared with total cell lysate.

Crude mitochondrial fraction isolation

Cells were resuspended in 1× hypotonic buffer (10 mMHepes, pH 7.8,
1 mM EGTA, and 25mMKCl) equivalent to three times the packed cell
volume and incubated for 20 min on ice. The cells were spun down
and resuspended in 1× isotonic buffer (10 mM Hepes, pH 7.8, 1 mM
EGTA, 25 mM KCl, and 250 mM Sucrose) twice the packed cell volume
and homogenized. The cell lysate was pre-cleared at 1,000g for 10
min twice to remove nuclear fractions. Then, the supernatant was
spun at 12,000g for 10 min to get “Crude Mitochondrial Fraction.”

In vitro translation assay

Microsome and crude mitochondrial fraction were isolated as
described above and protein-equivalent microsomal and mito-
chondrial fractions were incubated in the presence of RRL in an in
vitro translation system along with in vitro–synthesized mRNA (RL-
control or RL-3xbulge-miR-122) of 200 ng or 200 pmol of Pre-miR-
122 in 10 μl reaction for 30 min at 30°C.

Figure 7. Ago2 recycling determined by mitochondria
controls Ago2–miRNA complex formation on the
polysome attached to the rER.
In this schematic model, the mode of miRNA biogenesis
regulation by mitochondria is shown. Polysome
attached to the ER serves as the cellular sites where
this event occurs. This is an unique example of
organellar control of a posttranscriptional gene
regulatory process where the components of miRNP
complexes are differentially localized to the ER and
endosome-associated compartments, and internal
exchange of Ago2 between compartments by
mitochondria-driven inter-organellar interactions
controls the rate-limiting step of miRNP formation
process.
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In vitro RISC cleavage assay and data analysis

In vitro RISC assay was performed exactly as described earlier (39).
FH-Ago2 was immunoprecipitated from the individual fractions,
eluted with 3× FLAG peptide into 100 μl solution. An aliquot of 20 μl
was Western blotted for FH-Ago2 levels. The bands were quantified
by ImageJ, and volume equivalent amounts of the eluted FH-Ago2
from each fraction were used for RISC cleavage assay.

Fractions of the cleaved product after in vitro RISC cleavage
reaction performed with FH-Ago2 present in each subcellular
fraction were measured. To calculate the specific activity of FH-
Ago2 present in that fraction, total RISC cleavage activity was
divided by relative amount of Ago2 present in each reactions. For
drawing the graph, sum of RISC activity present over all fractions
was taken as 1.

To calculate relative specific activity of miRISCs, volume equiv-
alent amounts of FH-Ago2 immunoprecipitated from the individual
fractions were subjected to RISC cleavage assay as well as Western
blotting analysis. The percent cleaved product from the autora-
diogram was normalized to the immunoprecipitated FH-Ago2
amounts and relative specific activities of FH-Ago2 in each frac-
tion were measured.

Organelle immunoprecipitation and in vitro inter-organelle Ago2
transfer assay

In vitro RISC assay was performed exactly as described earlier (39).
Organelle immunoprecipitation was performed as described pre-
viously (27). Anti-Rab7 antibody was used to immunopurify LEs/
MVBs from 3 to 30% iodixanol gradient fractions rich for these
organelles of HEK 293 cells stably expressing FH-Ago2. For the in
vitro inter-organelle Ago2 transfer assay, approximately 2 × 107 FH-
Ago2–expressing HEK293 cells were used for organelle immuno-
precipitation of MVBs, using anti-Rab7 antibody. Microsome was
also isolated from WT or Mfn2−/− MEF cells. The isolated MVB on
anti-Rab7–bound protein G Sepharose beads were incubated with
microsome fromWT or Mfn2−/−MEF cells (pre-cleared with protein G
Sepharose beads), for an initial 30 min at 4°C followed by another
30 min at 37°C. Thereafter, microsome was re-isolated from the
supernatant by CaCl2 precipitation. Western blotting was performed
to check if FLAG-tagged Ago2 was being transferred from MVBs to
microsome.

Immunofluorescence and image analysis

For immunofluorescence, the cells were transfected with 250 ng of
Ago2 or Dicer1 expression plasmids in a six-well format. The cells
were split after 24 h of transfection and subsequently subjected to
specific experimental conditions. For immunofluorescence analy-
sis, the cells were fixed with 4% paraformaldehyde for 30 min,
permeabilized, and blocked with PBS containing 1% BSA and 0.1%
Triton X-100 and 10% goat serum (GIBCO) for 30 min. After incu-
bation with primary antibodies in the same buffer of desired di-
lution overnight at 4°C and subsequent washing steps, secondary
anti-rabbit or anti-mouse antibodies labeled either with Alexa
Fluor 488 dye (green), Alexa Fluor 594 dye (red), or Alexa Fluor 647
dye (far red) fluorochromes (Molecular Probes) were used at 1:500

dilutions. After 2 h of incubation at 37°C for 1 h followed by
washing steps, the cells were mounted with Vectashield with DAPI
(Vector Lab, Inc) and observed under Plan Apo VC 60×/1.40 oil or Plan
Fluor 10×/0.30 objectives on an inverted Eclipse Ti Nikon microscope
equipped with a Nikon Qi1MC or QImaging-Rolera EMC2 camera for
image capture. Few images were taken also on Zeiss Confocal Imager
LSM800.

For image analysis, all Western blot images were processed with
Adobe Photoshop CS4 for all linear adjustments and cropping. All
images captured on Nikon Eclipse Ti microscope or LSM800 mi-
croscope were processed with Nikon NIS ELEMENT AR 3.1 software or
with IMARISx64 software developed by BITPLANE AG Scientific
software. Image cropping was performed using Adobe Photoshop
CS4. All graphs and statistical analyses were generated in GraphPad
Prism 5.00 (GraphPad). Two sample t test was used for analysis.
P-values < 0.05 were considered to be statistically significant and >0.05
were ns. Error bars indicate mean ± SEM.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
201800161.
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Mitochondria control mTORC1 activity-linked compartmentalization
of eIF4E to regulate extracellular export of microRNAs
Susanta Chatterjee§, Yogaditya Chakrabarty*,§, Saikat Banerjee§, Souvik Ghosh‡,§

and Suvendra N. Bhattacharyya¶

ABSTRACT
Defective intracellular trafficking and export of microRNAs (miRNAs)
have been observed in growth-retarded mammalian cells having
impaired mitochondrial potential and dynamics. Here, we found that
uncoupling protein 2 (Ucp2)-mediated depolarization of mitochondrial
membrane also results in progressive sequestration of miRNAs within
polysomes and lowers their release via extracellular vesicles.
Interestingly, the impaired miRNA-trafficking process in growth-
retarded human cells could be reversed in the presence of Genipin,
an inhibitor of Ucp2. Mitochondrial detethering of endoplasmic
reticulum (ER), observed in cells with depolarized mitochondria, was
found to be responsible for defective compartmentalization of
translation initiation factor eIF4E to polysomes attached to ER. This
caused a retarded translation process accompanied by enhanced
retention of miRNAs and target mRNAs within ER-attached polysomes
to restrict extracellular export of miRNAs. Reduced compartment-
specific activity of the mammalian target of rapamycin complex 1
(mTORC1), the master regulator of protein synthesis, in cells with
defective mitochondria or detethered ER, caused reduced
phosphorylation of eIF4E-BP1 and prevented eIF4E targeting to ER-
attached polysomes and miRNA export. These data suggest how
mitochondrial membrane potential and dynamics, by affecting
mTORC1 activity and compartmentalization, determine the
subcellular localization and export of miRNAs.

KEY WORDS: miRNA, Processing bodies, P-body, Mitochondria,
Polysome, Extracellular vesicles, Exosomes, eIF4E, mTORC1

INTRODUCTION
MicroRNAs (miRNAs) are small 20–24-nucleotide-long non-coding
RNAs that post-transcriptionally regulate the expression of their
cognate mRNAs by base pairing, and thereby regulate majority of
genes in higher animals and plants (Bartel, 2009). Interestingly,
cellular structures and organelles also play important roles in
controlling the activity of miRNAs. It has been shown that miRNA-
mediated repression and target RNA degradation are both temporally

and spatially uncoupled processes (Bose et al., 2017). The process
starting from biogenesis of a miRNA through to silencing of target
mRNAs requires the involvement of various cellular organelles, as
they serve as destinations of miRNAs and respective target mRNAs
under specific phases of target repression (Barman and Bhattacharyya,
2015; Chakrabarty and Bhattacharyya, 2017; Gibbings et al., 2009; Li
et al., 2013).

miRNAs function in the form of ribonucleoprotein complexes
called miRNA-induced silencing complexes (miRISCs).
Components of miRISCs and repressed mRNAs are also enriched
in P-bodies – specialized structures for mRNA storage and
degradation (Eulalio et al., 2007; Parker and Sheth, 2007). The
concept of P-body involvement in an mRNA storage function has
been strengthened in a recent report where the authors have identified
several miRNA-targeted mRNAs in biochemically purified P-bodies
(Bhattacharyya et al., 2006; Hubstenberger et al., 2017).

Mitochondrial membrane potential not only helps production of
ATP through oxidative phosphorylation but it is also involved in
regulation of miRNA activity. Interestingly, mitochondrial
membrane potential disruption has implication in the miRNA-
mediated repression process (Ernoult-Lange et al., 2012) and it has
been shown that mitochondrial membrane potential is required for
endoplasmic reticulum (ER) and endosome tethering of
mitochondria, which in turn controls miRNA activity in
mammalian cells (Chakrabarty and Bhattacharyya, 2017). The ER
has been reported as sites of miRISC-mediated target RNA
recognition and de novo miRNA ribonucleoprotein (miRNP)
complex formation (Barman and Bhattacharyya, 2015; Bose et al.,
2020) whileMultivesicular bodies (MVBs), which interact with RNA
processing bodies, are important sites for target RNA degradation
(Bose et al., 2017). Additionally,MVBs or late endosomes canmerge
with the plasma membrane to export various cargoes through the
formation of extracellular vesicles (EVs) known as exosomes. These
lipid bilayer sequestered bodies are small, 30- to 100-nm sized, EVs
considered as a primary means of intercellular communication
(Hunter et al., 2008; Simons and Raposo, 2009; Théry et al., 2002;
van Niel et al., 2018). Many miRNAs along with their associated
proteins, such as Ago2 and GW182B (also known as TNRC6B), are
reported to be present in exosomes or EVs (Valadi et al., 2007). As of
yet, the significance of miRNA export via EVs and its regulation, in
addition to their role as an intercellular signaling factor for the
maintenance of cellular homeostasis, is only partly understood
(Ghosh et al., 2015; Mukherjee et al., 2016).

Mammalian target of rapamycin (mTOR) plays a crucial role in
controlling mitochondrial metabolism. Inhibition of mTOR activity
leads to reduced mitochondrial respiration and enhanced aerobic
glycolysis (Ramanathan and Schreiber, 2009). Another observation
suggests that mTOR complex 1 (mTORC1) stimulates mitochondrial
biogenesis and activity and translation of mitochondria-related
mRNAs, mediated by eIF4E-binding proteins (eIF4E-BPs) (Morita
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et al., 2013). In reverse, how mitochondrial dysfunction influences
mTORC1 activity to regulate cellular translational and miRNP
machineries or their trafficking remain to be understood.
We report here that depolarization of mitochondria and their

reduced dynamics, as observed in growth-arrested cells, is
functionally coupled to retardation of movement of miRNPs from
polysomes to MVBs. This happens in conjunction with uncoupling
protein 2 (Ucp2)-dependent mitochondrial depolarization and
subsequent accumulation of miRNAs on polysomes, which in
turn causes reduced exosomal miRNA export and P-body targeting
of Ago proteins. Interestingly, reduced mTORC1 activity-driven
defective compartmentalization of translation initiation factor eIF4E
to polysomes attached to the rough ER (rER) membrane causes the
retarded translation of protein, which in turn abrogates intracellular
shuttling and subsequent export of miRNAs in mammalian cells.

RESULTS
Reduced mitochondrial dynamics in growth-retarded
mammalian cells
Previously, we have explored the status of miRNA machineries in
cells that are growth retarded. These growth-retarded high-density
culture (HDC) cells are morphologically and biochemically
different from the proliferating low-density culture (LDC) cells
(Ghosh et al., 2015). To investigate the cause of the defective
miRNA metabolism happening in the HDC cells, we have explored
the status of energy metabolism in both HDC and LDC cells to
determine its importance in defective miRNP machineries observed
in HDC cells. In mammalian macrophages, and also in non-
macrophage cells, mitochondrial detethering from the ER causes
increased miRNA stability, which is also observed in HDC cells
(Chakrabarty and Bhattacharyya, 2017; Ghosh et al., 2015).
To ascertain the effect of growth status on mitochondrial

morphology and activity in human cells, HeLa and MDA-MB-
231 cells were grown separately as LDC (25–40%) and HDC
(100%) states. For assessing the mitochondrial status, the cells were
transfected with a mitochondria-targeting GFP (Mito-GFP) and an
ER-targeting variant of DsRed2 (DsRed2-ER) and were studied
microscopically. Evidently, a significant variation in shape and
structure of mitochondria between HDC and LDC state cells was
observed. In the LDC condition, mitochondria appear as long
filamentous structures whereas, in the HDC condition they are
predominantly punctate and spherical (Fig. 1A; Fig. S1A).
Moreover, when we quantified the length of individual
mitochondrial filaments using 3D surface reconstructions of the
confocal images taken for both LDC and HDC HeLa as well as
MDA-MB-231 cells, we observed a mean length of ∼6 µm in the
HDC condition as compared to ∼20 µm long mitochondrial
filaments in LDC cells (Fig. 1A,B; Fig. S1B). To connect the
effect of this structural change of mitochondria to its dynamics in
growth-retarded cells, we explored the spatial dynamics of
mitochondria and ER organelles in both HDC and LDC cells by
live-cell imaging of the events. The spatial dynamics of
mitochondrial structures of LDC cells was clearly different from
that of HDC cells. While mitochondria in LDC cells showed fast
dynamic and frequent interactions with ER, along with active
mitochondrial fusion and fission in LDC cells, mitochondria from
HDC cells showed rather a ‘sluggish’ dynamics and appeared as
more punctate structures with negligible amount of mitochondrial
fusion or overlap with ER (Fig. 1C,D; Fig. S1C, Movies 1–4).
The structural alterations that we observed with the mitochondria

of HDC or growth-retarded cells could be due to a possible
depreciation in inter-mitochondrial exchange happening

specifically in HDC-state cells (Fig. S1D). We performed FRAP-
based analysis in LDC and HDC cells. The FRAP-based analysis
was utilized as a way to reconfirm the effects of cell densities on
mitochondrial dynamics, and we observed effects of cell growth
status on mitochondrial exchange dynamics in human cells. The
FRAP recovery rate of Mito-GFP in HDC cells was about half of
that seen in LDC cells, depicting a functional loss of mitochondrial
dynamics and reaffirming the data we obtained for mitochondrial
length shortening in HDC cells (Fig. 1E). FRAP experiments were
done with portions of mitochondria that formed higher orders of
mitochondrial networks; specific branches of a mitochondrion were
bleached and checked for recovery in consecutive frames. We
identified mitochondria with defined morphology and selectively
photo-bleached the region of interest to address the FRAP recovery
rates for HDC and LDC cell mitochondria, and measured
fluorescence recovery of Mito-GFP in the defined part of the
mitochondria (Fig. S1D, Movies 5,6).

Reduced mitochondrial membrane potential in
growth-retarded cells
Mitochondrial membrane potential (ΔΨM) modulation is integrally
linked with changes in the structural and movement dynamics of
mitochondria (Labbé et al., 2014). Therefore, it was essential to check
the effect of cell density on the ΔΨM in LDC and HDC cells. Altered
binding of the dye JC-1 with polarized mitochondria can be used to
measure the change in ΔΨM due to increase in cellular density. A
reduction in ΔΨM was observed in HDC cells compared to LDC state
cells. The depreciation in ΔΨM was substantial (Fig. 1F). The oxygen
consumption rate (OCR) measurement reflects a sensitive and dynamic
measure of the changes occurring inΔΨM.OCR-basedmeasurement of
ΔΨM is an excellent method of monitoring active variations in
mitochondrial functional state (Brand and Nicholls, 2011). A distinct
elevation in the OCR in HDC condition HeLa cells, as well as
MDA-MB-231 cells, was observed reflecting a lowered ΔΨM in
HDC state cells (Fig. 1G). Ucp2 is an endogenous mitochondrial
uncoupler that is ubiquitously present across different tissues, and
we found increased expression of this protein in HDC state cells. As
reported before (Chakrabarty and Bhattcharyya, 2017), the
increased expression of Ucp2 therefore could account for the
lower ΔΨM observed in HDC state cells (Fig. 1H).

Mitochondria depolarization caused by FCCP leads to
accumulation of miRNAs and Ago2
It has been shown previously that mitochondrial depolarization and
detethering from ER caused by the pathogen Leishmania is
associated with increased accumulation of miRNPs in host
macrophages (Chakrabarty and Bhattacharyya, 2017). We have
observed a similar increase in miRNP content in HDC stage cells
which also have depolarized mitochondria. Therefore, to establish a
causal relationship between mitochondrial depolarization and
miRNP accumulation, it was important to check the fate of the
miRNPs upon induced depolarization of mitochondria. We used a
specific chemical blocker of ΔΨM, FCCP, to dissect the effect of
ΔΨM reduction on miRNA activity and stability. FCCP treatment
resulted in a robust loss of ΔΨM in mitochondria from treated cells,
as measured by JC-1-based flow cytometry assays (Fig. 2A).
Furthermore, when we used FCCP to depolarize mitochondria of
HeLa cells, a large increase in the miRNA levels were observed as
evidenced by the qRT-PCR based quantification of mature let-7a or
miR-21 miRNAs in HeLa cells (Fig. 2B, left). An increased level of
the exogenously expressed liver-specific miRNA-122 in HeLa cells
was also noted with progressive FCCP treatment (Fig. 2B, right).
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Fig. 1. See next page for legend.
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Furthermore, the in vitro target cleavage activity of the miR-122-
containing FLAG–HA–Ago2 miRISC purified from HeLa cells co-
expressing miR-122 and FLAG–HA–Ago2 was measured. miRISC
from FCCP-treated cells showed elevated activity, which is
consistent with the increased stabilization and Ago2 association
of the miR-122 mimic, as observed in HDC state cells (Fig. 2C,D).
As would be expected, previous studies have depicted the
involvement of cellular organelles like rER in controlling miRNA
life cycle (Barman and Bhattacharyya, 2015; Bose et al., 2020;
Ghosh et al., 2015; Stalder et al., 2013). We checked the association
of miRNPs with biochemically isolated rough ER fragments,
the microsomes, in control and FCCP-treated cells. As evident from
the measurement of amount of Ago2 protein fractionated with the
microsomes, FCCP treatment increased the amount of Ago2 in
microsome fractions (Fig. 2E). To ascertain a more specific
subcellular structure for where the miRNP increase was occurring
in FCCP-treated cells, an Optiprep®-based gradient was used for
separation of cellular organelles (Bose et al., 2020). Measurement of
miRNA levels in individual fractions suggest elevated association
of let-7a in the fractions known to be enriched for ER (Bose et al.,
2020) upon FCCP treatment, as was observed in HDC stage cells or
in cells expressing Ucp2 exogenously (Chakrabarty and
Bhattacharyya, 2017; Ghosh et al., 2015) (Fig. S2A,B).

Reduced EV-mediated export of miRNAs in cells with
depolarized mitochondria
Increased retention of miRNAs with the polysomes, observed in
HDC state cells, can be contributed to by reduced mitochondrial
activity and membrane potential. To test the fate of miRNAs in cells
with depolarized mitochondria, the levels of miRNAs associated
with polysomes was measured in HeLa cells expressing a FLAG-
and HA-tagged version of Ucp2 (FH-Ucp2), a protein known to
uncouple mitochondrial membrane potential (Chakrabarty and

Bhattacharyya, 2017). There was a substantial increase in the
polysome-attached miRNA content in FH-Ucp2-expressing LDC
stage cells (Fig. 2F). A high retention of miRNA with polysomes
associated with retarded export of miRNAs from HDC state cells
has been documented earlier in HDC cells; this was associated with
low levels of EV or exosomal association of miRNAs (Ghosh et al.,
2015). Increased stability of miRNAs observed in HDC state human
cells is primarily caused by a retarded extracellular export of
miRNAs together with increased miRNA retention with rER and
polysomes. Like in HDC cells, expression of Ucp2 in LDC stage
cells reduces the miRNA export via EVs (Fig. 2G).

Reconfirmation of mitochondrial abnormality-driven defective
extracellular miRNA export was strengthened in subsequent
experiments where mitochondria-defective ρ0 cells, an effective
model to study neurodegenerative disease (Moreira et al., 2009), were
used formeasurement of miRNA activity and levels. As expected, we
detected an increased cellular miRNA level in SH-SY5Y-ρ0 cells
compared to that in the wild-type cells (Fig. 2H). The increased
activity of miRISC observed was also consistent with increased
cellular miRNA content (Fig. 2H). The increased miRNAs were
found to be associated with Ago2 and polysomes (Fig. 2I,J), which
was accompanied by a reduced export of miRNA let-7a in ρ0 cells
(Fig. 2K). It has been observed previously that mitochondrial
detethering from ER can also cause increased miRNAs levels in
mammalian cells (Chakrabarty and Bhattacharyya, 2017). We
observed similar loss in mitochondria–ER interaction in ρ0 cells
(Fig. S3A,B). This observation is consistent with the idea that the
mitochondrial detethering caused by mitochondrial depolarization in
mammalian cells is responsible for the depolarization-associated
effect on the cellular and exosomal miRNA content in HDC cells.
Indeed, we also observed an expected decrease in mitochondria–ER
interaction in HDC cells (Fig. 1D), which is consistent with the
notion of mitochondrial depolarization-induced loss of ER and
mitochondria contact (Chakrabarty and Bhattacharyya, 2017).

Mitochondrial depolarization affects P-body targeting of
Ago2 in human cells
Previous reports clearly enunciate elevated miRNA stability in human
cells uponUcp2 upregulation and reduction in ΔΨM (Chakrabarty and
Bhattacharyya, 2017). Moreover, the effect of ΔΨM on Rck/p54 (also
known as DDX6)-positive RNA processing body or P-bodies has
been partly addressed in a previous study (Huang et al., 2011).
Interestingly, impairedmiRNA-mediated clearance of target RNA has
been observed in HDC cells, with the target RNA, hence, being more
stable than in proliferating cells (Ghosh et al., 2015). This is consistent
with a reduced trafficking of the repressed mRNAs to P-bodies, where
they may get degraded. In HDC cells, polysome sequestration of both
miRNA and its target messages could account for the increased
mRNA stability found in HDC or in cells with depolarized
mitochondria. To discover the link between loss of ΔΨM and P-
body status, microscopic analyses were performed in cells treated
with either FCCP or exogenously overexpressing FH-Ucp2, which
causes disruption of mitochondrial membrane potential (Chakrabarty
and Bhattacharyya, 2017). A distinct loss in visible Ago2-positive P-
bodies was observed in cells treated with FCCP and in those
expressing FH-Ucp2 (Fig. 3A,B). As expected, we also documented
a reduced number of P-bodies in SH-SY5Y-ρ0 cells (Fig. S3C).

Reduced P-body dynamics and Ago2 localization also
happens in growth-retarded cells
Does impaired intracellular trafficking of miRNAs also result in
defective P-body localization in HDC stage cells? There was

Fig. 1. Alteration in mitochondrial morphology, dynamicity and
membrane potential in growth-retarded mammalian cells.
(A) Representative pictures of MDA-MB-231 HDC and LDC state cells showing
ER and mitochondrial structures. Cells expressing a mitochondrial targeting
variant of GFP (MT-GFP, green) and an ER targeting variant of DsRed
(pDsRed2-ER, red) were used. Scale bars: 10 µm. (B) Mitochondrial size
quantifications (mean±s.e.m.) were performed for LDC or HDC MDA-MB-231
cells. (C) Representative frames of LDC or HDC MDA-MB-231 cells imaged
live. Microscopy was performed for a total of 3 mins at 1 fps. Cells expressing a
mitochondrial targeting variant of GFP (MT-GFP, green) and an ER-targeting
variant of DsRed (pDsRed2-ER, red) were used. Arrows highlight
mitochondrial structures, dynamics of which are followed in the timecourse
experiments. Scale bars: 10 µm. TheROI as depicted is 10× zoomed. Also see
Movie 1 and 2. (D) Pearson’s (left) and Mander’s (right) coefficients of
mitochondria–ER colocalization in HDC and LDC cells. Calculation based on
the images taken with cells described in C. (E) FRAP analysis of GFP-positive
mitochondria in HDC or LDC MDA-MB-231 cells. Cells expressing a
mitochondria-targeting variant of GFP (MT-GFP, green) were used. FRAP
analysis was from 100 cells (n>4) for indicated experimental sets. MT-GFP
was photobleached and images were acquired at 2 fps for 300 frames. The
mean intensity values of different regions of interest (ROI) thus obtained was
fitted on a scale of 0 to 100. Mean intensity level of designated ROI before
bleaching step taken as 100, and the value of mean intensity in ROI just after
photobleaching serves as 0. The values were plotted for a total of 300 frames.
Shown are the mean±s.e.m. for n>20. Fluorescence recovery rates are noted.
(F) Representative plots depicting flow cytometry-based quantification of JC-1-
stained HDC or LDC HeLa cells. The percentage of cells in the zone with low
JC-1 Fluorescence (green) were measured and shown as depicted.
(G) Oxygen consumption rate (OCR) determination in HDC and LDCHeLa cells.
Quantification of OCR in HDC or LDC MDA-MB-231 and HeLa cells from
five different experiments (mean±s.e.m.). (H) Representative western blot
analysis of Ucp2protein level inHDCor LDCHeLaorMDA-MB-231 cells. β-Actin
served as loading control protein. **P<0.01, ***P<0.001 (Student’s t-test).
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a profound decrease in the number of visible Ago2 granules in HDC
cells (Fig. 3C,D). We conducted immunofluorescence analysis of
two established P-body components, Dcp1a and XRN1. In other
cases, we used tagged versions of Dcp1a or Ago2 to track
and document P-body status. To further probe the loss of distinct

P-bodies with high cell confluency, HeLa cells were transfected
with Myc–Ago2 and GFP–Dcp1a. Subsequently, these cells were
co-immunostained with XRN1 to monitor the localization of Ago2
in such conditions. In LDC HeLa cells, most of the GFP–Dcp1a
bodies were positive for Myc–Ago2 while in HDC cells Ago2

Fig. 2. See next page for legend.
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colocalization with GFP–Dcp1a was visibly reduced. Additionally,
in HDC HeLa cells, the average number of discrete P-bodies was
low (Fig. 3E,F).
P-body components are known to exchange their content with the

cytosol, and most of the P-body markers are also ubiquitously found

in the cytoplasm (Aizer et al., 2008). To ascertain whether the
exchange dynamics of cargo is modulated in cells grown to
confluent states, we performed fluorescence recovery after
photobleaching (FRAP) analyses for the GFP-tagged P-body
protein markers GFP–Dcp1a or GFP–Ago2. The majority of
P-bodies in HDC and LDC HeLa cells, were found to be
dynamically distinct although a similar recovery for GFP–Dcp1a
to P-bodies was seen in both HDC and LDC cells. In contrast,
recovery of GFP–Ago2 to P-bodies was reduced in HDC cells
compared to LDC cells (Fig. S4A). The linear velocity and size of
GFP–Ago2 positive P-bodies were distinctly higher in LDC than
HDC HeLa cells (Fig. S4B,C).

Restoration of mitochondrial potential rescues P-body
numbers and intracellular miRNP shuttling
The ΔΨM-mediated effects upon P-body number, Ago2 localisation
to P-bodies, polysomal sequestration of miRNAs and lowered
miRNA export through EVs all occurs concurrently with a marked
increase in Ucp2 protein levels. Moreover, many of these results
were replicated in cells upon loss of ΔΨM caused through chemical
blocking of mitochondrial membrane potential, which induces a
similar situation to that seen upon exogenous expression of Ucp2 in
mammalian cells (Chakrabarty and Bhattcharyya, 2017). Therefore
to specifically link Ucp2 upregulation with these effects on miRNP
machineries and P-bodies observed in HDC cells, we used Genipin,
which is a specific blocker of Ucp2 with an elevated level in HDC
stage cells (Zhang et al., 2006). Successful restoration of ΔΨM in
HeLa HDC cells was observed post Genipin treatment (Fig. S5A).
Moreover, Ago2-positive P-body numbers, as well as the Ago2
colocalization with Rck/p54 bodies, were partially restored upon
Genipin treatment of HDC cells (Fig. S5B,C). This rescue in P-body
number happened owing to a near complete reversal of Ucp2 protein
levels in Genipin-treated HDC cells (Fig. S5D). Furthermore, both
polysomal enrichment of miRNA and the lowered release of
exosomal or EV-associated miRNAs from HDC cells were rescued
to near LDC level upon specific blocking of Ucp2 (Fig. S5E,F).
Hence, mitochondrial depolarization is directly linked with miRNA
function, as well as its stability, and the elevation of Ucp2 protein
level and function occurs in growth-retarded cells can be blocked by
Genipin treatment to restore miRNA levels and P-body status.

Mitochondrial detethering-induced retention of miRNPs on
rER is caused by reduced rER targeting of eIF4E
Previous studies have shown that ΔΨM regulates the mitochondria–
ER tethering through the protein mitofusin 2 (Mfn2) (Schrepfer and
Scorrano, 2016). Hence, we measured the cellular and polysomal
association of miRNA and Ago2 protein in mouse embryonic
fibroblasts with or without the Mfn2-encoding genes, to connect
mitochondrial depolarization and detethering observed in HDC
cells with reduced EV-mediated miRNA export. Interestingly, in the
Mfn2 knockout cells we observed a substantial increase in
polysome-associated miRNA and Ago2 protein with a
concomitant decrease in exosomal miRNA content in EVs
isolated from those cells (Fig. 4A–C).

What could cause the increased association of miRNPs with rER
in Mfn2-negative cells? We observed a reduced amount of
polysomes in Mfn2−/− cells (Fig. 4D). We checked the
distribution of several translation initiation regulatory factors
along with the elongation factor eEF2, and detected a specific
loss of eIF4E, the very important cap-binding protein essential for
translational initiation in the rER-associated fraction (Fig. 4E)
(Sonenberg and Hinnebusch, 2009), although the cellular levels of

Fig. 2. Mitochondrial depolarization causes the microsomal
accumulation of miRNPs and reduced exosomal export of miRNAs.
(A) Representative plots using flow cytometry-based quantification of JC-1
stained control or FCCP-treated HeLa cells. The percentage of cells in the
zone of low JC-1 fluorescence (green) weremeasured and shown as depicted.
(B) Levels of miR-21 and let-7a in FCCP-treated cells. The values were
estimated by a qRT-PCR-based method in control and treated cells. Relative
levels of miR-122 were estimated by northern blotting for HeLa cells treated
with FCCP for indicated time periods (right panel). U6 was used as loading
control for northern blots and used for normalization in qRT-PCR-based
miRNA content quantifications. (C) Representative autoradiogram elucidating
variation in RISC cleavage activity associated with Ago2 isolated from HeLa
cells treated with FCCP for the indicated time periods. The in vitro RISC
cleavage assay was performed with Ago2–miR-122 miRNPs isolated from
HeLa cells treated with FCCP for the indicated time periods with an FH-Ago2
expression construct and pmiR-122, a miR-122 expression plasmid. The
activities were measured and quantified in an in vitro RISC cleavage reaction
using 5′-γ[32P]-labeled miR-122 target RNA as substrate. Values below the
blot indicate the relative RISC activity measured by estimating the cleaved
band intensities (marked by arrowhead) against total amount of substrate used
(uncleaved and cleaved RNA taken together) measured using densitometric
analysis. Intensities were normalized to immunoprecipitated (IPed) FH-Ago2
levels. Asterisk indicates the position of a 21-nucleotide-long radiolabeled
DNA oligonucleotide that was used as size marker. The immunoprecipitated
FH-Ago2 intensities have been used for calculating specific activity RISC
cleavage and depicted by the respective quantified values. (D) Mature
miR-122 decay rate estimated by northern blotting (representative blot shown
in the left panel) upon FCCP treatment for indicated time periods for HeLa
cells. Band intensities from the northern blot for respective treatment times
were normalized by U6 values and were used to plot the decay curve (right
panel). Relative values (mean±s.e.m.) were plotted for the respective time
points (n=3). (E) HeLa cells treated with FCCP or DMSO (control) for a time
period of 3 h were used for the isolation of the total microsomal fraction by
CaCl2-based separation from crude microsomal fraction. Representative
images of western blot analysis for indicated proteins from FCCP-treated
microsomal fractions of HeLa cells. Absence of Vdac1 confirms the absence of
mitochondrial contamination. (F) Polysomes from the cell extract were
extracted. The relative enrichment of the miR-21 and let-7a within polysomal
fractions are plotted (mean±s.e.m.) to determine the effect of Ucp2 expression
on the polysomal miRNA level in mammalian cells. (G) qRT-PCR-based
relative quantification of exogenously expressed miR-122 in EVs of HeLa cells
expressing FH-Ucp2. Values were normalized against respective miRNA
levels in control cells. Shown are the mean±s.e.m. from at least four
independent experiments. A representative western blot analysis of exosomal
marker CD-63 and Alix in the exosomal fraction of HeLa cells expressing
FH-Ucp2 or control plasmid is shown on the right. Normalization was done
against CD63 levels. (H) qRT-PCR based Ct values of endogenous let-7a or
exogenously introducedmiR-122 levels inWTor ρ0 SH-SY5Y cells. In the right
panel, in vivo let-7a miRNA activity in WT or ρ0 SH-SY5Y cells is shown.
Relative repression level was measured by determining the Renilla
luciferase luminescence in cells expressing luciferase-based let-7a reporter
with one let-7a perfect site, RL-Con, a reporter without let-7a site was used as
control. Shown are the mean±s.e.m. from at least three independent
experiments. (I) Immunoprecipitation of endogenous Ago2 was performed to
estimate changes in Ago2-associated miRNA levels of WT or ρ0 SH-SY5Y
cells. Quantification was done by qRT-PCR-based estimation. Values
(mean±s.e.m.) were normalized against amount of Ago2 immunoprecipitated
and plotted against values of WT SH-SY5Y samples considered as unit. A
representative blot showing immunoprecipitated endogenous Ago2 level used
for normalization of respective miRNA levels. (J,K) qRT-PCR-based Ct values
of the polysomal fraction (J) or exosomal fraction (K) associated with
endogenous let-7a or exogenously introduced miR-122 levels in WT or ρ0
SH-SY5Y cells. Shown are the mean±s.e.m. for n>3. *P<0.05, **P<0.01,
***P<0.001 (Student’s t-test).
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Fig. 3. See next page for legend.

7

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs250241. doi:10.1242/jcs.250241

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



eIF4E remain unchanged in both wild-type and Mfn2−/− cells
(Fig. 4E). Interestingly, in Mfn2−/− cells, eIF4E also showed an
increased interaction with eIF4E-BP1, which may be due to an
increased expression and decreased phosphorylation of eIF4E-BP1,
ultimately causing an increase in its eIF4E binding in Mfn2−/− cells
(Fig. 4E). The reduced recruitment of eIF4E to ER is consistent with
the poor translation observed in Mfn2−/− cells, as revealed in the
15–35% sucrose density gradient analysis of cell extract for the
components of protein translation machinery. Association of eIF4E
with the heavier polysomal fraction was noted to be severely
affected in Mfn2−/− cells compared to wild-type cells (Fig. 4F).
KCl-puromycin treatment can extract attached polysomes from the
ER membrane (Barman and Bhattacharyya, 2015). In subsequent
experiments with KCl-puromycin, we found association of most of
the translation initiation factors, including eIF4E, with the KCl-
puromycin-soluble extract of translating polysomes attached to
MEF-derived microsomes (Fig. 4G,H). This is consistent with
previous observations that suggest microsome-attached membranes
are the major site for translation regulation where the target message
and miRNAs accumulate and interact, and mRNAs either get
translated or repressed (Barman and Bhattacharyya, 2015). It has
been shown previously that the low translatability of the mRNAs in
HDC cells causes retention of the miRNPs with the rER-attached
polysomes to cause increased miRNA stability, as effective
translation is a pre-requisite for miRNP recycling (Ghosh et al.,
2015). We also observed increased accumulation of target message
and miRNA with the rER-attached polysomes in Mfn2-negative
cells (Fig. 4I). Therefore, mitochondrial detethering of rER, which
is also observed in HDC cells, may directly cause lowering of
miRNA turnover by targeting the initiation phase of translation
caused by poor shuttling of the cap-binding protein eIF4E from the
cytoplasmic pool to the rER associated domain, a process controlled
by its strong interaction with eIF4E-BP1, as observed in
mitochondria-detethered cells. Interestingly the eIF4E-T (eIF4E-
transporter; also known as EIF4ENIF1), a nuclear importer of eIF4E

and a competitor of eIF4E-BP1 for eIF-4E binding, was also found
to be predominantly absent in Mfn2−/− cells (Fig. 4E) (Dostie et al.,
2000).

We wanted to study mTOR, the upstream regulatory kinase of
eIF4E-BP1, to understand the regulatory cascade. We observed a
relative decrease of cellular mTOR level in Mfn2−/− cells. This was
also accompanied by a decrease in mTOR level in microsomes
(normalized against calnexin, representing the total content of
microsomes isolated upon the fractionation of MEF cells) (Fig. 4E).
The level of phosphorylated S6K in the microsomal fraction was also
decreased. Here, we could also observe increased phosphorylation of
eIF2α, correlating with the defective translation status in Mfn2−/− cells
(Fig. 4E). Increased phosphorylation of eIF2α has a profound effect on
inactivation and downregulation of global protein synthesis inside the
cells (Wengrod et al., 2015). To check whether phosphorylation of
eIF2α is a manifestation of an activated unfolded protein response
(UPR) pathway in Mfn2−/− MEF cells, we have checked activated
PERK (also known as EIF2AK3) levels there. Although we could not
find any difference on the total PERK expression, we could see
increased p-PERK in Mfn2−/− MEF cells, which suggests a probable
activated UPR response in Mfn2−/− MEFs (Fig. 4E).

To explore the possibility that PERK/UPR is connected to mTOR
inactivation in Mfn2−/− MEF cells, we treated the wild-type MEF
cells with UPR activator thapsigargin (TSG; 2.5 μM for 16 h) to
determine the effect on mTOR signaling pathway. As also described
in previous reports, we found inactivation of mTORC1 and its
downstream molecules (Fig. S6A) (Preston and Hendershot, 2013).
By contrast, no decreased microsomal compartmentalization of
4EBP1 was evident on TSG-treated cells. There was also no decrease
in eIF4E or p-mTOR levels in themicrosomal fraction of TSG-treated
cells (Fig. S6B). Therefore, increased levels of p-PERK probably has
no direct connection with the reduced microsomal targeting of eIF4E
that has been noted in Mfn2−/− MEF cells.

Reduced mTORC1 activity restricts the relocalization of
eIF4E to rER
To prove the importance of eIF4E relocalization to polysomes in
controlling miRNA stability in mammalian cells, we treated
MDAM-MB-231 cells with rapamycin, an mTORC1 inhibitor
(Sonenberg and Hinnebusch, 2009), and noted the reduction in
mTORC1 phosphorylation and downstream activity as evident by
the reduced 4EBP1 and S6K phosphorylation seen in rapamycin-
treated cells (Fig. 5A). This was consistent with a reduction in the
level of eIF4E-BP1 phosphorylation and relocalization of eIF4E to
rER fraction (Fig. 5A). With a reduction in eIF4E location to rER or
microsomes, we documented an increase in miRNA content both in
total and polysome-associated pools upon rapamycin treatment
(Fig. 5B,C). Like in HDC or HA–Ucp2-expressing cells, rapamycin
treatment also resulted in a lower number of P-bodies in treated cells
(Fig. 5D).

To further scrutinize the role of mTORC1 in eIF4E recruitment
and miRNAmetabolism, we activated the mTOR signaling pathway
in HDC cells by expressing Myc–Rheb, a constitutive activator of
mTORC1, which is known to act upstream of mTOR and activate
the pathway (Inoki et al., 2003). We could correlate the Rheb-
mediated activation of downstream pathway, where increased
mTORC1 level leads to increased phosphorylation of its
downstream substrates, with increased microsomal and polysomal
compartmentalization of eIF4E (Fig. S6F,G). Also, we observed
reduced polysomal sequestration of miRNAs in these conditions,
suggesting an active intracellular trafficking of miRNPs in high
Rheb and activated mTORC1 conditions (Fig. S6H–J). The

Fig. 3. Effect of mitochondrial depolarization on P-bodies. (A) FCCP
treatment affects P-bodies. Representative frames of mitochondria in HeLa
cells treated with FCCP. Cells expressing a mitochondrial targeting variant of
GFP (Mito-GFP, green) and a Myc-tagged variant of Ago2 were used. Ago2
were labeled using anti-Myc (red) and antibodies against endogenous Rck/p54
(magenta) were used to label them by indirect immunofluorescence. DAPI was
used for staining the nucleus. Scale bars: 10 µm. Quantification (mean±s.e.m.)
of Myc–Ago2-positive bodies normalized to the number of cells (right).
(B) Effect of Ucp2 expression on P-body status in HeLa cells. Representative
frames of Ago2 in HeLa cells expressing FH-Ucp2. Cells expressing an Ago2
variant of GFP (Ago2–GFP, green) and FH-Ucp2 (red) were used. HA-Ucp2
was labeled using anti-HA and antibodies against endogenous Rck/p54
(magenta) were used to label P-bodies by indirect immunofluorescence. DAPI
was used for depicting the nucleus. Scale bars: 10 µm. Quantification
(mean±s.e.m.) of GFP–Ago2 bodies normalized to the number of cells (right).
(C) Representative confocal microscopy frames showing mitochondria in HDC
or LDC HeLa cells. Cells expressing a mitochondrial targeting variant of GFP
(Mito-GFP, green) were used. Endogenous Ago2 was labeled via indirect
immunofluorescence (red). (D) Estimation of Ago2 bodies was performed from
frames shown in C and normalized to number of cells using Imaris.
(E) Representative fluorescencemicroscopy frames of P-bodymarkers in HDC
or LDC HeLa cells. Cells expressing a GFP-tagged variant of Dcp1a (green)
(GFP–Dcp1a) and a Myc-tagged variant of Ago2 (Myc–Ago2) were used.
Anti-Myc antibody was used to detect Myc–Ago2 (red). Endogenous Xrn1 was
detected using anti-human Xrn1 antibody (violet). DAPI staining was used to
depict nuclei. (F) Estimation of Dcp1a bodies colocalizing with Xrn1 or Ago2 in
HDC or LDC conditions of HeLa cell from frames as shown in a representative
picture in E and normalized against number of cells. Shown are the mean±
s.e.m from at least five independent experiments. *P<0.05, **P<0.01,
***P<0.001 (Student’s t-test).
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Fig. 4. See next page for legend.
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observations in LDC cells or in Rheb-overexpressing conditions
suggest the de facto crucial role of mTORC1 to mediate
the mitochondrial polarization-driven compartmentalization of
eIF4E, which ultimately decides the fate of miRNAs and target
mRNAs.
We undertook experiments in HDC and LDC cells to score the

levels of p-mTOR and eIF4E, and noted a decrease on p-mTOR
content along with eIF-4E levels in HDC cells (Fig. 5E). For
isolated microsomes or rER, we observed a reduction of eIF4E
content in HDC cells microsomes along with reduced p-mTOR
levels (Fig. 5F). Similar lowering of cellular and microsomal eIF4E
was also noted in cells expressing FH-Ucp2 (Fig. 5E,F). Therefore,
reduced mTORC1 activity is responsible for reduced
phosphorylation of eIF4E-BP1 and free eIF4E required for
miRNA trafficking and export in HDC cells. Similar decrease of
microsome-associated mTOR was also noted in cells depleted for
Mfn2 (Fig. 4E).
Interestingly, we found that there was an increased p-AMPK level

in the total and microsomal fraction in HDC cells (Fig. S6C). To

verify whether AMPK plays a more prominent role than the mTOR
pathway, we went on to inhibit the AMPK activation pathway in
HDC cells to see the concurrent effect on differential rER targeting
of translational factors. Compound C (or dorsomorphin) is known
conventionally to inhibit AMPK pathway activation (Zhou et al.,
2001). Previous reports and our observations collectively suggest
that there is increased mTORC1 activation after Compound C
treatment ofMDA-MB-231 cells in HDC conditions (Fig. S6D) (Ng
et al., 2012). We could not observe restoration of translation factor
localization in Compound C-treated HDC cells, but we did see
reduced p-mTOR and eIF4E enrichment on microsomes compared
to in the untreated control (Fig. S6E). These observations suggest
that there are different modes of AMPK-mediated inactivation of
mTORC1, which is probably a separate phenomenon to that
mediated by mTOR and eIF4E localization to rER. Therefore,
AMPK deactivation is likely uncoupled with mTORC1 and eIF4E
localization to polysomes or microsomes in LDC cells. AMPK
probably is not part of the mTORC1-mediated regulatory network
for differential compartmentalization of eIF4E that we are
reporting in our defective mitochondrial context (Ucp2-
overexpressing or Mfn2−/− cells).

DISCUSSION
The incorporation of eIF4E into the eIF4F translation initiation
complex is reciprocally controlled through a family of inhibitor
proteins, called the eIF4E-binding proteins (4E-BPs). eIF-4E
mediates the attachment of eIF4F with the 5′-cap structure of the
mRNA to initiate cap-dependent translation in the cytoplasm.
Presence of phosphorylated mTOR (i.e. activated mTORC1) on rER
membrane probably triggers eIF4E-BP1 phosphorylation and thus
increasing the amount of free eIF4E available to promote translation
of microsome-attached miRNA-repressed mRNAs to increase
intracellular miRNA trafficking and export. In cells with defective
mitochondrial conditions or treated with an inhibitor, mTOR cannot
get properly activated, which resulted in decreased rER-mediated
migration of eIF-4E, which leads to reduced translation and
increased stability and poor intracellular shuttling of mRNAs and
the cognate miRNAs (Fig. 6).

Recent reports define mitochondria, along with ER, as the key
players in miRNA activity regulation (Barman and Bhattacharyya,
2015; Bose et al., 2017; Stalder et al., 2013). Mitochondrial control
of miRNA function and stability are primarily controlled by Ucp2
and Mfn2. Ucp2 alters the ΔΨM and affects tethering between
mitochondria and ER, which, in turn, is essential for the association
and interaction between ER and endosomes. This association is
evidently important for the transfer of target RNA-loaded miRISC
from ER, the site of miRISC–target RNA interaction, to endosomes
andMVBs, where miRISC uncoupling and target RNA degradation
occurs (Bose et al., 2017; Chakrabarty and Bhattacharyya, 2017).
Elevation of Ucp2 protein levels causes increased uncoupling of
mitochondria, which results in a cascade of events including
defective interaction between these membranes. Moreover,
polysomal miRISC interaction is known to be dependent on
translational speed and efficiency (Ghosh et al., 2015). Thus,
mitochondria might be a key player in protein translation as a
potential supplier of localized ATP and, hence, act as a determinant,
even during the earlier steps in miRISC nucleation process, by
modulating global translational rate (Bose et al., 2020).

The increased stabilities of both miRNAs and their target
messages were caused by their retention with translationally
‘inactive’ polysomes attached with rER membrane in HDC cells
(Ghosh et al., 2015). The importance of m7G cap-binding of mRNA

Fig. 4. Defective targeting of eIF4E to rER-attached polysomes causes
retarded intracellular miRNA trafficking and export. (A) qRT-PCR-based
relative quantification of endogenous let-7a levels in polysomal and non-
polysomal fractions obtained from a one-step polysome separation done with
MEFs of indicated genotypes. Values were normalized against U6 RNA and
relativemiRNA levels are shown. Values are themean±s.e.m. from at least four
independent experiments. (B) Representative western blot analysis of Ago2 in
total extract or polysomal and non-polysomal fractions after one-step polysome
separation done with MEFs of indicated genotypes. For comparison between
cells of different genotypes, equal amounts of proteins were loaded, while for
comparison between subcellular fractions a cell equivalent amount of each
fraction was analyzed. Ribosomal S3 marks the presence of ribosomes, and is
enriched in the polysomal fraction. (C) qRT-PCR-based relative quantification
of exogenously expressed miR-122 or endogenous miR-21 levels in
extracellular vesicles (EVs) derived from MEFs of the indicated genotypes.
Individual values were normalized against protein content of the EVs and
relative values between cell types are shown. Values are the mean±s.e.m.
from at least four independent experiments. (D) Cell extracts from WT and
Mfn2−/− MEFs were isolated and analyzed on a 15–55% sucrose density
gradient. Gradient fractions were further collected and absorbance was
monitored at 254 nm and the respective absorbance profile graphs were
plotted. (E) Relative abundance of different translation factors (eIF4E, p-eIF4E-
BP1, p-eIF2α, eEF2 and eIF2α), mTOR or ribosomal protein S3, PERK and
p-PERK in cell extracts and microsomes derived from MEF WT and MEF
Mfn2−/− cells. Total or microsomal fractions were analyzed by western blotting.
β-Actin and calnexin were internal controls for cellular and microsomal
samples, respectively. Endogenous cellular eIF4E was immunoprecipitated
and association of eIF4E-BP1 with immunoprecipitated materials was
analyzed by western blotting in WT and Mfn2−/− MEF extracts. Relative
quantification of eIF4E in individual fractions or its interaction with eIF4E-BP1
was quantified by densitometric analysis of western blot data from multiple
experiments. Relative mTOR levels in total and microsomal fractions were also
quantified. (F) Extracts of MEFs (WT and Mfn2−/−) were isolated and analyzed
on a 15–35% sucrose density gradient, and different fractions were collected
and proteins were isolated. Distribution profile of different translation factors
(eEF2, eIF2α, eIF4E and p-eIF4E-BP1) were analyzed by western blots.
(G) Schematic representation of KCl-puromycin-based extraction method for
isolation of polysomes attached with the microsomal membrane from MEFs.
(H) Microsomes fromWT or Mfn2−/−MEFs were treated with KCl-puromycin to
extract the translating polysomes. Furthermore, proteins and RNAs were
isolated from residual ER and solubilized polysome-enriched fractions.
Samples were analyzed by western blotting to check distribution of miRNP
proteins (Ago2 and Dicer) and translation factors after the extraction. The
respective distribution of the ER and ribosomal marker proteins (calnexin and
S3) were also checked and were followed to ensure proper fractionation in H.
(I) Amount of miRNAs and mRNAs were also quantified by qRT-PCR-based
quantification against U6 or ribosomal RNA content. Shown are the mean ±
s.e.m. for n>3. *P<0.05, **P<0.01, ***P<0.001 (Student’s t-test).
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by eIF4E and its recruitment to mRNAs is a prerequisite for
continuous production of proteins from respective mRNAs. In
previous papers, eIF4E recruitment has been shown as one the

highly regulated steps in eukaryotic translation control (Filipowicz
and Sonenberg, 2015), and recruitment of some specific inhibitory
factors, such as eIF4E-T, is even regulated indirectly by miRNPs

Fig. 5. mTORC1 drives polysomal
compartmentalization of eIF4E in
mammalian cells to accelerate miRNA
export. (A) Cellular and microsomal
distribution of different translation factors
(eIF4E, p-eIF4E-BP1 and p-S6K) and
mTOR complex proteins (p-mTOR, Raptor
and Rictor) after 16 h of 100 nM rapamycin
or control (DMSO) treatment in MDAM-MB-
231 cells. Protein samples from total or
microsomal fractions were analyzed by
western blotting. β-Actin and calnexin were
used as loading controls for total and
microsomal fractions, respectively. (B)
Quantitative RT-PCR data to check cellular
let-7a and miR-21 levels after 16 h of
100 nM rapamycin treatment compared to
control (DMSO-treated) MDAM-MB-231
cells. U6 snRNA served as an internal
control. (C) Quantitative RT-PCR data
shows let-7a and miR-21 levels on
polysomal fractions after 16 h of 100 nM
Rapamycin treatment compared to control
(no Rapamycin) of MDAM-MB-231 cells. U6
snRNA was used for normalization. In B,C
values are mean±s.d. from three biological
replicates. (D) Representative confocal
microscopy images showing P-bodies in
untreated control or 100 nM rapamycin-
treated MDA-MB-231 cells. Cells
expressing an Ago2 variant of GFP (Ago2–
GFP, green) were used for treatment.
Antibodies against endogenous Rck/p54
(magenta) and Dcp1a (red) were used to
label P-bodies by indirect
immunofluorescence. DAPI was used for
depicting the nuclei. Scale bars: 10 µm.
Quantification of number of P-bodies,
normalized to the number of cells was done
for untreated control or rapamycin-treated
MDA-MB-231 cells as shown in the
representative image obtained (right).
(E) Expression of mTORC1, eIF4E,
phopshorylated S6K and eIF4E-BP1 in LDC
and HDC MDAM-MB-231 cells. β-Tubulin
was used for normalization. (F) Levels of
translational initiation factor eIF4E and
phosphorylated mTOR for microsomes
isolated from HDC or LDC cells and also in
HA-Ucp2 cells compared to vector control-
transfected cells. Amount of microsomes
used for analysis were evident from the
calnexin levels in individual fraction.
*P<0.05, ***P<0.001 (paired
two-tailed Student’s t-test).
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bound to cis-acting elements on the 3′UTR of the same mRNAs
(Filipowicz and Sonenberg, 2015).
In HDC cells, mRNAs with miRNA-binding sites are repressed

in a m7G-Cap structure-dependent manner. As per our hypothesis,
stimulation of miRNA-repressed messages happens due to high
availability of eIF4E, as its interactor protein eIF4E-BP gets
phosphorylated in the LDC cells. This eventually increases
intracellular movement of mRNA and miRNA in a manner linked
to high miRNA export. Therefore, it mimics the situation that
happens with 5′TOP element-containing mRNAs, translation of
which is stalled due to the repression in low translation conditions
(Thoreen et al., 2012). mTORC1 upregulation more specifically
promotes the translation of TOP element-containing translationally
inactive mRNAs over non-TOP mRNA.
The role of the P-bodies as the degradation sites of mRNA and the

mechanisms relevant to a particular context is an essential, yet
difficult to answer problem, because the underlying networks are
large, complex and only partially understood. Since the disassembly
of large P-bodies during high density of growth does not completely
abrogate mRNA decay (Ghosh et al., 2015), it remains to be
explored whether P-body function can be sufficiently backed up by
microscopically invisible small-sized PBs (that may be unaltered in
HDC state cells). Deployment of mRNAs from the translation
machineries by a miRNA-repressive action is considered a
prerequisite for P-body localization of miRNP-targeted mRNAs.

Maybe this process of spatial aggregation reduces the energetic
burden on the cell by lowering the overall entropy of the system. Our
study reveals interesting changes in cellular P-body numbers and
dynamics in response to environmental cues originating from cell–
cell contact and modulated by the cellular energy landscape that is
primarily governed by mitochondrial functionality and status.

The ER–endosome association, an interaction regulated through
Ucp2-mediated perturbation of mitochondrial membrane potential, is
defective in growth-retarded cells due to an elevation in Ucp2 protein
level. This results in a loss of association between the pools of
miRNPs present on ER and endosomes in growth-retarded cells, and
causes a subsequent rise in polysomal miRNA content with reduced
P-body targeting of miRNP components like Ago protein. Moreover,
a concurrent decrease in the miRNA content of extracellular
vesicles was observed in both mitochondria compromised and HDC
cells. Furthermore, Ucp2-driven alteration in organelle interaction
modulates miRNA activity and therefore Ucp2 can potentially act as a
key regulator of various cell fate determinant processes.

Mitochondria under classical starvation conditions exhibit a more
proliferative nature and an upregulated networking incidence
(Rambold et al., 2011). But for cells in the HDC state, we found
that impaired fission or fusion events could be directly attributed to
the increased uncoupling of oxidative phosphorylation and the
electron transport chain due to upregulation of the uncoupling
protein Ucp2 in the HDC state. The specific difference between a

Fig. 6. A schematic representation of
how mitochondria-controlled
differential activation of mTOR
governs intracellular trafficking and
extracellular export of miRNAs in
mammalian cells. Mammalian cells
with functional mitochondria show
proper activation of mTOR, which leads
to subsequent migration and
phosphorylation of 4E-BPs on
polysomes attached to rER,
dissociation of inactive eIF-4Es and its
recruitment onto the active eIF4F
translation initiation complex. This
follows proper intracellular shuttling and
extracellular export of miRNAs and
dissociation of ribosomal subunits for
another set of new cycles. The process
gets impaired in cells containing
defective mitochondria (depolarized or
detethered from rER).
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starved cell and cells under HDC condition is the variability of
oxygen utilization rather than the oxygen consumption rate, as HDC
cells have a tendency to undergo more futile cycles of oxidative
phosphorylation. This is due to leaky proton channels caused by
significantly higher expression of uncoupling proteins in
comparison to regular amino acid/glucose starvation instances.
Other reports have also shown that the Ucp2 might have different
roles and can even tilt the metabolic balance towards increased
oxidative phosphorylation instead of glycolysis in some cancer cells
(Esteves et al., 2014). The overall idea thus indicates a vital
involvement of Ucp2, in this case differentiating it from the
outcomes of nutrient starvation of cells. Additionally, the senescent
nature of the cells in HDC state has also been shown previously
(Ghosh et al., 2015) and it is known that senescent cells can show
higher oxygen consumption (Hubackova et al., 2019). Therefore,
the high oxygen consumption in HDC cells is well explained.
UPR or Mfn2 loss differs in their effect on eIF4E

compartmentalization. Phosphorylation of eIF2α probably occurs
through activated PERK-mediated pathways, and we assume a
crosstalk of the mTOR pathway with the UPR pathway may
aggravate the change that we are observing in Mfn2-negative cells.
Altogether, the data suggests that defective mitochondria tethering of
rER caused by Mfn2 loss-of-function probably plays a crucial role to
reduce rER targeting of eIF4E, with an activated UPR response playing
an additive role by specifically upregulating eIF2α phosphorylation and
by generally decreasing the translation process of all mRNAs
irrespective of their miRNA-mediated repression or not. We propose
that in the translationally defective condition the upregulated eIF4Emay
more specifically work on already repressed mRNAs by miRNAs and
these mRNAs ‘win over’ otherwise non-repressed mRNAs. The
increase in phosphorylated eIF2α level causes an overall slow down in
translation process. However, UPR activation alone could not elicit the
reported observation, as eIF4E could not get transferred to rER.
Overall, mitochondria, by regulating the organellular dynamics and

inter-organelle exchange of materials, play a key role in controlling
miRNP redistribution in a process heavily regulated by both intrinsic
and extrinsic cues, such as availability of nutrients and growth factors.

MATERIALS AND METHODS
Cell culture and treatment
HeLa, MDA-MB-231, MEFs, SH-SY5Y (obtained from the ATCC) and
Huh7 cells (a gift from Witold Filipowicz, Friedrich Miescher Institute for
Biomedical Research, Basel, Switzerland) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 2 mM L-glutamine and
supplemented with 10% heat-inactivated fetal calf serum (FCS). Cell were
regularly monitored for any contamination microscopically. For all
experiments, cells were grown to 25–40% confluency states (LDC) or
visibly full confluent (HDC) states unless specified otherwise (Ghosh et al.,
2015). Transfections were performed using Lipofectamine 2000 (Invitrogen)
following the manufacturer’s protocol. FCCP (500 nM) treatment was
performed for the indicated times. Genipin and rapamycin were used at
100 µM and 100 nM concentrations, respectively (Chakrabarty and
Bhattacharyya, 2017). Thapsigargin and dorsomorphin were used at 2.5 µM
and 10 µM concentration on MEF and MDAM-MB-231 cells, respectively
(Chakraborty et al., 2019; Mukherjee et al., 2016). For Rheb overexpression
experiments, MDAM-MB-231 cells were transfected with Myc-tagged Rheb
overexpression plasmids and after 48 h of transfection further analysis was
undertaken (Tyagi et al., 2015).

Immunofluorescence
For immunofluorescence, cells grown on six-well tissue culture plate were
transfected with 250 ng of GFP–Ago2, GFP–Dcp1a or N-HA-GW182
encoding plasmids (Pillai et al., 2005). The cells were split after 24 h of

transfection and subjected to specific experimental conditions. For
immunofluorescence analysis, cells were fixed with 4% paraformaldehyde
for 30 min, permeabilized and blocked with PBS containing 1% BSA and
0.1% Triton X-100 and 10% goat serum (GIBCO) for 30 min. After
incubation with primary antibodies in the same buffer at desired dilution
(see Table S1) overnight at 4°C and subsequent washing steps, secondary
anti-rabbit or anti-mouse-IgG antibodies labeled with Alexa Fluor® 488 dye
(green), Alexa Fluor® 594 dye (red) or Alexa Fluor® 647 dye (far red)
fluorochromes (Molecular Probes) were used at 1:500 dilutions. After 2 h of
incubation at 37°C for 1 h followed by washing steps, cells were mounted
with Vectashield with DAPI (Vector Labs) and observed under a Plan Apo
VC 60×/1.40 oil or Plan Fluor 10×/0.30 objectives on an inverted Eclipse Ti
Nikon microscope equipped with a Nikon Qi1MC or QImaging-Rolera
EMC2 camera for image capture. A few images were taken also on Zeiss
Confocal Imager LSM800.

For live-cell analysis, 250 ng of GFP–Ago2 or GFP–Dcp1a-encoding
plasmid was used for transfection of cells grown in a six-well plate. For
FRAP experiments, cells were photo bleached, and recovery was
monitored for a total duration of less than 4 min. Glass bottom Petri
dishes pre-coated with gelatin were used for cell growth for live-cell
imaging. Cells were observed with a 60×/N.A.1.42 Plan Apo N objective.
Images were captured with an IXON3 EMCCD camera in an ANDOR
Spinning Disc Confocal Imaging System on an Olympus IX81 inverted
microscope. All images were captured on Nikon Eclipse Ti microscope or
ANDOR spinning disc microscope was processed with Nikon NIS
ELEMENT AR 3.1 software. P-body tracking and velocity calculations
were performed with IMARISx64 software developed by BITPLANE AG
Scientific software. All velocities were calibrated against the net velocity of
the cell boundary. In FRAP experiments, the intensities of the
photobleached regions were recorded. The net intensity value at each
time interval was normalized to the intensity of the same region before
photobleaching and expressed as a percentage of the initial intensity for
plotting. The intensity at the time of photobleaching was set to 0 for
comparison of different sets of data.

RNA isolation and real-time PCR
RNA was extracted with Trizol (Invitrogen) as per the manufacturer’s
protocol followed by DNase I treatment (Invitrogen) to remove residual
DNA contamination. Real-time analyses by two-step RT-PCR was
performed for quantification of miRNA on a 7500 real-time PCR system
(Applied Biosystems) or Bio-Rad CFX96TM real time system using an
Applied Biosystems Taqman chemistry-based miRNA assay system.

miRNA assays were performed using specific primers for human let-7a
(assay ID 000377), human miR-122 (assay ID 000445), human miR-21
(assay ID 000397). U6 snRNA (assay ID 001973) was used as an
endogenous control. One third of the reverse transcription mix was
subjected to PCR amplification with TaqMan® Universal PCR Master Mix
No AmpErase (Applied Biosystems) and the respective TaqMan® reagents
for target miRNA. Samples were analyzed in triplicate from a minimum of
three biological replicates. The comparative Ct method which typically
included normalization by the U6 snRNA for each sample was used for all
instances. For mRNA quantification, a Eurogentec Reverse Transcriptase
Core Kit was used to prepare cDNA from RNA sample. Real-time (reverse
transcriptase) PCR from cDNAwas performed with the Mesa Green qPCR
Mastermix Plus for SYBR Assay-Low ROX (Eurogentec). 18 s rRNA was
used as endogenous control.

Western blotting and luciferase assay
Western blot analyses of different miRNP components (Ago2, RCK/p54
and XRN1) and other various associated regulatory factors were performed
as described previously (Ghosh et al., 2015). A detailed list of antibodies
used is available as Table S1. Imaging of all western blots was performed
using an UVP BioImager 600 system equipped with Vision Works Life
Science software (UVP) V6.80. Dual luciferase reporter assays were been
performed using a Dual-Luciferase Assay Kit (Promega), as per the
manufacturer’s instructions, on a VICTOR X3 Plate Reader (PerkinElmer).
Renilla luciferase (RL) luminescence was normalized using Firefly
luciferase (FF) activities to calculate the relative fold repression.
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Microsome isolation
For microsome isolation, cells were resuspended in 1× hypotonic buffer
(10 mM HEPES pH 7.8, 1 mM EGTA and 25 mM KCl) equivalent to three
times the packed cell volume (PCV) and incubated for 20 min on ice. The
cells were spun down and resuspended in 2 volumes of 1× isotonic buffer
(10 mM HEPES pH 7.8, 1 mM EGTA, 25 mM KCl and 250 mM sucrose)
and homogenized manually. Post pre-clearing of cell debris and unlysed
cells was undertaken by centrifugation at 1000 g for 10 min; the
mitochondrial fraction was removed by centrifugation at 12,000 g for
15 min. The post-mitochondrial supernatant was incubated for 15 min with
8 mM CaCl2 followed by centrifugation at 8000 g for 10 min to isolate the
microsomal pellet. The detailed protocol is described elsewhere (Barman
and Bhattacharyya, 2015). The isolation of polysomes from microsomes by
KCl-puromycin treatment was performed as described elsewhere (Barman
and Bhattacharyya, 2015; Bose et al., 2017).

OptiPrep density gradient-based fractionation of cellular
organelles
For cell fractionation in an iodixanol gradient (OptiPrep® gradient), roughly
2×107 cells were used. The cell pellet incubated in a hypotonic buffer
(50 mM HEPES pH 7.8, 78 mM KCl, 4 mM MgCl2, 8.4 mM CaCl2,
10 mM EGTA, 250 mM sucrose, 100 µg/ml cycloheximide, 5 mM vanadyl
ribonucleoside complex, and 1× EDTA-free protease inhibitor cocktail) was
homogenized by 30–40 strokes in a glass Dounce homogenizer (Sartorius).
The cell homogenate was cleared by centrifugation at 1000 g twice, and the
cleared supernatant was loaded on a 3 to 30% iodixanol gradient (OptiPrep)
and ultracentrifuged for 5 h at 36,000 rpm in an SW60 rotor (Beckman
Coulter). Fractions were collected manually through aspiration, and RNA or
proteins were isolated for further analysis.

Sucrose density gradient-based fractionation of polysomes
For polysome analysis, ∼2×107 cells, grown to the desired level of
confluency, were lysed in a buffer containing 10 mM HEPES pH 8.0,
25 mM KCl, 5 mM MgCl2, 1 mM DTT, 5 mM vanadyl ribonucleoside
complex, 1% Triton X-100, 1% sodium deoxycholate and 1× EDTA-free
protease inhibitor cocktail (Roche) supplemented with 100 μg/ml
cycloheximide. Polysome profiles were obtained by measuring the
absorbance at 254 nm using ISCO UA-6 absorbance monitor and
fractions were collected on ISCO gradient fractionator. RNA and proteins
were isolated from each individual fraction and analyzed.

Single-step polysome isolation
Forone-step polysome isolation, cells were lysed in a buffer containing 10 mM
HEPES, pH 8.0, 25 mM KCl, 5 mM MgCl2, 1 mM DTT, 5 mM vanadyl
ribonucleoside complex, 1% Triton X-100, 1% sodium deoxycholate, and 1Χ
EDTA-free protease inhibitor cocktail (Roche) supplemented with 100 μg/ml
cycloheximide. Lysates were cleared by spinning at 3000 g followed by 20,000
g for 10 min each and supernatant were loaded on a 30% sucrose cushion and
spun for 1 h at 31,200 rpm in SW60 rotor (Beckman Coulter). The non-
polysomal supernatant was removed, and polysomes collected below the
sucrose layer was diluted with the hypotonic buffer (10 mM HEPES pH 7.8,
25 mM KCl, 5 mM MgCl2, 1 mM DTT) and spun for another 30 min at the
same speed. The supernatant was removed and polysome pellet was re-
suspended in hypotonic buffer mentioned above.

Flow cytometry-based mitochondrial membrane potential
estimation
JC-1 dye (Life Technologies), a mitochondrial membrane potential-
sensitive probe (Life Technologies) was used to label cells according to
the manufacturer’s protocol. Cells were harvested and incubated with 1 mM
of JC-1 in the culture medium for 15 mins at 37°C in presence of 5% CO2.
Cells were then harvested and washed with 1× PBS and analyzed on a BD
FACS CALIBUR instrument following the manufacturer’s protocol.

Measurement of mitochondrial oxygen consumption
HeLa and MDA-MB-231 cells were plated accordingly as low (50%
confluency) and high (100% confluency) density cultures in 24-well cell

plates (Seahorse Bioscience) in DMEM containing 10% FBS and placed in
a 5% CO2 incubator. On the following day, DMEM base medium (Seahorse
Bioscience, North Billerica, MA, USA) was supplemented with 25 µM
D-glucose, and 1 µM sodium pyruvate (adjusted to pH 7.4) was added to the
cells and incubated for 1 h in a non-CO2 incubator at 37°C. The three
injections ports (A–C) of the XFe cartridge were loaded with oligomycin
(Oligo, 1 μM), carbonyl cyanide-4-trifluoromethoxyphenylhydrazone
(FCCP, 0.5 μM), and rotenone and antimycin A (Rot+Anti A, 1 μM),
respectively, followed by equilibration and calibration in the instrument for
12 min. Following this, the cell plate was loaded to initiate measurement of
oxygen consumption rate (OCR) following a 3 min wait, 2 min mix and
3 min measure cycle over a total period of ∼1 h. Protein estimation was
performed by ELISA using Bradford’s reagent to normalize the obtained
OCR values; the OCR was expressed in pmol/min/mg protein.

In vitro RISC cleavage assay
In vitro RISC cleavage assay with affinity-purified miRISC-122 was carried
out using a 36 nt RNA 5′-AAAUUCAAACACCAUUGUCACACUCCA-
CCAGAUUAA-3′ bearing the sequence complementary to mature
miR-122. The reaction was carried out in a total volume of 30 µl with 10
fmol of 5′ γ[32P]-labeled RNA in buffer (100 mM KCl, 5.75 mM MgCl2,
2.5 mMATPand 0.5 mMGTP) and the protein equivalent amount of RISC at
30°C for 30 min. After RNA isolation, products were electrophoresed on a
12% denaturing 8 M Urea–PAGE gel and visualized by autoradiography.

Extracellular vesicle or exosome purification and treatments
A standard purification procedure for EVs or exosomes was based on
differential ultracentrifugation. The first stepswere designed to eliminate large
dead cells and large cell debris by successive centrifugations at increasing
speeds. The cleared, conditioned medium was centrifuged for 20 min at 2000
g, 4°C. Subsequently the supernatant was pipetted off and centrifuged for
30 min at 10,000 g, 4°C. Careful removal of all the supernatant was ensured
such that none of the pellet contaminated the supernatant. The residual
supernatant was subjected to a single filtration step using a 0.22 μm filter. This
eliminated any residual dead cells and large debris while keeping small
membranes intact for further purification by ultracentrifugation. The collected
supernatant was gently layered over a 2 M sucrose cushion and subsequently
centrifuged for at least 70 min at 100,000 g, 4°C. Post ultracentrifugation the
supernatant over the sucrose cushion level was gently removed by aspiration.
The remaining volume containing exosomes was diluted in 1× PBS and
centrifuged for at least 30 min at 100,000 g, 4°C. The pellet obtained was
resuspended in each tube in 1 ml PBS, using a micropipette. The resuspended
pellet in PBSwas centrifuged for 1 h at 100,000 g, 4°C. To resuspend the final
pellet (i.e. exosomes), a small volume of PBS or passive lysis buffer (PLB)
was added. To avoid contamination from exosomes present in serum used in
the culture medium, exosome pre-cleared serumwas used to grow the cells for
exosome measurement experiments. The protocols were followed as
described previously (Basu and Bhattacharyya, 2014; Ghosh et al., 2015;
Mukherjee et al., 2016).

Post imaging analysis and others
All western blot images were processed with Adobe Photoshop CS4 for all
linear adjustments and cropping. All images captured on Nikon Eclipse Ti
microscope or ANDOR spinning disc microscopewere processed with Nikon
NIS ELEMENT AR 3.1 software. P-body tracking and velocity calculations
were performed with IMARISx64 software developed by BITPLANE AG
Scientific software. Image cropping was done using Adobe Photoshop CS4.
All graphs and statistical analyses were generated in GraphPad Prism 5.00
(GraphPad, San Diego, CA). A two-sample Student’s t-test was used for
analysis. P<0.05 was considered to be statistically significant and >0.05 were
not significant (ns). Error bars indicate mean±s.e.m.
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Figure S1 Altered mitochondrial shape and dynamics in HDC state cells.
(A) Different mitochondrial shapes of mitochondria in HDC and LDC HeLa cells. A representative picture of cells
labeled for ER and mitochondria in HDC or LDC state HeLa cells. Cells expressing a mitochondrial targeting
variant of GFP (MT-GFP, green) and an ER targeting variant of DsRed (pDsRed2-ER, red) were used. Bar
lengths are of 10µm. (B) Mitochondrial size distribution in LDC or HDC state HeLa cells. Quantification based on
the images taken for cells in HDC and LDC states.

J. Cell Sci.: doi:10.1242/jcs.250241: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



(C) Live cell microscopy was done for a total of 3 mins at 1 fps. Representative frames of ER, EE and
mitochondria in LDC or HDC HeLa cells for depicted time periods are shown. Cells expressing a
mitochondrial targeting variant of GFP (MT-GFP green) and an ER targeting variant of DsRedmitochondrial targeting variant of GFP (MT GFP, green) and an ER targeting variant of DsRed
(pDsRed2-ER, red) were used. Bars measure 10µm. The ROIs as depicted by square boxes are 10X
zoomed. Also see Movie 3 and 4. Arrowheads point dynamic mitochondria. Shown are the mean and
s.e.m for n>10. P values are calculated by Student’s t test, and three asterisks represent p values less
than 0.001. Arrows indicate mitochondria showing time dependent alteration in shape. (D) FRAP analysis
of GFP-positive mitochondria in HDC or LDC MDA-MB-231 cells. Cells expressing a mitochondrial
targeting variant of GFP (MT-GFP, green) were used. For indicated experimental sets, pre-FRAP and
post-FRAP frames at various time points are shown. MT-GFP was photobleached and The regions of
interest (ROI) are maked by circles. Among multiple ROIs used from the specific frame of HDC set, only( ) y g p p , y
one has been elaborated for representation (indicated by white arrow). Scale bar 10 µm.
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Figure S2 Distribution of miRNP with different subcellular fractions in FCCP treated
mammalian cells
(A) Representative OptiPrep® gradient (3–30%) analysis of HeLa extracts of indicated
treatment by western blotting of specified proteins done with individual fractions. rRNA positions
are marked by * on a RNA profile picture (ethidium bromide stained gel) done for each fractions.
(B) Levels of miRNA let-7a (quantified by densitometry) in individual fractions of the Optiprep®.

from panel A were plotted. Let-7a levels in every individual fraction have been normalized
against the sum total of let-7a band intensity present in all the fractions. The resultant values
were fitted on a scale of 100 where “100” depicts the total sum of let-7a density for all the
f ti f i di id l i tfractions of an individual experiment.
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Figure S3 Reduced P-body number, mitochondrial length and mitochondria-ER colocalization in
SH-SY5Y ρ0 cells
(A) Representative confocal images (left panel) depicting mitochondria (green) and ER (orange) in WT or
ρ0 SH-SY5Y cells. These were used to determine the line intensity profile (right panel) along an arbitrary
linear path (as depicted by dotted red line, left panel) whose starting direction has been shown by a white
arrow within the selected ROI. Arrows in the intensity profile indicate different areas of varied intensity
overlap. Cells co-expressing a mitochondrial targeting variant of GFP (MT-GFP, green) and an ER
targeting variant of DsRed (ER DsRed orange) were used in the merged panels of WT or ρ0 SH SY5Ytargeting variant of DsRed (ER-DsRed, orange) were used in the merged panels of WT or ρ0 SH-SY5Y
cells in panel A. Scale bars 5 µm. (B) Left panel, mitochondrial length quantification was done for WT or ρ0
SH-SY5Y cells co-expressing a mitochondrial targeting variant of GFP (MT-GFP) using Imaris sofware for
n>25 cells. Right panel, mitochondria-ER colocalization was estimated using Mander’s colocalization
coefficient based quantification between MT-GFP and ER-DsRed for WT or ρ0 SH-SY5Y cells for n>30
cells. (C) Estimation of endogenous Dcp1a, GW182, Rck/p54 and Xrn1 positive body numbers determined
from confocal image frames of WT or ρ0 SH-SY5Y cells labelled for the individual p-body markers by
immunofluorescence and were normalized against number of cells for n>20 cells. P values are calculated
by Student’s t test and three asterisks represent p values less than 0 001 Shown are the mean and s e mby Student s t test, and three asterisks represent p values less than 0.001. Shown are the mean and s.e.m
from at least three independent experiments.
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Figure S4 Characteristics of P-Bodies changes with cell confluencyFigure S4 Characteristics of P-Bodies changes with cell confluency.
(A) FRAP analysis from HDC or LDC cells (n>4, each) transfected with a GFP tagged variant of Ago2 or
Dcp1a for indicated experimental sets was done. GFP tagged proteins was photobleached and Images
were acquired at 1 frame per second for 500 seconds. The mean percent intensity values of different
regions of interest (ROI) thus obtained was plotted. (B) Cells transfected with a GFP tagged variant of Ago2
(Ago2-GFP, green) for indicated experimental sets were used. Ago2-GFP live cell images were acquired at
1 frame per second for 500 seconds. Particle Tracking was used to determine the path and speed of the
Ago2-GFP bodies. (C) Cells transfected with a GFP tagged variant of Ago2 (Ago2-GFP, green) for
indicated experimental sets were used. Ago2-GFP fixed cell images were used for calculating the diameterindicated experimental sets were used. Ago2 GFP fixed cell images were used for calculating the diameter
of Ago2-GFP bodies in HeLa HDC or LDC cells. P values are calculated by Student’s t test, two and three
asterisks represent p values less than 0.01 and 0.001 respectively. Shown are the mean and s.e.m from at
least three independent experiments.
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Figure S5 Restoration of mitochondrial membrane potential rescues miRNP trafficking and P-bodies.
(A) Representative plots using flow cytometry based quantification of JC-1 staining of LDC, HDC and 3 hrs of 100µM genipin
treated HDC HeLa cells Percent of cells in P3 zone (low JC 1 Fluorescence green) were measured and shown as depictedtreated HDC HeLa cells. Percent of cells in P3 zone (low JC-1 Fluorescence, green) were measured and shown as depicted.
(B) Representative confocal images depicting P-bodies in HDC HeLa cells and HDC HeLa cells treated with Genipin. Indirect
immunofluorescence was used to detect endogenous Ago2 (green) and RCK/p54 (red). Bars measure 10µm. DAPI was used
for depicting nuclei. The ROIs as depicted are zoomed 5 times. (C) Estimation of numbers of Ago2-positive bodies was done
for HDC HeLa or HDC HeLa cells treated with Genipin as shown in the representative images in analysis of indicated
proteins. (D) The effect of Genipin on Ago2 and Ucp2 protein levels in HDC MDA-MB-231 cells. Representative western
blots are shown. (E) qRT-PCR based relative quantification of endogenous let-7a levels in fractions obtained from one-step
polysome separation gradients done with HDC or LDC MDA-MB-231 cells of indicated Genipin treatment. Values were
normalized against respective miRNA levels in LDC cells and shown. Shown are the mean and s.e.m from at least three
independent experiments (F) qRT PCR based quantification of changes in EV associated miRNA levels following exposureindependent experiments. (F) qRT-PCR based quantification of changes in EV-associated miRNA levels following exposure
to Genipin. Ct values of endogenous miRNA levels in HDC or LDC MDA-MB-231 cells after Genipin treatment. p values are
calculated by Student’s t test, and one and three asterisks represent p values less than 0.05, and 0.001, respectively.
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Figure S6 Unfolded Protein Response (UPR) and AMPK activation is not linked with eIF4E compartmentalization but

eIF4E

S3

p‐eIF2α

Calnexin

PolysomeTotal

g p ( ) p
expression of the mTORC1 activator protein Myc-Rheb enhances eIF4E targeting to microsomes and reduced
polysomal accumulation of miRNAs.
(A,B) Effect of treatment of UPR activator Thapsigargin (TSG) on PERK activation and inactivation of mTORC1 and its
downstream molecules in MEF cells. Western blot data shows differential cellular enrichment of p-PERK, different translation
factors (eIF4E, p-eIF4E-BP1, p-S6K and p-eIF2α) and p-mTOR after 2.5 μM of Thapsigargin treatment of MEF cells for 16 h.
Immunoblot data of microsomes also showed enrichment of eIF4E, p-eIF2α and eIF4E-BP1 in Thapsigargin-treated cells. β-
Actin or Calnexin were used as loading control for total or microsomal fractions respectively. (C) Increased cellular and
microsomal enrichment of Activated AMPK in HDC cells. Western blot data reveals increased p-AMPK status on HDC state
cells compared with LDC state of MDA-MB-231 cells. (D, E) Treatment of AMPK inhibitor Dorsomorphin increases mTORC1
activation in HDC state MDA-MB-231 cells but without restoration eIF4E level in microsomal fraction. Western blot data shows
cellular and microsomal enrichment of different translation factors (eIF4E, p-eIF4E-BP1, p-S6K), p-mTOR and AMPK after 10
μM of Dorsomorphin treatment for 2 hours. DMSO used for control. β Actin or Calnexin were used as loading control for total
or microsomal fractions respectively. (F,G) Cellular and microsomal enrichment of different translation factors (eIF4E, p-
eIF4E-BP1, p-S6K and p-eIF2α) and mTORC1 complex proteins (P-mTOR, Raptor) after overexpression of c-Myc-Rheb on
MDAM-MB-231 cells. Proteins samples from total or microsomal fractions were analyzed by western blotting. β Actin or
Calnexin were used as loading control for total or microsomal fractions respectively. For control set we used pCIneo vector to
transfect. (H) Increased polysomal enrichment of eIF-4E on c-Myc-Rheb over expressed MDAM-MB-231 cells. Ribosomal
protein S3 serves as an endogenous control. (I, J) Quantitative RT-PCR based analysis reveals reduced cellular and
polysomal association of let-7a after overexpression of c-Myc-Rheb on MDAM-MB-231 cells. U6snRNA served as an internal
control. Paired two-tailed Student’s t tests were used for all comparisons. p < 0.05 (*); p < 0.01 (**). In (I-J) values are means
from at least three biological replicates ± SD.
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Movie 1 Mitochondrial movements in MDA-MB-231 LDC cells. 

Time lapse imaging of Mitochondria and ER in MDA-MB-231 LDC cells imaged for 1 frame 

per second for 115 frames. Cells have been co-transfected with pDsRed2-ER (red) and 

pAcGFP1-Mito (green) plasmids. The video plays at 5 frames per second. Scale bars, 

10 μm. Time is in hours:minutes:seconds. Also see Figure 1C. 

Movie 2 Mitochondrial movements in MDA-MB-231 HDC cells. 

Time lapse imaging of Mitochondria and ER in MDA-MB-231 HDC cells imaged for 1 frame 

per second for 115 frames. Cells have been co-transfected with pDsRed2-ER (red) and 

pAcGFP1-Mito (green) plasmids. The video plays at 5 frames per second. Scale bars, 

10 μm. Time is in hours:minutes:seconds. Also see Figure 1C. 
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Movie 3 Mitochondrial movements in HeLa LDC cells. 

Time lapse imaging of Mitochondria and ER in HeLa LDC cells imaged for 1 frame 

per second for 115 frames. Cells have been co-transfected with pDsRed2-ER (red) and 

pAcGFP1-Mito (green) plasmids. The video plays at 5 frames per second. Scale bars, 

10 μm. Time is in hours:minutes:seconds. Also see Figure S1C. 

Movie 4 Mitochondrial movements in HeLa HDC cells. 

Time lapse imaging of Mitochondria and ER in HeLa HDC cells imaged for 1 frame 

per second for 115 frames. Cells have been co-transfected with pDsRed2-ER (red) and 

pAcGFP1-Mito (green) plasmids. The video plays at 5 frames per second. Scale bars, 

10 μm. Time is in hours:minutes:seconds. Also see Figure S1C. 

J. Cell Sci.: doi:10.1242/jcs.250241: Supplementary information
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http://movie.biologists.com/video/10.1242/jcs.250241/video-4


Movie 6 FRAP analysis of GFP-positive mitochondria in HDC MDA-MB-231 cells.  

Cells expressing a mitochondrial targeting variant of GFP (MT-GFP, green) were used. 

FRAP analysis from 100 cells (n>4) for indicated experimental sets. MT-GFP was 

photobleached and images were acquired at 2 frames per second.  

Movie 5 FRAP analysis of GFP-positive mitochondria in LDC MDA-MB-231 cells.  

Cells expressing a mitochondrial targeting variant of GFP (MT-GFP, green) were used. 

FRAP analysis from 100 cells (n>4) for indicated experimental sets. MT-GFP was 

photobleached and images were acquired at 2 frames per second.  

J. Cell Sci.: doi:10.1242/jcs.250241: Supplementary information
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 Table S1. List of Antibodies 

Name of Antigen Raised in Dilution (WB) Dilution (IF) Source 

Ago2 (eIF2C2) Mouse 1:1000 1:100 Abnova 

HA Rat 1:1000 1:100 Roche 

HRS Rabbit 1:2000 - Bethyl 

Calnexin Rabbit 1:10000 - Bethyl 

β-Actin HRP-conjugated 1:10000 - Sigma Aldrich 

GW182 Rabbit - 1:400 Bethyl 

Alix Mouse 1:100 - Santa Cruz 

CD-63 Mouse 1:500 - BD Biosciences

DDX6 /RCK/p54 Rabbit 1:10000 1:1000 Bethyl 

Rab5 Rabbit - 1:100 Cell Signalling 

Grp-78/Bip-1 Rabbit 1:2000 - Millipore 

Cox-IV Rabbit 1:1000 - Cell Signalling 

Ucp2 Rabbit 1:4000 - Novus 

XRN1 Rabbit 1:10000 1:1000 Bethyl 

cMyc Mouse 1:500 1:100 SantaCruz 

Dcp-1a Mouse 1:1000 1:100 Novus 

VDAC Rabbit 1:2000 - Sigma Aldrich 

Ribosomal S3 Rabbit 1:1000 - Cell Signalling 

eIF-4E Rabbit 1:10000 1:1000 Bethyl 

P-eIF-4EBP1 Rabbit 1:1000 - Cell Signaling 

P-eIF-2α Rabbit 1:1000 - Cell Signaling 

eEF2 Rabbit 1:10000 - Bethyl 

eIF-2α Rabbit 1:1000 - Cell Signaling 

mTOR Rabbit 1:1000 - Cell Signaling 

P-mTOR Rabbit 1:1000 - Cell Signaling 
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Ribosomal L7a Rabbit 1:1000 - Cell Signaling 

eIF-4E-T Rabbit 1:8000 - Bethyl 

Dicer Rabbit 1:5000 - Bethyl 

Rictor Mouse 1:1000 - Sigma 

β‐Tubulin Mouse 1:1000 - SIGMA 

AMPK  Rabbit  1:1000 - Cell Signaling

P‐AMPK  Rabbit  1:1000 - Cell Signaling

PERK  Rabbit  1:1000 - Cell Signaling

P‐PERK  Rabbit  1:1000 - Cell Signaling

S6‐K  Rabbit  1:1000 - Cell Signaling

P‐S6‐K  Rabbit  1:1000 - Cell Signaling 
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