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Con: Control. 
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IL-6: Interleukin 6. 
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mRNA: messenger Ribonucleic Acid 
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mTOR: Mammalian Target of Rapamycin. 

RILP: Rab interacting lysosomal protein. 
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Dox: Doxycycline. 
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 Summary 

Accumulation of β-amyloid protein in human or adult rat brain leads to excessive 

cytokine production causing uncontrolled neuroinflammation and neuronal death. This 

loss of neurons induce loss of memory and motor skill in affected individual. The 

neuroinflammation process is mainly controlled by glial cells present on the brain 

tissue. There are small non-coding RNAs known as the microRNA (miRNA) present 

in astrocyte cells which are known to regulate expression of these cytokines in a post-

transcriptional manner. Functional analysis of these miRNAs show their 

ineffectiveness in target mRNA repression in astrocytes but not in neurons. Exploring 

the mechanism of how β-amyloid plaque generation leads to uncontrolled cytokine 

production, we have found reduced activity of miR-146a in astrocytes induce 

uncontrolled pro-inflammatory cytokine production. In this study we have shown how 

Aβ1-42 oligomers mis-localizes mTOR in early endosomes restricting its translocation 

to lysosomal membrane causing its inactivation in activated glial cells. De-regulation 

in mTORC1 signaling reduces Ago2 phosphorylation which directly affects miRNA 

uncoupling and miRNA activity. Interestingly, Rheb GTPase expression in both rat 

brain and in glial cells, rescues miR-146a activity and reduces the cytokine expression. 

This mechanism suggests, mTOR mis-localization can affect the pathophysiology of a 

disease through miRNA mediated cytokine repression pathway. 

           We have also shown how different cell organelles play an important role in this 

process. Oligomeric Aβ1-42 gets deposited at the early endosome of the glial cells 

which reduces the speed and dynamicity of the endosomes. This change in dynamicity 

reduces the interaction between early endosome and ER which is found to be 

important for its further maturation to late endosome and subsequent fusion with the 

lysosome. Endosome maturation and its fusion with the lysosome found to be critical 
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for miRNA activity and our data in non-neuronal cells also show perturbation of 

lysosomal fusion causes reduction of miRNA activity, as sequestered miRNPs failed 

to bind to the newly formed target mRNAs to repress them. This mechanism happens 

in most of the mammalian cells and we believe this to be one of the major cause of β-

amyloid induced neuroinflammation. 

                  Aβ1-42 mediated inactivation of miRNA happens due to reduction of 

mTORC1 mediated Ago2 phosphorylation, for which miRNAs cannot get uncoupled 

from Ago2 protein. This miRNP does not bind to the target mRNA which results in their 

inactivation. This also causes miRNPs to compartmentalize to the early endosome, 

whereas the target mRNAs can be found on the endoplasmic reticulum (ER) of the 

cell. This Aβ1-42 induced differential compartmentalization means miRNPs cannot bind 

to the target cytokine mRNAs, so mRNAs move to the polysomal fractions where they 

are actively translated to causing  neuroinflammation. 

           Another important aspect of this study is to highlight the role of RNA granules 

like P-bodies in neuroinflammation process. We have found presence of P-bodies not 

only in astrocytes but also in adult rat AD brain. Inactivated miRNPs phase separates 

from cytoplasm and forms these bodies, which are found to be critical for the disease 

progression. Disruption of these granules reduced the cytokine level which shows that 

any intervention in phase separation can be used as therapeutic methods for 

neurodegenerative diseases like Alzheimer’s disease. 

              The relationship between miRNP and mTORC1 signaling is not an one way 

traffic. Our findings in non-neuronal cells shows not only mTORC1 regulate the miRNP 

function, miRNPs also have the potential to activate mTORC1 signaling. miRNPs like 

Ago2 and GW182 does this by translocating mTOR from an unknown area to 
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lysosome membrane upon amino acid stimulation where it encounters different 

proteins for its activation. Interestingly, this mechanism does not require involvement 

of miRNA and we believe this could be a novel cell biological role of miRNPs other 

than their usual function. As miRNPs reduces the protein synthesis and mTORC1 

activates the protein synthesis process, the feed forward loop described in this study 

may provide some additional layers of regulation in protein turn-over homeostasis in 

mammalian cells. 
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An introduction to MicroRNA: 

MicroRNAs (miRNA) are a group of small non-coding RNAs that are known to fine 

tune gene expression in metazoan cells in a post-transcriptional manner. miRNAs are 

~22 nucleotide-long small RNAs and with the help of certain RNA binding proteins 

they recognize and bind at the 3’-UTR of the target mRNAs and either represses their 

expression or degrade it. According to the miRBase database, number of miRNAs 

present in a human cells could be almost close to 1900, among which many are 

evolutionary conserved (Fromm et al., 2015). miRNAs are known to regulate almost 

60% of the protein coding genes in mammalian cells and very much important in 

pathophysiology of many diseases like cancer or neurodegeneration (Lewis et al., 

2005). 

 

1.1 Biogenesis of miRNA: 

In mammalian cells, miRNAs are mostly transcribed by RNA polymerase II, although 

transcription of certain viral miRNAs and  small miRNA like molecules from tRNAs are 

found to be regulated by RNA polymerase III (Babiarz et al., 2008; Lee et al., 2004; 

Pfeffer et al., 2005). Transcription of miRNAs are controlled by several transcription 

factors like Myc or p53 and also through epigenetic regulations (Krol et al., 2010). 

Transcription produces primary miRNA (pri-miRNA) which undergoes further 

processing by microprocessor protein complex to produce precursor miRNA (pre-

miRNA) (Fig. 1.1). Pri-miRNA is basically a stem-loop structure consists of a stem of 

about 33-35nts, a terminal loop and single strand expansion on both 3’ and 5’ end. 

Microprocessor complex consisting of a nuclear RNase III protein Drosha and 
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Fig 1.1 MicroRNA biogenesis pathway (canonical) in animals (Filipowicz et al., 2008) 

DiGeorge critical region 8 (DGCR8) binds the pre-miRNA and cleaves the stem loop 

structure to produce a hair pin shaped pre-miRNA of about 65 nucleotides. After 

processing by microprocessor complex pre-miRNAs are exported to cytoplasm where 

further maturations are completed. Exportin-5 protein forms a nuclear pore complex 

with pre-miRNA and Ran-GTP, through which pre-miRNAs are transported to the 

cytoplasm (Lund et al., 2004). Following the transport process, GTP is hydrolyzed and 

pre-miRNAs are released into the cytoplasm. 
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After its export to the cytoplasm, pre-miRNA is further processed by a protein complex 

of Dicer and TAR RNA-binding protein (TRBP) to yield a 21-22nts of miRNA duplex. 

Dicer, which is a RNase III type of endonuclease bind the pre-miRNA and cleaves it 

near the terminal loop to yield the miRNA duplex (Knight and Bass, 2001). Generally, 

the RNA strand which is thermodynamically less stable end is selected as the mature 

miRNA and other strand which is known as the guide strand is degraded (Filipowicz 

et al., 2008). 

1.2 RNA induced silencing complex (RISC) 

After the Dicer processing step, double stranded RNA is loaded onto protein complex 

to form miRNP complex or miRNA induced silencing complex (miRISC). One of the 

major proteins present in the miRISC is the Argonaute (Ago) family of proteins (Peters 

and Meister, 2007). A RISC loading complex (RLC) comprising of Dicer and Ago and 

other proteins facilitates small RNA loading into Ago to form pre-RISC complex. 

Loading of RNA duplex onto Ago is an active process that requires ATP, immediately 

after loading guide strand is rejected to form active miRISC complex (Yoda et al., 

2010). Interestingly, rejection of guide strand does not require ATP.  

Argonaute family of proteins 

Argonaute (Ago) is the most important and well characterized protein of miRISC 

system. There are four types of Ago protein (Ago1-Ago4) present in the mammalian 

system, among which Ago2 only functions in RNAi because of its PIWI domain, which 

is able to cleave siRNA-mRNA duplex. Although all the Ago proteins are capable of 

mRNA repression, only Ago2 can cleave perfectly matched miRNA-mRNA complex. 

Ago2 protein mainly consists of a N-terminal domain, a PAZ domain, MID domain and 

a C-terminal PIWI domain (Fig 1.2) (Elkayam et al., 2012). PIWI domain of Ago2 
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Fig1.2 Crystal structure and different domains of Ago2 proteins (Ha and Kim, 2014) 

protein resembles the RNase H and responsible for the endonuclease activity of the 

protein. Ago2 is also very much important for the embryonic development of the 

mammals and Ago2 knock-out mice are mostly embryonic lethal (Liu et al., 2004). 

 

 

 

 

 

 

 

 

 

 

 

Regulation of Ago2 function 

Like most of the proteins different type of post-translational modifications affect the 

Ago2 function (Fig 1.3). Mass spectrometry based studies have been done with 

purified Ago2 protein, which identified different modifications and along with that 

different interacting partners responsible for those modifications. For example, Ago2 

can be hydroxylated by type I collagen prolyl-4‑hydroxylase which affects its stability 

(Qi et al., 2008). Also under stress condition Poly(ADP-ribose) modification on Ago2 

proteins relieves Ago2 mediated translational repression (Leung et al., 2011). 

Ubiquitination of Ago2 protein regulates its stability in cells. Previous studies have 

reported E3 ubiquitin ligase TRIM 71 is one of the major protein which regulates Ago2 

turnover (Rybak et al., 2009). 
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Fig 1.3 Post translational modifications affecting Ago2 stability and function (Meister, 2013) 

 

 

 

 

 

 

 

 

 

 

Another important modification that regulates Ago2 activity is phosphorylation. Several 

phosphorylation sites have been identified by several groups which either influence 

Ago2 localization or small RNA binding (Fig 1.4). MAPK signaling mediated 

phosphorylation at the serine-387 determines Ago2 localization and phosphorylation 

at the tyrosine-529 of MID domain has been associated with the small RNA binding 

(Adams et al., 2009; Mazumder et al., 2013; Patranabis and Bhattacharyya Suvendra, 

2016). Although several works have reported the importance of Ago2 phosphorylation 

in controlling Ago2 activity, involvement of specific kinases influencing this process is 

still elusive. 
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Fig 1.4 Different phosphorylation sites and their role on Ago2 function (Jee and Lai, 2014) 

 

 

 

 

 

 

 

 

 

 

 

 

GW family of Proteins 

miRNA mediated repression of target mRNA requires other proteins along with Ago2. 

Some of them directly binds to the Ago2 and regulate its activity. One unique thing 

about these proteins is the presence of multiple glycine- tryptophan (GW) repeats at 

the N-terminal, which lead their nomenclature of GW proteins (Liu et al., 2005a). 

Interestingly, studies show GW proteins use only two of their numerous tryptophan 

molecules to bind with the Ago2 protein, so there is a possibility that multiple Ago2 can 

bind to the single GW protein. One such protein is GW182 (also known as TNRC6) 

that interact with the PIWI domain of Ago2 protein. There are three paralogues of 

GW182 (TNRC6 A-C) present in the mammalian cells. Knockdown of GW182 leads 

to upregulation of many mRNA molecules, indicating that GW182 along with Ago2 play 

a vital role in gene regulation process. 
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Additional Ago interacting proteins 

Other than Dicer and GW182, there are many Ago interacting proteins known to 

regulate Ago2 activity directly or indirectly in mammalian cells. For example, HSP90 

changes the conformation of Ago2 and accommodate miRISC formation on target 

mRNA (Czech and Hannon, 2011). Another protein receptor for activated C kinase 1 

(RACK1), simultaneously binds with Ago2 and 40S subunit of the ribosome complex 

and recruits miRISC to the translational sites (Jannot et al., 2011). Ago2 also interacts 

with GEMIN3 and GEMIN4, which control turnover of Ago2 protein through autophagy  

(Gibbings et al., 2012). 

 

Mechanism of target mRNA recognition by miRNA 

In plants, miRNA mediated target mRNA repression takes place after prefect 

complementary base-pairing between miRNA and mRNA. Some viral miRNA also 

exhibit this mechanism. Interestingly, unlike plant or viral miRNA most metazoan 

miRNAs bind their target mRNA in imperfectly (Brennecke et al., 2005). One important 

rule that needs to be maintained is the perfect binding at the 2-8 nucleotides of miRNA 

with target mRNA known as the ‘seed region’. In most cases miRNA binding site is 

present on the 3’-UTR region of the mRNA and also present in multiple copies to 

ensure effective translational repression (Nielsen et al., 2007). A mis-match or a bulge 

in the central miRNA-mRNA binding region prevent Ago2 mediated target mRNA 

cleavage and ensures proper repression (Fig 1.5). Another thing that needs to be 

maintained is proper complementarity at the 3’ region of miRNA, this stabilizes the 

miRNA-mRNA complex. 
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Fig 1.5 Important regions required for miRNA-mRNA binding (Filipowicz et al., 2008) 

 

 

 

 

 

 

 

 

1.3 Regulation of translation by miRNA 

Previous studies suggest, miRNA mediated translational repression happens through 

two ways; either by blocking translational initiation or by recruiting protein complexes 

for mRNA degradation. One interesting thing about target mRNA repression by miRNA 

is that in most of the cases, mRNA whose translation is cap-independent or an mRNA 

without a proper 5’-cap structure are immune to miRNA mediated repression 

(Humphreys et al., 2005). Also repression of mRNA with a proper m7G cap is found 

to be lot higher than a mRNA with non-functional ApppG cap (Humphreys et al., 2005). 

From several experiments it is collectively thought that miRISC block translational 

initiation either by interfering with the cap recognition by eIF4E or by blocking the 

association between 40S and 60S ribosomal subunit to form a functional ribosome at 

the translational start site (Fig 1.6).  Another mechanism by which miRISC can block 

translational initiation is through GW182 proteins. GW182 interacts with poly-(A) 

binding protein (PABP), this interaction might hinder the eIF-4G-PABP mediated 

closed loop formation that precedes mRNA translation (Zekri et al., 2009). In some 

condition miRNA can block mRNA translation at post-initiation stage. Here miRNAs 

somehow slow the rate of translation elongation or completely inhibit the elongation 
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Fig 1.6 miRNA mediated translational repression at translational initiation stage 

(Fabian et al., 2010) 

altogether inducing ribosome drop-off (Fig 1.6) (Maroney et al., 2006). Studies also 

show miRISC sometimes induce proteolysis of the nascent polypeptide chain but 

mechanistic detail of these processes are still elusive (Nottrott et al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regulation of translation by mRNA decay 

Another way miRNAs control translation process is by directly initiating mRNA 

decapping and decay. GW182 proteins interacts directly with the PABP and 

simultaneously recruits CCR4-NOT1 deadenylase complex at the poly(A) tail (Fig 1.7). 
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Fig 1.7 miRNA mediated deadenylation and decapping process (Fabian et al., 2010) 

Following deadenylation, decapping enzyme Dcp1-Dcp2 complex removes the 5’-

m7G cap from the mRNA. After removal of 5’-cap structure, exonuclease XRN1 

degrades mRNA in a 5’-3’ direction. After repression process, Ago2,GW182, 

decapping enzyme Dcp1 along with repressed mRNA translocate to cytoplasmic 

membrane-less organelle processing body (P- body). But significance of this transport 

is not clear as researchers have also reported that integrity of P-body does not depend 

on the repression process (Eulalio et al., 2007). 

 

 

 

 

 

 

 

 

  

 

 

Reversable nature of miRNA mediated repression process 

In some cellular conditions miRNA mediated repression process can be reversed or 

even miRNA can be an activator of translation process (Bhattacharyya et al., 2006; 

Maroney et al., 2006). The fact that miRNA mediated repression of mRNA can be 

reversed or even activate translation process makes this very dynamic. For example 

in human hepatoma cells, CAT1 mRNA, which is a target of miR-122 and can be found 

in the P-body under normal physiological condition. But under amino acid starvation, 
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Fig 1.8 Reversal of miRNA mediated repression of CAT1 mRNA by HuR 

(Bhattacharyya et al., 2006) 

the repression of CAT1 is relieved by a protein ELAV1 (also known as HuR), which 

binds at the 3’-UTR and translocate the CAT1 mRNA from P-body to polysome for its 

effective translation (Fig. 1.8) (Bhattacharyya et al., 2006). Also in rat neurons under 

the influence of some extracellular stimuli miR-134 mediated repression of Limk1 is 

reversed (Schratt et al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4 Role of miRNA in brain physiology  

Role of miRNAs in brain development 

miRNAs are well abundant in brain and they show specific expression pattern in 

different cell types and also during different developmental condition (Narayan et al., 

2015; Sempere et al., 2004). DICER knock-out mice show impaired brain development 

and problem in cortical neurons (Davis et al., 2015). Although DICER knock-out will 

affect processing of most of the  miRNAs, activity of specific miRNAs are also shown 

to be important for brain development. For example, miR-17-92 cluster is shown to be 
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important for neural progenitor cell (NPC) proliferation (Bian et al., 2013) and axonal 

growth (Zhang et al., 2013). miR-17-92 regulate the expression of PTEN and T-box 

transcription factor Tbr2 , two important transcription factor for neural development 

(Bian et al., 2013; Concepcion et al., 2012). Looking at the role of different miRNAs in 

specific types, miR-145 in oligodendrocyte regulate the expression of C11Orf9, a gene 

which play a role critical role in oligodendrocyte maturation and myelin formation 

(Letzen et al., 2010). In astrocytes, let-7 and miR-125 play a pivotal role in astrocyte 

differentiation and thereby control brain homeostasis (Shenoy et al., 2015) and miR-

124 in microglia play an important role in glial activation and differentiation  

(Ponomarev et al., 2011). 

 

Role of miRNAs in neurodegeneration 

Since miRNA regulate many important aspects of neuronal development and also 

neuronal physiology, one can expect any change in miRNA expression or activity may 

lead to pathological condition. In Alzheimer’s Disease (AD) brains, miR-206 was 

shown to decrease brain-derived neurotrophic factor (BDNF) expression, which 

results in decline in neuronal health and cognition (Lee et al., 2012). Triggering 

Receptor Expressed on Myeloid Cells 2 protein (TREM2) is an important molecules 

that regulate inflammatory response of microglial cells (Jay et al., 2017; Leyns et al., 

2017). Studies have shown miR-34a mediated TREM2 deregulation can trigger the 

neuroinflammation process in AD (Zhao et al., 2013). In another study, miRNA let-7 

was linked with neuronal death, a mechanism that involves Toll-like receptor 7 (TLR7). 

They also reported presence of let-7 in patient CSF (Lehmann et al., 2012). It’s not 

only AD, but in diseases like Parkinson ’s disease (PD), Amyotrophic Lateral Sclerosis 



17 | P a g e  
 

(ALS) or Huntington’s Disease (HD) miRNAs play a very important role at points to 

control the pathophysiology of the disease. For example, reduced expression of  miR-

133b was shown in PD patients and its effect was mechanistically linked with tyrosine 

hydroxylase and dopamine transporter levels, a problem in PD patients (Kim et al., 

2007). miRNAs are also shown potential to be reliable bio-markers and also having 

therapeutic properties. 

 

1.5 Role of membranous cell organelles on miRNA activity 

Endoplasmic Reticulum 

miRNA, Ago2 along with repressed mRNAs are found on the cytoplasmic RNA 

granules known as the P-bodies. But interestingly, these P-bodies do not play any role 

in the miRNA mediated repression process. Previous studies have reported that P-

bodies are consequence rather than the cause of the repression process (Eulalio et 

al., 2007). So exact location of mRNA repression by miRNA is an interesting question.  

It is generally considered that soluble proteins are synthesized on the free polysomes 

present in the cytosol, whereas membrane proteins and secreted proteins are 

translated on the ER attached polysomes. But studies show membrane attached 

ribosomes can also synthesized soluble cytosolic proteins. Recent research also 

suggests that translation initiation on ER associated ribosome serves as the 

mechanism for cytosolic protein mRNAs to localize on the ER (Jagannathan et al., 

2014). So compartmentalization of mRNAs to a specific cytosolic site can serve as a 

mechanism for spatial-temporal regulation of protein synthesis process. Since 

initiation of protein synthesis is compartmentalized to the ER, miRNA activity which 

fine-tunes protein synthesis can also takes place in ER. There are indications that 
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Fig.1.9 rER membrane could be the site where miRNP nucleation takes place (Li et al., 2013) 

miRNA mediated translational repression taking place in ER. For example, protein 

GERp95, an ER resident protein, is a Ago1 homologue (Cikaluk et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Also there are reports showing both Ago2 and many miRNAs co-sediments with 

polysomes. This could happen because miRNAs functioning on actively translating 

mRNAs (Tat et al., 2016; Wakiyama et al., 2007).  Recent work on Arabidopsis showed 

atAgo1 tethering with the ER membrane with the help of AMP1 protein, which is a ER 

resident protein. Experiments also showed rate of protein synthesis depends on the 

AMP1 protein and how AMP1 mutation leads to perturbation in the target mRNA 

binding with the membrane-bound polysomes (Li et al., 2013). The fact that AMP1 

mutation only affects miRNA translational inhibition and not miRNA mediated target 

mRNA cleavage, indicates ER could be the site where nucleation of repression 

machinery takes place (Fig.1.9). Other groups have also reported RISC Loading 
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Fig.1.10 mRNA translocation to rER precedes Ago2 loading and repression 

(Barman and Bhattacharyya, 2015) 

Complex (RLC) facilitates loading of double stranded siRNA to Ago2 on rER 

membrane, which also suggests rER could be the site for miRNP nucleation (Stalder 

et al., 2013). Recent studies also show for de-novo synthesized mRNA translocation 

to the rER associated polysomes precedes Ago2 interaction and repression (Fig.1.10) 

(Barman and Bhattacharyya, 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Endosomes and Multi-vesicular bodies (MVB) 

Endosomes are membrane enclosed cell organelles that carry important 

biomolecules, metabolic components or signaling molecules form surface of cell 

membrane to lysosomes. Part of cell membrane invaginates within the cell capturing 
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Fig.1.11 Role of GAP and GEFs in functioning of Rab proteins (Yuan and Song, 2020) 

cargo protein, lipid or any receptor to form intraluminal vesicles (ILV). ILV forms early 

endosomes which matures to late endosomes following an cellular event called “Rab 

switching”. Early endosomes contains a marker protein Rab5 on its surface, which 

recruits early endosome antigen 1 (EEA1) on the membrane of the early endosomes. 

Rab5-GTP which is the active form of Rab5 protein interacts with GTPase activating 

protein (GAP), which catalyzes the hydrolysis of GTP to GDP and forms inactivated 

form of Rab-GDP.  GDP dissociation inhibitor (GDI) stabilizes Rab5-GDP, which 

further is acted upon by guanine nucleotide exchange factor (GEF) which replaces 

GDP with GTP (Fig.1.11). This event is known as the “Rab switching” and which is 

very important for endosome maturation and proper trafficking of cargo to one 

compartment to another. For example, the class C VPS/HOPS complex which is a 

GEF for Rab5, interacts with Rab5 and switches Rab7 in place of Rab5 to carry out 

early to late endosome maturation (Rink et al., 2005). 
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Fig.1.12 Model showing that miRISC accumulation and recycling could happen at MVB 

(Siomi and Siomi, 2009) 

Multi vesicular bodies (MVB) are late endosome counter parts which is converted from 

early endosomes and regulated by endosomal sorting complex required for transport 

(ESCRT) complex. MVB contains membrane-bound intraluminal vesicles which carry 

specific cargo molecules for either degradation or transport. The cargo of MVB either 

gets degraded after its fusion with the lysosomes and gets secreted outside the cell 

by fusing with the plasma membrane. Secreted vesicles known as the exosomes often 

carry miRNAs and GW182 to the external milieu or to the recipient cells (Valadi et al., 

2007). Interestingly several works have shown a link between MVB biogenesis and 

exosome release with miRNA activity. For example, knockdown of ESCRT complex 

proteins result in miRNA mediated gene silencing process (Lee et al., 2009). Several 

researches also miRISC accumulation and turn-over happens on the MVB (Gibbings 

et al., 2009; Siomi and Siomi, 2009). Removal of GW182 through MVB and exosome 

could uncouple Ago2 from used miRNA which can be used in the another cycle of 

repression (Fig.1.12). All these observations show a possible link between MVB 

formation with mi  RNA activity and miRISC turn-over and recycling. 
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Exosomes 

Exosomes are 30-100 nm vesicles that are released from various eukaryotic cells, 

contains different RNA and proteins. Exosomes are also known to carry some miRNAs 

and miRNPs like GW182 protein which are often taken up by neighbouring cells. The 

exosomal miRNAs are found to be functional and they can regulate the gene-

expression of the recipient cells (Sato-Kuwabara et al., 2015). Exosomes are often 

released in the extra-cellular milieu like blood or CSF and can be transported at the 

distant part of the body, so exosomes can exert their effects in both paracrine and 

endocrine fashion (Fig.1.13). Exosomes are generally formed from MVBs and different 

class of ESCRT complexes play a vital role in regulating this process. Researchers 

have also pointed out the role of neural sphingomyelinase 2 (nSmase2) in both 

exosome biogenesis and cargo sorting into exosomes. A potential inhibitor of 

nSmase2, GW4869 decreases both exosome secretion and exosomal miRNA level 

(Kosaka et al., 2013). Interestingly not all the miRNAs packaged into the exosomes 

and how cell specifically sort and selects its cargo is a fascinating question. 

Researchers have shown certain modification on the RNA binding proteins make them 

specific regions of miRNA and facilitates its export. For example, sumoylation of 

hnRNPA2B1 helps it recognizing 3’ end of specific miRNAs and regulate its export 

(Villarroya-Beltri et al., 2013). The importance of Kras-MEK signaling also have been 

explored in this regard. Kras mediated Ago2 phosphorylation leads to uncoupling of 

miRNA from Ago2 protein, this unloaded miRNAs are selected as exosomal cargos. 

Studies have also shown how HuR protein binds to the miR-122 in amino acid starved 

cells and promotes their export via exosomes (Mukherjee et al., 2016).  

Exosome play a vital role in disease progression and patient outcomes. For example, 

exosomal miRNA mediated loss of PTEN creates a favourable micro-environment in 
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Fig.1.13 Biogenesis and functioning of exosomes (Guo et al., 2020) 

brain where cancer cells can metastasize, which in turn control the patient outcome 

(Zhang et al., 2015). In recent times studies have been going exploring the therapeutic 

potential of exosome. Exosomal cargos are now being tested from CSF and blood 

which can serve as marker for early detection of a particular disease. Apart from 

diagnosis, research also going on to use exosome for targeted delivery drug and RNA 

molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.6 Regulation by non-membrane bound organelles 

Translationally repressed mRNAs are often stored in the distinct cytoplasmic foci 

known as the processing body (P-body) or GW body (Parker and Sheth, 2007). 

Another type of foci known as the stress granule (SG) also harbours repressed 

mRNAs in cells under some form of cellular stress condition (Anderson and Kedersha, 
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2006). Unlike most of other cell organelle these cytoplasmic foci are non-membrane 

bound and thought to originate from liquid-liquid phase separation. A local change in 

concentration of RNA and RNA-binding proteins favours the formations of the RNA 

granules within the cells.  

 

Processing body (P-body) 

Processing bodies (P-bodies) mainly contains several protein complexes required for 

mRNA degradation. For example, decapping enzyme complex DCP1-DCP2, RNA 

helicase RCK/p54 exonuclease XRN1, deadenylase protein complex CCR4-NOT1, all 

of them can be found in the P-bodies, components of Nonsense Mediated Decay 

(NMD) pathway and Lsm heptamer complex 1-7 are also reported to be present in the 

P-body, hence P-bodies are thought to be site of mRNA degradation (Fig.1.14). 

GW182 and Ago2 proteins also found to interact with several markers of P-bodies. 

There is a positive correlation between miRNA mediated mRNA repression and 

number of visible P-bodies found in the cells and an inverse relationship between P-

body targeting of mRNAs and target mRNAs localizing at polysome (Bhattacharyya et 

al., 2006). For example, miR-29a targets mRNA of human immunodeficiency virus-1 

(HIV-1) to P-bodies after binding to its 3’-UTR and depletion of P-bodies increases 

virus load in T-lymphocytes and also infectivity in humans (Nathans et al., 2009), also 

knock-down of Rck/p54, which is a key component of mammalian P-body affects 

miRNA mediated repression process (Chu and Rana, 2006). Interestingly, P-body 

does not contain translational initiation factors or ribosomal protein complexes. 
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Fig.1.14 Model depicting formation of P-bodies (Eulalio et al., 2007) 

 

 

 

 

 

 

 

 

 

 

 

Although recent findings suggest, P-body is the temporary storage site of repressed 

mRNA, Ago2 protein and miRNAs, the mechanistic link between P-body and miRNA 

mediated repression process is unclear. P-bodies are very dynamic and vary greatly 

with respect to their size, shape and cellular distribution depending on the 

physiological status of the cell. Researchers have also shown that integrity of P-body 

is not the cause but consequence of the miRNA induced mRNA silencing (Eulalio et 

al., 2007). miRNA repression can also be achieved in a cell-free extract where 

presence of visible P-bodies is very unlikely, raises the question regarding the primary 

role of P-bodies in repression process. Interestingly, only a tiny percentage of 

ectopically expressed EGFP-Ago2 and let-7 miRNA are found in the P-bodies 

compared to the cytoplasm, so there is a chance that miRNA induced repression 

process starts outside of the P-bodies and then repressed mRNAs form P-bodies upon 

run-off ribosomes. The dynamic nature of the P-body and the fact that it is non-

membrane bound cell organelle, makes them very difficult to isolate and characterize. 

So plenty of mechanistic details needs to be addressed to deduce the role of P-bodies 

in eukaryotic cell. 
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Another emerging theory that can explain the formation and dynamicity of the P-bodies 

is liquid-liquid phase separation (LLPS). It is now proved that P-granules show liquid 

like properties (Brangwynne et al., 2009). Fluorescence recovery after photobleaching 

(FRAP) experiments show rapid exchange of proteins between P-bodies and 

cytoplasm, also live cell images conclusively showing how two RNA granules fuses 

with one another to form a bigger granule proves the liquid like properties of P-bodies 

(Andrei et al., 2005; Kroschwald et al., 2015). Purified proteins like Dcp2 and Lsm4 

which are known as the P-body resident proteins,  forms liquid like droplets in-vitro. 

The presence of redundant interaction between RNA and RNA binding proteins in a 

very small volume and presence of several low-complexity motif in proteins present in 

the P-bodies promotes LLPS (Fig.1.15). 
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Fig.1.15 Assembly of P-body (A) Model depicting how liquid-liquid phase separation (LLPS) 

give rise to P-body (B) Interactions between low-complexity domains of RNA binding 

proteins contribute to the assembly of P-body (Luo et al., 2018) 

 

 

 

 

Stress Granules  

Stress granules (SG) are non-membrane bound RNA granules which mainly contains 

RNA binding proteins and repressed mRNAs whose translational process has been 

stalled at initiation stage due to any form of cellular stress. Along with translationally 

silent mRNAs, SG contains translation initiation factors, small ribosomal units, mRNA 

binding proteins and some signaling components. Like P-body, SGs also show liquid 

like property and rapid exchange of cargo proteins between cytoplasm. FRAP analysis 

also suggest there are proteins within SGs which are exchanged very slowly compared 

to the other proteins. There are different protein factors like chaperons, RNA helicases 

regulate the dynamics as well as the assembly-disassembly process of SG. Post-

translational modifications of certain protein factor also play a very vital role in this 

regard (Protter and Parker, 2016). 

Stress granules affect the cellular equilibria by increasing the local concentration of 

certain protein and RNA molecules in specific physiological conditions. Increase in the 

local improves the probability of interacting among themselves and carry out certain 

biochemical reactions. For example, during viral infection, SGs known to sequester 

certain anti-viral proteins such as RNaseL and RIG-1 which in turn activates the innate 

immune system and produces anti-viral response (Onomoto et al., 2012). SGs also 

affect the cellular functions by sequestering important signaling factors like mTOR and 

TARF2 from cytoplasm and by compartmentalizing them inhibit their functions in 

specific conditions (Kim Woo et al., 2005; Thedieck et al., 2013).  
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Fig.1.16 Formation and dynamicity of Stress Granule (Protter and Parker, 2016) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.7 mTOR Signaling 

The mechanistic target of rapamycin (mTOR) is known as the master regulator of the 

cell. mTOR senses lots of external stimuli such as nutrient availability and presence 

of growth factor and regulate lots of biochemical processes such as protein synthesis 

and autophagy accordingly. As mTOR signaling pathway works at the centre of the 

metabolism of cell, any deregulation of this pathway leads to different pathological 

problem in humans. In diseases like diabetes, cancer or neurodegeneration mTOR 

pathway play a significant role in controlling the pathophysiology of the disease.  
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mTORC1 and mTORC2 

mTOR is a serine/threonine kinase which is a part of two bigger complexes known as 

mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). These two complexes 

differ both in terms of their composition and different biological pathways they regulate 

(Fig.1.17 A). mTORC1 is composed of five components: mTOR, Raptor (regulatory 

protein associated with mTOR), mLST8 (mammalian lethal with Sec13 protein 8), 

PRAS40 (proline-rich Akt substrate of 40 kDa) and DEPTOR (DEP domain containing 

mTOR interacting protein) (Fig.1.17 B) (Saxton and Sabatini, 2017). Raptor is a very 

crucial component of mTORC1 signaling as it helps in the substrate binding and proper 

localization of mTORC1. mTORC1 mostly regulates the cellular growth by controlling 

protein synthesis, glucose, lipid and nucleotide metabolism. Another important 

regulation of mTORC1 is the protein turnover through autophagy. As mTORC1 

controls both catabolic and anabolic processes, mTORC1 has a good control over the 

homeostasis of the cell. On top that mTORC1 can sense a wide range of external 

stimuli, mTORC1 can sense oxygen level, amino acid level, insulin level and also 

different stress level. This sensing process helps the cell to adapt to the changing 

environment and maintain its proper growth and metabolism. 

mTORC2 is also comprised of mTOR, mLST8, DEPTOR but in place of Raptor, 

mTORC2 contains Rictor (rapamycin insensitive companion of mTOR), mSin1 and 

Protor1/2 (Fig.1.17 C). mTORC2 regulates glucose metabolism and cytoskeleton 

rearrangements through AKT signaling pathway and PKC signaling pathway 

respectively. Another difference between mTORC1 and mTORC2 is that, only 

mTORC1 can be inhibited by rapamycin. Rapamycin-FKBP12 complex directly inhibits 

mTORC1 complex but at that same concentration fails to inhibit mTORC2. Although 
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A

B C

Fig.1.17 Composition and regulation of mTOR complexes (A) Different roles of mTORC1 

and mTORC2 pathway in regulating cellular functions  (B-C) Different subunits of both 

mTORC1 and mTORC2 complexes and their respective binding sites on mTOR protein 

(Saxton and Sabatini, 2017). 

at very high concentration rapamycin can block mTORC2 signaling. Torin-1, which is 

an ATP analogue inhibitor, can block both the pathway (Liu et al., 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.8 Spatio-temporal regulation of mTOR signaling 

mTOR has been found on the various cellular sites in different condition (Fig.1.18). 

But for its activation mTOR has to move to the lysosomal membrane. This localization 

based activation of mTOR is very important in maintaining its spatio-temporal 

regulation of metabolism and growth. Upon amino acid stimulation mTOR moves to 

the lysosome from an unknown location of the cytoplasm.  Upon reaching at the 
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lysosome membrane, mTOR gets activated by GTP bound Rheb. Amino acid induced 

translocation of mTORC1 to the lysosome depends on the two set of proteins 

complexes viz. Rag GTPases and protein Ragulator (Jewell et al., 2013; Sancak et 

al., 2008). One interesting question in this topic is how the amino acids are being 

sensed? One proposed mechanism is that amino acids are sensed on the lumen of 

the lysosome by V-ATPases (Zoncu et al., 2011). After that V-ATPases through 

Ragulators activate Rag GTPases (Bar-Peled et al., 2013). Active Rag recruits 

mTORC1 complex to the membrane of the lysosome where Rheb is present. First it 

was thought that Rag actually moves mTORC1 from cytoplasm to lysosomal 

membrane but recent studies show that localization of Rag is fixed on the surface of 

the lysosome and it does not shuttle from cytoplasm to lysosome (Sancak et al., 2010). 

Another interesting thing about mTOR localization is it does not depend on its activity. 

For example, rapamycin which is an inhibitor of mTORC1 does not change the 

localization of the lysosome (Sancak et al., 2008). Even kinase dead mutant of mTOR 

also translocate to lysosome (Tabatabaian et al., 2010). 

Researchers also shown mTOR to be present on the mitochondria and rapamycin is 

also shown to be affecting the functioning of Jurkat cells (Paglin et al., 2005; 

Ramanathan and Schreiber, 2009). Under stress conditions mTORC1 is reported to 

be present on the Stress granules as well. This is mean to sequester mTORC1 from 

cytoplasm to arrest cellular growth in unfavourable condition. The shuttling of 

mTORC1 from stress granule to cytoplasm is DYRK3 kinase dependent (Wippich et 

al., 2013). Under heat stress, yeast TORC1 also shown to be associating with the 

stress granules (Takahara and Maeda, 2012). 
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Fig.1.18 Different localization and regulation of mTORC1 signaling (Betz and Hall, 2013) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One interesting thing one can ask is why mTOR localizes to the different parts of the 

cell? Also, whether different pathological condition changes the localization of mTOR? 

Or maybe mTOR mis-localization leads to onset of some diseases. These are 

important issues which needs to be looked at for clearly understanding the spatio-

temporal regulation of mTOR signaling. 
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2.1 Cell Culture and reagents 

HEK293, Huh7 and C6 Glioblastoma cells maintained in Dulbecco’s modified Eagle’s 

medium (DMEM,Gibco) and supplemented with 2mM L-glutamine,10% heat 

inactivated fetal bovine serum (FBS). 

Plasmid and si-RNAs were transfected with Lipofectamine 2000 (Invitrogen) and RNAi 

max (Invitrogen) respectively following manufacture’s protocol. All the si-RNA and 

plasmid co-transfection was done using Lipofectamine 2000. For activation of Primary 

rat astrocytes or neurons 1.5μM of oligomeric Aβ1-42 was used, whereas 2.5 μM of Aβ1-

42 oligomers were used for activating C6 Glioblastoma cells. 100nM Rapamycin 

(Sigma) was used for blocking mTORC1. Bafilomycin A1 (100nM for 8 Hrs.) was used 

to block endo-lysosomal fusion. 

Experiments were carried out using TET-ON HEK293 cells in which inducible 

constructs were introduced. TET-ON HEK293 cells were cultured  using DMEM with 

10% TET-approved FCS (Clonetech). 300ng/ml of Doxycycline (Sigma) were used 

within the system to induce specific genes at varied time points.  

For amino acid starvation experiments, Huh7 cells were grown in HBSS solution 

supplemented with 10% dialyzed FCS for 2hrs. For amino acid induction, starved cells 

were grown in HBSS solution supplemented with 10% normal FCS for 30mins. 

 

2.2 Primary Astrocyte culture 

Primary astrocytes were cultured in-vitro from Sprague Dawley rat pups aged 0-1 day. 

After isolating the entorhinal cortex of brain, meninges were removed carefully finally 

cutting the neocortex into small pieces. The tissues, minced and trypsinized for 30 min 
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were triturated in DMEM (GIBCO) along with 10% FBS. To steer the tissue solution 

clear of lumps, it was  passed through  nylon mesh and added onto PDL (Sigma-

Aldrich, St. Louis, MO, USA) coated plate for preferential attachment of neurons. The 

unattached cells were removed from the plate after 2-3 minutes harvested by 

centrifugation. Resuspension of cells were done in fresh medium and seeded with 1.2 

million/35 mm plate or 0.4 million/well of a 24 well plate density. Post culture the 

cultured cells were kept in DMEM  for 13 days along with the process of changing 

medium every alternate day. 

 

2.3 Primary neuron culture  

Primary cortical neuron was cultured from neocortex of E18 rat embryo which were 

dissected and triturated aseptically. Cell suspension was centrifuged for 5min at 1200 

rpm followed by the  resuspension of the same in  DMEM-F12 medium along with 

necessary supplements like insulin (25 μg/ml), glucose (6 mg/ml), apo-transferrin 

(100μg/ml), progesterone (20nM), putrescine (60μM) and selenium (30nM), 1% 

penstrep. The cultured neurons were plated at 1million/well density in 24 well and 

3million/35mm in PDL-coated plates and maintained in DMEM/F12. The cells were 

provided with neurobasal medium supplemented with B-27 for 4 days until treatment 

on 5DIV. 

 

2.4 Plasmid and si-RNA 

The list provided below provides the list of all the plasmids used in this study.  
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Name of the Plasmids Reference/Source Plasmid Description 

pmiR-122 Previously described in (Ghosh et 

al., 2013) 

Plasmid encoding pre-miR-122 

under a constitutive U6 promoter 

FHA-Ago2 Kind gift from Tom Tuschl. FLAG and hemagglutinin (HA) 

tagged human Ago2 expression 

plasmid 

NHA-AGO3, 

NHA-AGO4 

From Witold Fillipowicz N-HA tagged human AGO3 or 

AGO4 expression plasmid 

FHA-Ago2Y529E Previously discussed in (Rüdel et 

al., 2011) 

Point mutation done to replace 

tyrosine at 529 position with 

glutamic acid 

FHA-Ago2Y529F Previously discussed in (Rüdel et 

al., 2011) 

Point mutation done to replace 

tyrosine at 529 position with 

Phenylalanine 

pRL-Con Kind gift from Witold Filipowicz. 

Previously described in (Pillai et al., 

2005). 

Humanized Renilla Luciferase 

coding region (RL) 

PGL3-FF From Promega. Previously 

described in (Pillai et al., 2005). 

Firefly luciferase under Simian 

Virus 40 (SV40) Promoter 

pRL-3xbulge-miR122 Kind gift from Witold Filipowicz. 

Previously described in 

(Bhattacharyya et al., 2006). 

Three miR-122 binding site at the 

downstream of RL coding region 
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pRL-3xbulge-let-7a Kind gift from Witold Filipowicz. 

Previously described in (Pillai et al., 

2005). 

Three let-7a binding site at the 

downstream of RL coding region 

GFP-Ago2 Kind gift from Witold Filipowicz Human Ago2 cloned in frame 

with GFP in pe-GFPC2 

(Clonetech) 

pDsRed2–ER From Clonetech ER targeting variant of DsRed 

YFP-Endo Kind gift from Edouard Bertrand Yellow Fluorescent Protein 

(YFP) tagged early endosome 

expression plasmid 

GFP-Rab7a Kind gift from Edouard Bertrand Green Fluorescent Protein 

(GFP) tagged human Rab7a 

expression plasmid 

Rab5a-WT Kind gift from J. M. Backer 

Previously described in (Flinn et al., 

2010). 

Wild type human Rab5a 

expression plasmid 

Rab5a-CA Kind gift from J. M. Backer 

Previously described in (Flinn et al., 

2010). 

A GTPase-deficient mutant of 

Rab5a, Rab5Q79L expression 

plasmid 

Rheb-Myc Kind gift from J. M. Backer 

Previously described in (Flinn et al., 

2010). 

Myc tagged human Rheb 

expression plasmid 
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List of all the si-RNAs used in the study 

Name of the si-RNA Reference/Source Concentration 

si-Con SMARTpool ONTARGETplus 50nM 

si-Ago2 (Human) SMARTpool ONTARGETplus 50nM 

si-RILP (Human) SMARTpool ONTARGETplus 50nM 

si-Rab5 (Human) SMARTpool ONTARGETplus 50nM 

si-Rab7 (Human) SMARTpool ONTARGETplus 50nM 

si-RAPTOR (Human) SMARTpool ONTARGETplus 50nM 

si-PLN1 (Human) SMARTpool ONTARGETplus 50nM 

si-PLN2 (Human) SMARTpool ONTARGETplus 50nM 

si-Dcp1 (Rat) SMARTpool ONTARGETplus 50nM 

 

 

2.5 Preparation of Amyloid beta 

Lyophilized Aβ1-42 peptide was purchased from American Peptide (Sunnyvale, CA, 

USA). Aβ1-42 was solubilized in 100% 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP) to a 

final stock concentration of 1 mM. SpeedVac (Eppendorf, Hamburg, Germany) was 

used to remove HFIP. The pellet was solubilized in anhydrous DMSO and then 

sonicated in a bath sonicator for 40mis at 37°C. This stock solution was stored at -

80°C at a conc. of 5mM. Oligomer of Aβ1-42 was prepared by diluting the stock peptide 

in Phosphate buffer saline (PBS) and Sodium dodecyl Sulphate (SDS) at a conc. of 
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0.2% to make the conc. of peptide to 400μM. This solution was kept at 37°C for 16hrs. 

After incubation, it was further diluted in PBS to a final conc. of 100μM and kept at 

37°C for 18-24hrs for proper oligomerization.  

 

2.6 Brain stereotaxic surgery 

Brain stereotaxy was performed on Male Sprague-Dawley rats weighing 280–320g on 

a steriotaxic frame (Stoelting, USA). Firstly they were anesthetized using thiopentone 

(50mg/ kg) (Neon laboratories, Mumbai). 5µl of 100µM Aβ in PBS and 3µg (4µl) of 

plasmid was infused into the rodent hippocampus at a flow rate of 0.5µl/min 

(stereotaxic co-ordinates from bregma: AP: 3.6 mm, L: 2.1mm, DV: 2.8 mm). The 

control group of animals were injected with similar volume of  PBS. Providing the 

optimum conditions to the subjects to avoid any post-operative complications, proper 

health of the animals were maintained. 14 days post infusion (DPI) all the  cognitive 

functioning tests were done .Animals of all the experimental groups were sacrificed 20 

days after following behavioral experiments. The brains were extracted and subjected 

to cardiac perfusion, followed by fixing them in 4% PFA for 24h. 24 hr later they were 

transferred to a vial having 30% sucrose solution for another 24hr and further 

experiments were performed.   

 

2.7 Immunohistochemistry of brain slices 

20 µm thick cryo-coronal sections were obtained using the cryotome (Thermo 

Shandon, Pittsburgh, PA, USA). and placed on slides coated with 5% gelatin. Initially 

the sections were washed  with PBS thrice following  PBS + 0.4% Triton-X was applied 
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on the slides for 40 min so that the permeabilization may take place. The sections 

were washed with 0.1% PBST.  The sections were then subjected to washing with 4% 

BSA in 0.1% PBST for 60min.The sections were soaked with primary antibody solution 

diluted in blocking solution, for 48h at 4°C and again washed with PBST (0.1%) thrice 

which ensued the removal of excess antibody. Then the sections were incubated with 

secondary antibodies at RT for further 2 h. followed by staining with Hoechst 33342 

solution for 30 min at 37 °C to define the nuclei. Lastly the sections were mounted on 

coverslips with Prolong Gold Antifade with DAPI for microscopic analysis.  

 

2.8 RNA isolation and Real-time PCR analysis 

Total RNA was isolated from cellular samples using TriZol reagent (Invitrogen) 

following the manufacturer’s protocol. RNA from organellar fractions and brain tissue 

samples were isolated using TriZol LS (Invitrogen).  

miRNA 

To quantify miRNA levels, Taqman chemistry based real time PCR was performed. 

Assays were done using specific Taqman primers (Invitrogen) following a two-step 

RT-PCR process. For quantification, 50ng total RNA was used for cDNA preparation. 

One-third volume of cDNA mix was used for real-time analysis according to the 

manufacturer’s protocol. For analysis of data, comparative Ct methods were followed 

and level of U6 snRNA was used for normalizing the data cellular miRNA expression 

data, whereas immunoprecipitated Ago2 level was used to measure the Ago2 

associated miRNA levels. All miRNA real times were performed in Bio-Rad CFX96TM 

real time system.  
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The primers used to for miRNA detection are enlisted below: 

miRNA Name ASSAY ID 

Let-7a 000377 

miR-9 001089 

miR-16 000391 

miR-21 000397 

miR-24 000402 

miR-29a 000412 

miR-33-5p 002135 

miR-101 000438 

miR-122 000445 

miR-125b 000449 

miR-128a 002216 

miR-142-3p 000464 

miR-145 002278 

miR-146a 000468 

miR-155 002571 

miR-181c 000482 

miR-184 000485 
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mRNA  

Analysis of mRNA expression level was also done following a two-step RT-PCR 

process. 200ng of total RNA was used to prepare cDNA followed by real-time PCR by 

SYBR Green method. All the real-times were done in 7500 Applied Biosystem Real 

Time System or BIO-RAD CFX96 Real-Time system following the manufacturer’s 

protocol. For analysis three biological replicates were taken and comparative Ct 

methods were used. To normalize the data either GAPDH mRNA level or 18S rRNA 

level was used as  a loading control. 

The primers used to for miRNA detection are enlisted below: 

 

 

 

U6 snRNA 001973 

Target 5’Forward Primer3’ 5’Reverse Primer3’ 

RL CCAAGCAAGATCATGC GCTCTTGATGTACTTACCC 

Pre-miR-122 CCTTAGCAGAGCTGTGGAG GCCTAGCAGTAGCTATTTAG 

18S rRNA TGACTCTAGATAACCTCGGG GACTCATTCCAATTACAGGG 

IL-1β GTGGATCCCAAACAATACCC AACTATGTCCCGACCATTGC 

IL-6 TACCCCAACTTCCAATGCTC ACCACAGTGAGGAATGTCCA 

GAPDH CAGGGGGGAGCCAAAAGGG CTTGGCCAGGGGTGCTAAGC 
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2.9 Luciferase Assay 

To measure the fold repression of any miRNA, dual-luciferase assay was performed. 

Cells were transfected with 10ng of RL-Con, RL-3xB-let-7a or RL-3xB-122 plasmids 

which expresses RL mRNA and RL mRNA containing either three bulge let-7a sites 

or three bulge miR-122 sites at the 3-UTR region to measure the repression levels of 

endogenous let-7a or exogenous miR-122. Along with these plasmids, cells were 

transfected with 100ng of Firefly (FF) plasmid against which the luciferase data was 

normalized. 1X Passive lysis buffer (Promega) was used to lyse the cells before 

performing the dual-luciferase assay following the manufacturer’s protocol on a 

VICTOR X3 Plate Reader (PerkinElmer, Waltham, MA). All samples were analyzed 

based on three technical replicates and three biological replicates.  

 

 

The fold repression was calculated using the above mentioned equation. Specific 

activity of any particular miRNA was measured by normalizing the fold repression by 

the cellular expression level of that miRNA. 

 

2.10 Immunoprecipitation assay 

Ago2 was immunoprecipitated from primary cells and brain tissue by protein G-

agarose beads tagged with Ago2 antibody. From FHA-Ago2 transfected C6 

glioblastoma cells, Ago2 was immunoprecipitated with help of FLAG beads. Cells were 

lysed in lysis buffer containing  20mM Tris-HCl pH 7.5, 150mM KCl, 5mM MgCl2, 1mM 

dithiothreitol (DTT), 1X EDTA-free protease inhibitor (Roche), 10mM Sodium 
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orthovanadate, 15mM NaF , 0.5% Triton X-100, 0.5% sodium deoxycholate at 4⁰C for 

30 min, followed by three sonication pulses of 10 sec each. Lysate was clarified at 

16,000xg for 10 min at 4⁰C. Protein G agarose beads (Invitrogen) blocked with 5% 

BSA in lysis buffer for 1hr and then incubated with required concentration of primary 

antibody for another 4hr before the lysate was added. IP with FLAG beads were done 

by adding pre-blocked anti-FLAG M2 beads to the lysates. The immunoprecipitation 

reaction was done for 16hrs at 4⁰C. After the IP reaction, beads were washed thrice  

with 1X IP buffer (20mM Tris-HCl pH 7.5,150mM KCl, 5mM MgCl2, 1mM DTT,10mM 

Sodium orthovanadate,15mM NaF) at 4⁰C. For protein and RNA analysis, 

immunoprecipitated beads were divided into two equal portions and 1x SDS dye and 

Trizol was added to respective portions. 

 

2.11 Optiprep density gradient centrifugation 

Subcellular fractionation was done using OptiprepTM (Sigma-Aldrich, USA) gradient 

based ultracentrifugation. A 3-30% or 3-15% continuous was run to separate different  

cell organelles into different fractions. About 107 cells were homogenized in a 

hypotonic buffer  (50mM Hepes pH 7.8, 250mM sucrose,78 mM KCl,4mM MgCl2, 

8.4mM CaCl2,10mM EGTA, supplemented with 100μg/ml of Cycloheximide, 5mM 

Vanadyl Ribonucleoside Complex (VRC) (Sigma Aldrich), 0.5mM DTT and 1X 

Protease inhibitor cocktail) with a glass Dounce homogenizer (Sartorius). The 

homogenate was clarified by centrifugation twice at 1000xg for 5minutes and then 

loaded onto the gradient and ultracentrifuged at 133,000xg with a SW61T rotor for 5hr. 

After centrifugation 10 fractions were collected and analyzed for both protein and RNA.  
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2.12 Polysome isolation 

To isolate polysome fraction, about 5x106 cells were lysed in a lysis 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 of 

Cycloheximide (Calbiochem). The lysate was clarified by centrifuging the lysate 

3,000X g for 10 min followed by another spin at 20,000X g for 10 min. The lysate 

loaded onto a 30% sucrose cushion and then ultracentrifugation was done at 

100,000X g for 1 h at 4°C. The non-polysomal fraction was removed and then sucrose 

cushion was washed with a buffer comprising 10 mM HEPES pH 8.0, 25 mM KCl, 

5 mM MgCl2, 1 mM DTT, followed by another ultracentrifugation spin at 30 min at 

100,000X g. The polysomal pellet was resuspended in polysome buffer (10 mM 

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

complex, 1x EDTA-free protease inhibitor cocktail) and further processed for RNA and 

protein extraction. 

2.13 Western-blot analysis 

Analysis of protein expression was done by using SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) followed by western blot. Cell lysates, organelle 

fractions, immunoprecipitated proteins were dissolved in 1X sample loading buffer 

(1.5mM Tris-HCl, pH 6.8, 10% SDS, 50% glycerol, 250mM DTT, 0.5% bromophenol 

blue) and heated for 10min at 95ºC. SDS-PAGE was run and the gel was transferred 

to the PVDF membrane (Millipore). Membrane was blocked in Tris buffered saline 

(TBS) solution containing 3% BSA at 37°C for 1hr. and then probed with specific 

antibody at required concentration. The incubation was done overnight at 4°C followed 
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by washing step to remove unbound antibodies. Membrane was washed thrice in 

TBST (Tris buffer saline-tween 20) and then incubated with specific secondary 

antibodies (at 1:8000 dilution) for 1hr. at room temperature. All western blot images 

were captured using UVP BioImager 600 system equipped with VisionWorks Life 

Science software (UVP) V6.80 and band intensities were calculated using ImageJ 

software. Details of antibodies used given below 
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2.14 Immunofluorescence and Confocal Imaging 

For microscopic studies, primary cells and cell lines were grown on cover-slips coated 

with poly-D-lysine and gelatin respectively. Cells were transfected following the 

methods explained earlier and after 48-72hrs of transfection fixed with 4% 

paraformaldehyde solution for 20mins at dark in room temperature. Fixed cells were 

blocked and permeabilized with a solution containing 3% BSA and 0.1% Triton X-100 

for 30 min at room temperature. These permeabilized cells were incubated with 

specific primary antibodies overnight at 4°C. After incubation with the antibodies, 

cover-slips were washed thrice for 5 mins with microscopy grade PBS (Invitrogen) and 

further incubated with fluorophore tagged secondary antibodies (Life Technologies) 

for 1hr at room temperature. Confocal images were taken using Zeiss LSM800 

confocal microscope and processed with Imaris7 and ImageJ software. 

 

2.15 Post capture image analysis 

Fixed cell images were analyzed using Imaris7 and ImageJ software. The calculation 

of corrected total cell fluorescence (CTCF) was done by ImageJ software. sCTCF= 

Integrated density−(area of selected cell × mean fluorescence of background value). 

The extent of colocalization was measured by calculating the Pearson’s or Mander’s 

coefficient of colocalization using coloc. plugin of Imaris7 software. 3D reconstruction 

was made using surpass plugin of Imaris7. Numbers of individual bodies or vesicles 

were calculated using particle generator of Imaris7 software . 
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2.16 Live cell imaging and analysis of data 

For live cell microscopy cells were transiently transfected with YFP-Endo, pDsRed2-

ER (Clontech) or with GFP-Rab7. Lysosomes were visualized by applying lysotracker 

(DND-99,Red; Life technology) in growing condition 1hr before imaging. Live-cell time-

lapse images were taken with Leica DMI6000 B inverted microscope equipped with 

Plan Apo100×/1.40 oil objective (Leica TCS SP8 confocal system). Endosomal 

dynamics were calculated by assigning each endosomes with a particle using particle 

generator of the surpass plugin of Imaris7 software. Particle tracking algorithm and 

gap close algorithm were used to measure the track speed and track length of each 

of endosome. 

 

2.17 In-vitro organellar interaction 

To study the interaction between EE and ER in-vitro, first EE and ER was fractionated 

from cell lysate using a 3-30% optiprep gradient ultracentrifugation (discussed earlier). 

Fraction no. 2-4 (enriched in endosome) and fraction no. 7-9 (enriched in ER) were 

further diluted using a diluent buffer and ultra-centrifuged further for 2hrs at a speed 

of 217,000xg and 133,000xg to enrich the endosome and ER respectively. Endosomal 

pellet was resuspended in a buffer containing 250mM sucrose,78mM KCl,4mM MgCl2, 

8.4 mM CaCl2,10mM EGTA, 50mM Hepes pH 7.4,  supplemented with 1X Protease 

Inhibitor. Oligomeric Aβ1-42 was added to the endosome solution at a conc. of 2.5μM 

and kept for 1hr at 37°C. After 1hr of incubation ER was added along with ATP at a 

final conc. of 1mM and mixture was incubated at 37°C further 1hr with intermittent 

shaking. EE’s were immune-isolated by adding EEA1 tagged protein G-agarose beads 

to the reaction and IP was done overnight at 4°C. After immunoprecipitation reaction 
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1x sample loading buffer was added to the beads and western blot was done to check 

the EEA1 associated calnexin level, which is a marker for ER. 

 

2.18 Exosome isolation 

For exosome isolation, cells were grown on media supplemented with exosome free 

FCS. Cell supernatant was recovered and cell debris were removed by spinning the 

supernatant at 3000xg for 15mins at 4°C. The supernatant was further centrifuged at 

10000xg and filter passed through a 0.22μm filter to further remove all debris. 

Resultant supernatant was loaded onto a 30% sucrose cushion and ultra-centrifuged 

at 100,000xg for 70mins. After centrifugation the supernatant was remove except for 

1ml above the cushion. This solution was diluted with 1X PBS and further ultra-

centrifuged at 100,000xg for 70mins. The pellet was diluted in PBS and further 

processed for RNA and protein estimation.    

 

2.19 Ethics statement 

Sprague Dawley rats weighing on average around 270 g - 330 g were kept in habitation 

with a controlled temperature  around 25°C and humidity 65% ensuring 12 hrs light-

dark cycle along with food and water to ad-libitum in the animal house of CSIR-Indian 

Institute of Chemical Biology, Kolkata. All experimental studies were performed in 

accordance with the guidelines provided by the Committee for the Purpose of Control 

and Supervision of Experiments on Animals (Animal Welfare Divisions, Ministry of 

Environments and Forests, Govt. of India) along with the approval from the Institutional 

Animal Ethics Committee (IAEC). 

 



50 | P a g e  
 

2.20 Statistical Analysis 

Statistical analysis was done using GraphPad Prism 5.00 (Graph Pad, San Diego). All 

the experiments was done in triplicates and P-values were obtained with the help of  

Non-parametric two-tailed Student’s t-test. Animal data were analyzed by one way 

ANOVA followed by Bonferroni’s test. 
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Result 
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 Chapter: I 

Mechanism of Aβ induced inactivation of   

miRNA activity in glial cell 
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Objective 

Main objective of this study was to find the 

role of glial miRNAs in controlling the 

cytokine mRNA expression during AD 

progression. We investigated this problem 

in rat brain and in primary astrocyte 

culture system. We also checked how 

other factors like cell signaling pathways 

and different cell organelles regulate 

miRNA expression and activity during 

pathological condition. Since astrocytes 

play an important role in 

neuroinflammation and synapse 

formation, we think our study will able to 

shed light on the role of regulatory RNAs 

in controlling memory formation and 

cognition in adult animals. Also this works 

focuses on the possibility of small RNAs or 

any other genetic therapy procedure can 

be used for treating AD in adult animals. 

 

BACKGROUND 

We associate Alzheimer's Disease (AD) with 

memory loss and decline in motor skill. One major 

reason for this loss of neuron in CNS is uncontrolled 

inflammation. There are star shape like glial cells 

known as the astrocytes that provides metabolic 

supports to the neurons. Along with maintaining 

homeostasis, astrocytes also regulates inflammatory 

response during any pathology. Like all other 

mammalian tissues, brain also contain several small 

regulatory RNAs known as the miRNAs which 

regulates thousands of transcripts in brain. There 

are many miRNAs present inside macrophage, T-

cells or dendritic cells that can regulate the 

inflammatory response during various diseases. 

Astrocytes have their own set of miRNAs that can 

also fine tune the inflammatory response by 

regulating expression of cytokine mRNAs during 

neurodegenerative disease. It was important to 

look at how astrocyte miRNAs regulate the 

cytokine response during AD. 

 



54 | P a g e  
 

3.1 Aβ1-42 deposition initiates neuroinflammation in rat brain hippocampus 

To check the effect of amyloid plaque deposition on animal brain physiology, 

oligomeric β-amyloid peptides (Aβ1-42) were injected stereotactically at adult rat brain 

hippocampus and animals were kept for 21days to allow the peptides to get deposited 

at brain. Oligomeric Aβ1-42 was selected to initiate the disease as it is already known 

that this  form of β-amyloid is most toxic and frequently found on the post mortem brain 

samples of AD patients (Vehmas et al., 2003). A volume of 5 µl of 100 µM oligomeric 

Aβ1-42 was injected in the hippocampus at stereotaxic co-ordinates from bregma: AP: 

3.6 mm, L: 2.1mm, DV: 2.8 mm, following the rat brain atlas (Fig 3.1A).   
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Fig 3.1: Aβ
1-42

 deposition causes astrocyte activation in rat brain hippocampus 

A. Stereotactic co-ordinates of adult rat brain where oligomeric Aβ1-42 was injected  

B. IHC images of injection site showing β-amyloid deposition (red), astrocytes were 

marked with GFAP (green) and Hoechst (blue) was used to mark nucleus. C. Graph 

showing GFAP intensity in both PBS and Aβ1-42 injected rat brain. GFAP intensity 

was measured from IHC images using imageJ software 

 

 

 

 

 

Control animals were injected with equal volume of PBS. Animals were sacrificed after 

21days and immunohistochemistry (IHC) was done to check for the amyloid 

deposition. Confocal images of hippocampal brain region revealed β-amyloid 

deposition in and around the injection site along with strong activation of astrocytes 

(Fig 3.1B). Glial fibrillary acidic protein (GFAP) is a marker of astrocytes and strongly 

associated with the glial activation or gliosis (Frost and Li, 2017). GFAP intensity was 

found to be elevated at the injection site of the diseased animals (Fig 3.1C). 

 

Astrocytes are a type of glial cell present in brain which mainly regulate homeostasis 

of brain physiology. In diseases like AD and PD, studies have shown astrocyte can 

regulate inflammation of the brain as well (González-Reyes et al., 2017). So to 

determine whether amyloid deposition and astrocyte activation in brain results in 

inflammation at the injection site, RNA was prepared from the amyloid deposited 

hippocampus tissue and qPCR was done to check the expression of pro-inflammatory 

cytokine mRNAs. mRNA levels of both IL-1β and IL-6 were found to be elevated in the 

diseased animals indicating Aβ1-42 can results in neuroinflammation (Fig 3.2A). 

Interestingly, several of the miRNAs were also found to be elevated in Aβ1-42 injected 

animals (Fig 3.2B). In the graph red represents the group of miRNAs that are known 
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to regulate the expression of pro-inflammatory cytokines either directly like IL-6 is a 

direct target of let-7a, or by regulating NF-ĸB pathway, for example miR-146a, miR-

155 and miR-21 known to regulate NF-ĸB pathway (Testa et al., 2017). Whereas the 

miRNAs those are not known to regulate cytokine expression (indicated in blue) either 

directly or indirectly are also found to be elevated in the brain (Fig 3.2B). 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Activated astrocytes accumulate miRNAs upon Aβ1-42 exposure 

To investigate the role of astrocyte in neuroinflammation process and pathophysiology 

of the disease, rat brain astrocytes were cultured ex-vivo from 1-2 day old rat pups. 

Cells were activated with 24hrs exposure of 1.5µM of oligomeric Aβ1-42 (Fig 3.3A). 

Confocal images were taken of both control and Aβ1-42 treated primary astrocytes, 

where Aβ1-42 exposed cells were found to be highly differentiated along with higher 

GFAP intensity (Fig 3.3B and 3.3C).  

Fig 3.2: Aβ
1-42

 deposition causes increased miRNA accumulation in hippocampus          

A. qPCR data showing levels of IL-1β and IL-6 mRNA in rat brain hippocampus of both 

control and diseased rat. Real time data normalized with GAPDH mRNA level. B. Graph 

depicting different miRNA levels found in hippocampus of both PBS and oligomeric Aβ1-42 

infused rat. Red represents the miRNA which are known regulators of cytokine mRNAs and 

blue represents miRNAs that do not regulate cytokine mRNAs. Real time data was 

normalized with U6 snRNA. 
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Since astrocyte is the most abundant cell present in the brain, outnumbering neurons, 

we hypothesized astrocyte could contribute to the neuroinflammation process in the 

rat brain. qPCR data showed, upon Aβ1-42 treatment mRNA levels of both IL-1β and 

IL-6 were found be increased several fold (Fig 3.3D). Again when miRNAs levels were 

Fig 3.3: Oligomeric Aβ
1-42

 causes activation of rat astrocytes in ex-vivo condition 

A. Schematic diagram showing details of the experiment. B. Confocal images showing effect 

of Aβ1-42 treatment in primary astrocyte cells. GFAP was used to mark astrocyte (green) C. 

Graph showing intensity of GFAP in both control and Aβ1-42 treated astrocyte cells. Intensity 

was calculated using ImageJ software D. Real time data showing cellular IL-1β and IL-6 

mRNA levels in control and activated astrocyte cells. qPCR data was normalized with GAPDH 

mRNA level  E. Graph showing different miRNA levels in both control and activated astrocyte 

cells. Red represents the miRNA which are known to regulate cytokine mRNAs and blue 

represents miRNAs those are not known to regulate cytokine mRNAs. qPCR data was 

normalized with U6 snRNA. 
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checked in activated astrocytes, it was found just like hippocampus, expression level 

several of the miRNAs were found to be elevated (Fig 3.3E). 

 

3.3 Accumulated miRNAs are inactive 

The relationship between miRNA and their target mRNA is mostly inverse in nature. If 

miRNA level is increased in any system it should bring down the target mRNA level in 

that particular system. Here in adult rat brain and also in primary astrocyte culture both 

miRNA and target mRNA levels were found to be elevated upon Aβ1-42 exposure. To 

check the activity of a particular miRNA, dual-luciferase assay was performed. We 

checked the activity of miR-146a, since we found levels of miR-146a to be elevated in 

both brain hippocampus and in primary astrocyte cells upon Aβ1-42 treatment (Fig 

3.2B,3.3E). miR-146a also known to regulate NF-ĸB pathway, thus can fine-tune the 

expression of pro-inflammatory cytokine levels (Bhaumik et al., 2008).  

C6 glioblastoma cells were transfected with plasmids expressing Renilla Luciferase 

(RL) reporter having 3’-UTR of IRAK1 mRNA with two miR-146a binding sites along 

with Firefly (FF) plasmid (Fig 3.4A). C6 glioblastoma are positive for differentiated 

astrocytic markers (eg. GFAP, S100β and ALDH1L1) , also C6 cells presented similar 

results in comparison to primary astrocytes in response to stimuli (Galland et al., 

2019). C6 cells were treated with 2.5µM of oligomeric Aβ1-42 for 24hr for activation. 

Luciferase assay revealed a decrease in miR-146 activity in cells activated with Aβ1-42 

(Fig 3.4C). Specific activity was calculated by normalizing fold repression with cellular 

miRNA expression level. Although cellular miR-146a levels were again found to be 

elevated in activated C6 glioblastoma cells (Fig 3.4B). 
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3.4 Decrease in Ago2 phosphorylation ensures higher Ago2 bound miRNA level 

Since no change in either Argonaute-2 (Ago2) or miRNA level was observed upon 

Aβ1-42 treatment, we hypothesized that a lack of interaction between Ago2 and miRNA 

can explain the decrease in miRNA activity in glial cells. Ago2 was immunoprecipitated 

(IP) from both control and Aβ1-42 treated primary astrocyte cells and qPCR based 

assay revealed Ago2 bound miRNA levels. qPCR data was normalized with the 

Fig 3.4: Aβ
1-42

 causes reduction in miR-146a activity in C6 glioblastoma cells 

A. Schematics showing different reporters used in the Dual-Luciferase assay. Two miR-146a 

binding sites were cloned on the 3’-UTR of the IRAK1 mRNA to score miR-146a activity. Fold 

repression was calculated by normalizing RL-IRAK1 level with RL-Con level. B. Graph 

showing qPCR data of cellular miR-146a level in both DMSO and 2.5μM Aβ1-42 treated C6 

glioma cells. Real time data was normalized with U6 snRNA. C. Graph showing specific 

activity of miR-146a upon Aβ exposure. Fold repression calculated from dual-luciferase assay 

was normalized with cellular miR-146a level to calculate specific activity. 
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amount of Ago2 protein pulled down from the IP reaction. It was found that Ago2 bound 

miR-146a and miR-155 levels were actually increased upon Aβ1-42 exposure (Fig 

3.5A). Similar effect was observed for Ago2 bound miR-16 and miR-29a level (Fig 

3.5B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Previous studies have shown the role of Ago2 phosphorylation in regulating Ago2-

miRNA interaction (Rüdel et al., 2011). To check whether Aβ1-42 treatment had any 

effect on Ago2 phosphorylation level, C6 glioblastoma cells were transfected with 

FLAG-HA-Ago2 plasmid (FHA-Ago2) and then treated with 2.5µM of Aβ1-42 for 24hr. 

Ago2 was IPed from both control and treated cell and phospho-tyrosine level was 

Fig 3.5: Increased miRNP accumulation in activated glial cells 

A. Graphs showing levels of Ago2 associated miR-146a and miR-155 level in Aβ1-42 activated 

(1.5μM) primary astrocytes. Immunoprecipitation(IP) of Ago2 was done followed by RNA 

extraction and real time PCR analysis to check Ago2 associated miRNA levels (lower panel). 

qPCR data was normalized with the amount of Ago2 pulled down in IP reaction (upper panel) 

B. qPCR data showing levels of Ago2 associated miR-16 and miR-29a levels in both DMSO 

and 2.5 μM Aβ1-42 treated C6 glioblastoma cells (lower panel). qPCR data was normalized 

with the amount of Ago2 pulled down from IP reaction (Upper panel). C6 cells were transiently 

transfected with FHA-Ago2 and IP was done using FLAG beads. 
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measured. Western blot data revealed a decrease in Ago2 phosphorylation upon 

amyloid exposure along with a reduced interaction of mTOR with the Ago2 protein (Fig 

3.6A and 3.6B), suggesting a possible role mTOR in Ago2 phosphorylation and miRNA 

activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.6: Aβ
1-42 

 causes reduction in Ago2 phosphorylation and Ago2-mTOR interaction  

A. Western data showing reduced Ago2 phosphorylation level upon Aβ activation. Levels of 

Ago2 phosphorylation was measured by IP of Ago2 followed by western blot using 4G-10 

antibody (anti-tyrosine). The level of Ago2 phosphorylation was measured by normalizing the 

4G-10 band intensity with amount of HA-Ago2 pulled down from IP reaction B. Western blot 

data showing HA-Ago2 and Ago2 associated mTOR level in both control and Aβ treated C6 

cells. Ago2 associated mTOR level was measured by immunoprecipitating Ago2 using FLAG 

beads C. qPCR data showing levels of IL-1β and IL-6 mRNA levels in both wild type Ago2 

(Ago2-WT) and mutant Ago2 (Ago2-Y529F) expressing C6 cells. In both conditions cells were 

either treated with DMSO or Aβ1-42 for activation. Real time data was normalized with the 

GAPDH mRNA levels. 



62 | P a g e  
 

It was suggestive from the previous experiments that a lack of Ago2 phosphorylation 

might hinder the uncoupling of miRNA from Ago2 leading to loss of miRNA activity. So 

to further  prove the role of Ago2 phosphorylation in target mRNA repression, C6 cells 

were transfected with a mutant form of Ago2 (Ago2-Y529F) which cannot be 

phosphorylated at 529 position (Rüdel et al., 2011). 529 position is found to be in MID 

domain of which constitute the miRNA binding region of the protein. A phosphorylation 

at the Y529 position creates a negative charge which causes uncoupling of miRNA 

from Ago2 protein. A non-phosphorylable Ago2Y529F mutant always remains bound 

to miRNA. C6 cells expressing Ago2-Y529F form showed increased IL-1β and IL-6 

mRNA level even  without Aβ1-42 treatment further signifying role of Ago2 

phosphorylation in target mRNA repression (Fig 3.6C). 

 

 

3.5 Accumulation of miRNP is an astrocyte specific event and does not affect 

neurons 

It was necessary to look whether Aβ1-42 exposed neurons also show accumulation of 

miRNPs or this mechanism an astrocyte specific event. To check this hypothesis, 

primary neurons were cultured from E16-E18 embryo of pregnant Sprague Dawley 

rat. After 5 days, 1.5µM of oligomeric    Aβ1-42 was added to the differentiated neuronal 

cells and kept for 24hrs (Fig 3.7A). We could not find any significant change in both 

cellular let-7a and miR-146a level and also in the Ago2 associated miR-146a level (Fig 

3.7B and 3.7C), suggesting Aβ1-42 mediated accumulation of miRNP complexes could 

be a astrocyte specific phenomenon.  
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Fig 3.7: β-amyloid exposure in rat cortical neurons failed to elicit any change in miRNP 

level 

A. Microcopy images showing images of primary rat cortical neurons either treated with 

DMSO (Control) or 1.5μM of Aβ1-42 B. Graph showing levels of cellular let-7a and miR-146a 

upon Aβ1-42 exposure. Data was obtained from Real time PCR.  Real time data was 

normalized with U6 snRNA. C. Graph showing levels of Ago2 associated miR-146a level in 

primary neuron. qPCR data was normalized with the amount of Ago2 obtained from IP 

reaction. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6 mTOR mediated Ago2 phosphorylation is required for miRNA activity 

It was suggestive from our previous findings that, Aβ1-42 mediated loss of Ago2 

phosphorylation and its loss of interaction with mTOR is subsequently causing a 

reduction in miRNA activity. So to investigate the role of mTOR in miRNA activity, C6 

glioblastoma cells were treated with Rapamycin, a known mTORC1 blocker. Dual-

luciferase assay was done to check the miRNA activity upon rapamycin treatment. It 

was found that 100nM of rapamycin could decrease the miR-146a activity in C6 cells 
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(Fig 3.8A). We also found a reduction in Ago2 phosphorylation and an increase in 

Ago2-miRNA interaction when cells were treated with rapamycin (Fig 3.8B and 3.8C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To further establish the fact that mTOR mediated Ago2 phosphorylation and miRNA 

activity is not a cell specific or a miRNA specific event, we took HEK293 cells and 

knockdown Raptor with si-RNA. Raptor is key component of mTORC1 complex and 

Fig 3.8: Inhibition of mTORC1 signaling affects miRNA activity 

A. Dual-luciferase assay showing effect of rapamycin exposure (100nM) on specific activity 

of miR-146a. C6 glioma cells were transfected with RL-con and RL-IRAK1 having two miR-

146a binding site at 3’-UTR of IRAK1 mRNA. Fold repression was normalized with total miR-

146a level to get the specific activity B-C. Effect of mTOR inhibition on Ago2 phosphorylation 

and Ago2 associated miRNA level. C6 cells expressing FHA-Ago2 was treated with 100nM 

of rapamycin. Ago2 was immunoprecipitated using FLAG beads. Western blot showing 4G-

10 and Ago2 associated mTOR level (B). qPCR data showing Ago2 associated miR-146a 

and miR-16 level (C). HA band showing amount of Ago2 pulled down from IP reaction. D. 

Western blot analysis showing level of Ago2 phosphorylation (4G-10) in HEK293 cells 

following knockdown of RAPTOR. E. Graphs showing fold repression of miR-122 upon 

RAPTOR knockdown. Liver specific miR-122 was expressed with p-miR-122 expressing 

plasmid along with RL-con and RL-3xB-122 (RL mRNA with three miR-122 binding site to 

score activity of miR-122). 
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very important for down-stream signaling mTORC1 pathway (Hara et al., 2002). Like 

rapamycin treatment, Raptor knockdown also resulted in slight decrease in Ago2 

phosphorylation level (Fig 3.8D). The miRNA activity was scored with Renilla 

Luciferase reporter containing three bulged miR-122 sites at 3’UTR (RL-3xB-122). 

HEK293 cells were transfected with lever specific miR-122 expressing plasmid (p-miR-

122) and dual-luciferase assay was carried out. Raptor knockdown reduced the miR-

122 activity, further establishing the fact that mTOR mediated Ago2 phosphorylation 

and miRNA activity is a generalized phenomenon (Fig 3.8E). 

 

3.7 Aβ1-42 sequesters mTOR to the early endosomes 

Inhibition of mTORC1 pathway by either Raptor knockdown or by applying 

pharmalogical inhibitor both resulted in decrease in Ago2 phosphorylation and 

reduced miRNA activity. Similar trend was observed when astrocytes were treated 

with oligomeric Aβ1-42. We wanted to check whether Aβ1-42 is reducing miRNA activity 

by inhibiting mTORC1 pathway. To investigate this possibility, first we looked at the 

expression level of both phosphorylated mTOR (p-mTOR) and its downstream 

substrate phosphorylated S6 kinase (p-S6K) in both C6 glioblastoma cell and in 

primary astrocyte upon amyloid exposure. It was found that protein levels of both p-

mTOR and p-S6k found to be low on activated cells (Fig 3.9A and 3.9B). The mTORC1 

pathway is very tightly regulated in mammalian cells. Since mTOR is known as the 

master regulator of mammalian cell, its expression and down-stream signaling 

pathway depends upon nutrient availability like presence of amino acid and glucose 

and also on presence of growth factors like insulin (Saxton and Sabatini, 2017). 

Another interesting thing about this pathway is, mTORC1  shows localization based 



66 | P a g e  
 

activation, meaning irrespective of upstream activator present on the system mTOR 

needs to be on the surface of lysosomal membrane for its activation (Sancak et al., 

2010). Since Aβ1-42 treated cells show low mTOR activity compared to the control cells, 

it was important to look at the localization of mTOR in activated cells. Confocal images 

were taken of both control and Aβ1-42 treated C6 glioblastoma cells, where lysosomes 

were marked with lysotracker and mTOR was observed with indirect 

immunofluorescence (Fig 3.9C). The colocalization between mTOR and lysosome 

was measure by calculating Pearson’s colocalization coefficient using Imaris7 

software. It was found that in amyloid activated C6 cells the colocalization between 

mTOR and lysosomes reduced significantly, suggesting a mis-localization of mTOR in 

amyloid treated cells (Fig 3.9D). 
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Fig 3.9: Activated glial cells show reduced mTORC1 signaling  

A-B. Western blot analysis showing levels of phosphorylated mTOR (p-mTOR) and its 

downstream substrate phosphorylated S6-Kinase (p-S6K) level in both DMSO and Aβ1-42 

treated C6 glioma and primary astrocyte cells C. Confocal images showing localization of 

mTOR and lysosomes in C6 glioma cell upon β-amyloid exposure. mTOR was stained with 

indirect immunofluorescence (green) and lysosomes were marked with lysotracker (red) 

(100nM). Yellow portion showing colocalized area between mTOR and lysosome. D. Graphs 

showing level of colocalization between mTOR and lysosome upon Aβ1-42 treatment. 

Pearson’s co-efficient of colocalization was measured using imaris7 software. 

 

 

 

 

 

 

 

 

 

Since in activated C6 cells mTOR was not translocating to the lysosomal membrane, 

it was necessary to pin-point the localization of mTOR. To check for the same, C6 

glioblastoma cells were transiently transfected with YFP-Endo plasmid that labels 

early endosomes (EE) in cells and then treated with 2.5μM Aβ1-42 for 24hr. After 24hr 

cells were fixed with 4% paraformaldehyde (PFA) and then mTOR was marked with 

indirect fluorescence (Fig 3.10A). Pearson’s coefficient of colocalization was 

calculated from the confocal images which showed a significant increase in 

colocalization between EE and mTOR upon Aβ1-42 treatment (Fig 3.10B). These data 

suggested, a faulty localization of mTOR in the Aβ1-42 treated cells decreases its 

downstream signaling in astrocyte.  
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Fig 3.10: Oligomeric Aβ
1-42

 causes sequestration of mTOR in early endosomes 

A. Microscopic images showing localization of mTOR and early endosomes in C6 glioma cell 

upon β-amyloid exposure. C6 cells were transiently transfected with YFP-Endo which marks 

early endosomes (green) and mTOR was visualized by indirect immunofluorescence (red) B. 

Graphs showing level of colocalization between early endosome and mTOR upon Aβ1-42 

treatment. Pearson’s co-efficient of colocalization was used to measure the colocalization 

 

 

 

 

 

 

 

 

3.8 Mis-localization of mTOR lowers miRNA activity  

It was evident from our previous findings that oligomeric Aβ1-42 can sequester mTOR 

to the early endosome reducing its downstream activity in glial cells. Next it was 

essential to check whether mis-localization of mTOR is sufficient to cause any affect 

in miRNA activity. To investigate this possibility, we transiently transfected the cells 

with a mutant form of Rab5 and then calculated the miRNA activity. Rab5 is an 

essential protein present on the surface of EE which is responsible for early to late 

endosome maturation (Murray et al., 2002). The GTP form of Rab5 needs to be 

hydrolyzed by specific GTPases so that it can be replaced by another protein called 

Rab7. This mechanism is known as the Rab switching, a key step for early to late 

endosome maturation. A Rab5 mutant (Rab5Q79C), which is GTPase deficient and 

thus known as constitutively active form of Rab5 (Rab5-CA) cannot get matured to 

late endosome and forms larger early endosome (Flinn et al., 2010). C6 glioblastoma 

cells expressing Rab5-CA sequesters mTOR in EE compared to the Rab5-WT 

expressing cells, a phenomenon just like Aβ1-42 exposed cells (Fig 3.11A and 3.11B).  
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Fig 3.11: Mis-localization of mTOR decreases miRNA activity 

A. Confocal images showing localization of mTOR in C6 glioma cells expressing either wild 

type Rab5 (Rab5-WT) and Rab5-Q79C mutant (Rab5-CA). YFP-Endo marked early 

endosome (green) and indirect immunofluorescence used for detecting mTOR (red) B. 

Pearson’s co-efficient of colocalization was used to calculate extent of mTOR translocating 

to the early endosome. C. Data showing activity of let-7a calculated using dual-luciferase 

assay. C6 glioma cells expressing Rab5-WT or Rab5-CA were transfected with either RL-

Con or RL-3xB-let7a plasmid for luciferase assay. D-E. Total and Ago2 associated miR-146a 

level was measured in C6 glioma cells expressing Rab5-WT or Rab5-CA. Taqman based 

qPCR was done to check the total cellular miR-146a level (D). IP of FHA-Ago2 followed by 

qPCR was done to check Ago2 associated miR-146a level (E). The qPCR data was 

normalized with U6 snRNA and amount Ago2 pulled down from IP reaction respectively. 

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A dual-luciferase assay was done with Renilla Luciferase reporter containing 3 let-7a binding 

site to check whether Rab5-CA alters the miRNA activity in cell. It was found just like mTOR 

inhibition by rapamycin and Raptor knockdown, a mis-localization of mTOR also reduces 

miRNA activity in cell (Fig 3.11C).  Also Rab5-CA expression upregulates both total cellular 

miR-146a and Ago2 associated miR-146a level in glioblastoma cell (Fig 3.11D and 3.11E). 

These data indicates how mTOR compartmentalization defect in astrocyte may leads to 

functional inactivation of miRNA in AD. 
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Fig 3.12: Rheb reactivates mTORC1 pathway in Aβ
1-42 

treated cells 

A. Microscopic images showing localization of mTOR in both control and Aβ1-42 treated cells 

expressing either empty vector or Rheb-Myc. C6 glioma cells were transiently transfected 

with YFP-Endo that marks early endosome (green) and mTOR was stained by indirect 

immunofluorescence (red) B. Pearson’s coefficient of colocalization was calculated to check 

the colocalization between early endosomes and mTOR. C. Western blot data showing 

expression of p-mTOR and its downstream substrate p-S6K level upon Rheb-Myc expression 

in both control and activated glioma cells. 

3.9 Reactivation of mTOR by Rheb mobilizes mTOR from early endosome 

Results so far indicates how translocation of mTOR to lysosomal membrane regulates 

mTOR mediated Ago2 phosphorylation and sustained miRNA activity in glial cells and 

how Aβ1-42 deregulates this process by sequestering mTOR into EE. To confirm the 

role of mTOR in astrocytes, a constitutive activator of mTOR pathway Rheb was 

expressed in the cells before Aβ1-42 exposure. Rheb is a known activator of mTORC1 

pathway which can bind to mTOR and activate the pathway independent of any growth 

factor or amino acids (Long et al., 2005). C6 glioblastoma cells were transfected with 

a plasmid encoding Rheb-Myc prior to Aβ1-42 treatment.  
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C6 cells expressing YFP-Endo and vector plasmid or Rheb-Myc plasmid then treated 

with 2.5μM Aβ1-42 for 24hr. Confocal images were taken to check the localization of 

mTOR in amyloid activated cells expressing Rheb-Myc (Fig 3.12A). Microscopic 

images were analyzed and Pearson’s coefficient of colocalization were calculated to 

check the localization of mTOR. It was observed that there were reduced 

colocalization between mTOR and early endosome in cells expressing Rheb-Myc 

compared to the only amyloid treated cells, which suggests Rheb could mobilize the 

mTOR from the sequestered EE  (Fig 3.12B). Western-blot data also showed there 

was reactivation of mTORC1 pathway as both p-mTOR and p-S6K levels increased  

in Rheb-Myc expressing cells compared to that of the only Aβ1-42 treated cells (Fig 

3.12C). 

 

3.10 Rheb expression decreases miRNP formation in glial cells 

Since mTOR inhibition resulted in reduced Ago2 phosphorylation and increased 

miRNP level in glial cells, it was important to check whether reactivation of mTOR by 

Rheb can rescue the Ago2 phosphorylation level in glial cell. To check the level of 

Ago2 phosphorylation and Ago2 associated miRNA level upon Rheb-Myc expression, 

C6 cells were transiently transfected with FHA-Ago2 along with either only vector 

plasmid or Rheb-Myc plasmid. After 48hrs. of transfection all the cells were treated 

with 2.5μM Aβ1-42 for 24hr. Cells were harvested after treatment then 

immunoprecipitation was done with FLAG beads to pull-down Ago2 protein. After pull-

down, beads were washed thrice with IP buffer then divided into two equal parts to 

check Ago2 phosphorylation level and also to check Ago2 associated miRNA and 

cytokine mRNA level. Western blot revealed levels of Ago2 phosphorylation increased 
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Fig 3.13: Rheb mediated Ago2 phosphorylation reduces miRNP accumulation in β-

amyloid treated astrocytes 

A. Western blot data showing status of Ago2 phosphorylation (4G-10) in Rheb-Myc 

expressing cells compared to the empty vector transfected cells. FHA-Ago2 was 

expressed in C6 glioma cell and both the samples were subjected to 2.5μM Aβ1-42. Ago2 

was immunoprecipitated with FLAG beads to check phosphorylation status. B-C. Graphs 

showing Ago2 associated miRNA (B) and cytokine mRNA level (C) upon Rheb-Myc 

expression in β-amyloid activated C6 glioma cells. IP samples were subjected to qPCR 

analysis. qPCR data was normalized with the amount of Ago2 immunoprecipitated from 

the pull-down assay.  

upon Rheb-Myc expression in Aβ1-42 treated cells (Fig 3.13A). qPCR data showed a 

decrease of Ago2 associated miR-146a and miR-155 level but Ago2 associated IL-1β 

and IL-6 mRNA levels increased significantly, which suggest an improved target 

mRNA recognition upon mTOR reactivation in amyloid exposed cells (Fig 3.13B and 

3.13C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since Rheb-Myc expression reduced Ago2 associated miRNA level in glial cell, 

confocal images were taken to check the microscopic RNA granules in glial cells. C6 

glioblastoma cells were transfected with GFP-Ago2 and either with empty vector or 

Rheb-Myc plasmid and then treated with Aβ1-42. Rck/p54 which is marker for the 
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marker of processing body (P-body) was tagged with indirect immunofluorescence and 

then colocalized Ago2 and Rck bodies were measured to check the status of Ago2 

bodies in cell (Fig 3.14A). It was observed that upon Aβ1-42 exposure number of 

colocalized bodies were increased in the cell but Rheb expression reduced the number 

of colocalized bodies significantly (Fig 3.14B). These data clearly suggests that upon 

mTOR reactivation mobilizes Ago2 proteins from an inactive compartments and helps 

in the target mRNA repression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.14: mTOR reactivation mobilizes Ago2 for target repression 

A. Confocal images showing effect of Rheb-Myc expression on status of Ago2 bodies and P-

bodies in control and Aβ1-42 treated C6 glioma cells. C6 cells transiently transfected with GFP-

Ago2 (green) and immune-stained with anti-Rck/p54 antibody to mark P-bodies (red). B. 

Graph showing number of colocalized yellow bodies considered as P-bodies. 
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Fig 3.15: mTOR reactivation relieves cytokine production 

A-B. qPCR data showing levels of cytokine mRNA (A) and cellular miRNA (B) in C6 glioma cells 

expressing either empty vector or Rheb-Myc plasmid. C6 cells were treated with DMSO or 

oligomeric Aβ1-42 (2.5μM) before analysis. qPCR data was normalized with GAPDH mRNA level 

and U6 snRNA level for checking mRNA and miRNA respectively. C. Graph showing effect of 

Rheb-Myc expression on cellular IL-1β and IL-6 mRNA level under reduced miRNA activity. C6 

glioma cells expressing empty vector or Rheb-Myc plasmid subjected to anti-miR-146a and anti-

miR155 treatment to reduce the activity of the respective miRNA. All the samples treated with 

Aβ1-42 for 24hrs. Prior to the analysis. qPCR data was normalized with the GAPDH mRNA level. 

3.11 mTOR reactivation reduces cytokine mRNA level in glial cells 

It was clear from our previous data that mTOR activation by Rheb rescued Ago2 

phosphorylation and target mRNA interaction in amyloid exposed glial cell. But 

whether this increased association of Ago2 with cytokine mRNA leads to increased 

repression of target mRNA also needs to be looked at. So to prove this we checked 

the IL-1β and IL-6 mRNA levels upon Rheb-Myc expression and found that Rheb-Myc 

expressing cells showed almost 2.7 fold and 1.6 fold reduction in IL-1β and IL-6 mRNA 

levels respectively (Fig 3.15A). Also cellular miR-146a and miR-155 levels were also 

found to be decreased in the Rheb-Myc expressing cells compared to that of only Aβ1-

42 treated cells (Fig 3.15B).  
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To prove the involvement of miRNA in Rheb mediated reduction in cytokine 

production, antisense oligos were used to inhibit the activity of both miR146a and miR-

155. In this experiment all the cells were exposed to Aβ1-42 and real time was done to 

check the expression of mRNA levels of both IL-1β and IL-6. The data revealed Rheb-

Myc expression failed to reduce the cytokine levels in cells treated with inhibitory oligos 

(Fig 3.15C). This data establishes that Rheb mediated rescue in the inflammation is 

happening through miRNA activity.  

 

3.12 Rheb-Myc expression in adult rat hippocampus reduces astrocyte 

activation 

mTOR reactivation by Rheb significantly reduced the cytokine mRNA levels in 

glioblastoma cells by bringing down miRNP formation and enhancing target mRNA 

repression. We hypothesized that Rheb expression at the site where amyloid is getting 

deposited might also reduce the inflammation. To check the effect of Rheb on 

neuroinflammation, ZS-Green encoding plasmid, empty vector or Rheb-Myc plasmids 

were stereotactically injected along with the Aβ1-42 oligomers bilaterally at rat 

hippocampus. Animals were kept alive for 20days for plaque development and then 

sacrificed to carry out different microscopic and biochemical assays (Fig 3.16A). IHC 

was done from fixed hippocampus tissue to confirm the expression of Rheb-Myc at 

the injection site which found to be colocalizing with ZS-Green (Fig 3.16B). 
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Fig 3.16: Rheb-Myc expression in adult rat brain hippocampus 

A. Schematic diagram showing bilateral infusion of Rheb-Myc expression plasmid along with 

the ZS-Green expression plasmid and oligomeric Aβ1-42 in rat brain hippocampus. Infusion 

was done by using stereotaxic apparatus and animals were sacrificed after 20 days to carry 

out histochemical and biochemical assays. B. Microscopic images showing IHC of rat brain 

hippocampus injection site. Rheb-Myc expression was confirmed by using anti-Myc antibody 

(red), along with ZS-Green expression (green). Nucleus was stained using Hoechst (blue). 

Yellow representing co-expression of both Rheb-Myc and ZS-Green. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Next IHC was done to check the status of amyloid deposition as well as the activation 

of astrocytes at the injection site. It was done from the same part of the tissue which 

has shown the expression of both ZSGreen and Rheb-myc. Tissue slices were probed 

with anti-Aβ1-42 and anti-GFAP antibody. Alexafluor anti-mouse 488 and Alexafluor 

anti-rabbit 568 secondary antibody was used to stain GFAP and Aβ1-42 respectively. 

Confocal images were taken which showed astroglial activation at the amyloid 

deposition site compared to the PBS injected mice (Fig 3.17A). Astroglial activation 

was measured by calculating the intensity of GFAP in all tissue samples. GFAP 
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intensity was significantly reduced in case of Rheb-Myc expressed brain samples 

compared to the only Aβ1-42 injected brain tissue (Fig 3.17B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.13 mTOR reactivation by Rheb reduces neuroinflammation in adult rat brain 

Our previous findings showed upon Rheb-Myc expression, C6 glioblastoma cells 

showed reduction in both cellular miRNA and Ago2 associated miRNA levels. Similar 

experiments were done to check whether Rheb-myc expression can also bring down 

the miRNA and miRNP level in adult rat brain hippocampus. RNA was prepared from 

tissue samples and miR-146a level was checked by Taqman based qPCR assay. 

Fig 3.17: Rheb-Myc decreases Aβ induced astrocyte activation in rat brain hippocampus 

A. Microscopic images showing immunohistochemistry of rat brain injection site. Cryo-sections 

were stained with anti-Aβ1-42 antibody (red) and anti-GFAP antibody to visualize β-amyloid 

deposition and astrocytes respectively. Hoechst was used to stain nucleus. B. Intensity of 

GFAP was calculated to measure the activation of astrocyte cells in PBS infused, Aβ1-42 infused 

animal and Aβ1-42 infused animals expressing Rheb-Myc plasmid.  
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qPCR data showed similar reduction in miR-146a level in Rheb-Myc injected brain 

tissue (Fig 3.18A). To check the miRNP level in hippocampus Ago2 was 

immunoprecipitated from tissue with protein G-Agarose bead tagged with Ago2 

antibody. RNA was prepared from the immunoprecipitated sample and qPCR was 

done to check Ago2 associated miR-146a level. This data was normalized with the 

amount of Ago2 pulled down from the IP reaction. Data showed drop in the Ago2 

associated miR-146a level in Rheb-Myc injected rat brain compared to the only Aβ1-42 

injected brain tissue (Fig 3.18B). Since IHC of tissue slices showed less astrocyte 

activation in Rheb-Myc injected brain, levels of cytokines were also checked from the 

tissue. qPCR data revealed decrease in both IL-1β and IL-6 mRNA levels upon Rheb-

Myc expression, suggesting a possible role of mTOR reactivation on controlling 

neuroinflammation in case of AD (Fig 3.18C). 
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Fig 3.18: Rheb-Myc expression decreases neuroinflammation in adult rat brain 

A. Real time data showing miR-146a level in control and diseased rat hippocampus either 

injected with empty vector or Rheb-Myc expression plasmid. Real time data was normalized 

with U6 snRNA level. B. Graph showing effect of Rheb-Myc expression on Ago2 associated 

miR-146a level in Aβ1-42  injected rat brain. Ago2 was immunoprecipitated from brain injection 

site with anti-Ago2 antibody tagged bead. Real time data was normalized with amount of 

Ago2 pulled down from brain tissue. C. Effect of Rheb-Myc expression on hippocampal IL-1β 

and IL-6 mRNA level. qPCR was done with the RNA isolated from the injected part of rat 

brain. The data was normalized with GAPDH mRNA level. 
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 Chapter: II 

Role of cell organelles in regulation of miRNP 

recycling 
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Objective 

Main objective of this study was to check 

the turn-over mechanism of miRNPs and 

how they affect the target repression 

process. Also as the miRNA activity is 

spatio-temporally regulated, it was also 

important to check the involvement of 

different cell organelles in this mechanism.    

 

 

BACKGROUND 

In eukaryotic cells, kinetics of miRNAs are little 

different from mRNAs. The average half-life of 

miRNA is 11.4 hours, which is almost four times 

than that of average half-life of mRNAs (Reichholf 

et al., 2019). Due to this higher stability, cells 

bypasses multi-step of miRNA biogenesis and 

maturation and conserves its energy. Also in 

miRNA mediated target repression, miRNAs only 

recognizes and binds to its target mRNA, whereas 

the repression activity actually done by Ago2 

protein. To avail this mechanism, cell needs to reuse 

its miRNA multiple times, but as Ago2 possess an 

important enzymatic activity, cell needs to maintain 

a proper turn-over of Ago2 protein. For each 

repression cycle new copy of Ago2 interact with 

miRNA to produce an active miRNP complex. This 

process is known the miRNP recycling. In diseases 

like AD, where protein homeostasis is perturbed, 

miRNP recycling process could also get affected. 

This can have a huge impact on the 

pathophysiology of the disease.  
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4.1 Oligomeric Aβ1-42 up-regulates pro-inflammatory cytokine mRNA level in 

glioblastoma cells 

To check the effect of oligomeric Aβ1-42 on glial cell physiology, C6 glioblastoma cells 

were treated with increasing dose of oligomeric Aβ1-42 for 24hr and mRNA levels of 

different pro-inflammatory cytokines were measured. Aβ1-42 is the most common form 

of amyloid protein form found in the post-mortem brain of AD patients. qPCR data 

revealed upon increasing concentration of Aβ1-42, mRNA levels of both IL-1β and IL-6 

increased till 2.5μM and then somewhat saturated after that (Fig 4.1A and 4.1B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.1: Oligomeric Aβ
1-42 

causes cytokine activation in C6 glioma cells 

A-B. Graphs showing IL-1β and IL-6 mRNA level upon increased oligomeric Aβ1-42 

concentration in C6 glioma cells. The data was normalized with the GAPDH mRNA level. C-

D. qPCR data showing mRNA levels of IL-1β and IL-6 upon activation with same 

concentration (2.5μM) of monomeric Aβ1-42, oligomeric Aβ1-40 and oligomeric Aβ1-42 for 24 

hours. qPCR data was normalized with GAPDH mRNA level. 
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Since maximum induction of pro-inflammatory cytokines happened at 2.5μM, we 

carried out rest of our experiments with that concentration. Glioblastoma cells were 

also exposed with both monomeric form of Aβ1-42 and oligomeric form of Aβ1-40, but 

neither of the those peptides induced any response with respect to the pro-

inflammatory cytokine production (Fig 4.1C and 4.1D).  

 

4.2 Accumulation of miRNAs are post-transcriptional 

Since Aβ1-42 induced cytokine mRNA expression in glioblastoma cells, we checked the 

status of the miRNAs that can regulate the expression of these cytokine mRNAs in 

mammalian cells. IL-6 is a direct target of let-7a , as let-7a binds on the 3’-UTR of IL-

6 mRNA and represses it expression (Iliopoulos et al., 2009). Dual luciferase assay 

was done to check the activity of a particular miRNA upon amyloid exposure .C6 

glioblastoma cells were transfected either with Renilla Luciferase reporter plasmid 

expressing RL mRNA (RL-con) or RL reporter plasmid encoding RL mRNA having 3 

bulge let-7a binding site at the 3’-UTR (RL-3xB-let7a), along with Firefly (FF) plasmid 

(Fig 4.2A). Specific activity of miRNA was calculated by normalizing the fold repression 

of miRNA with their cellular expression. It was found that 2.5μM of oligomeric Aβ1-42 

significantly reduced the specific activity of let-7a miRNA although the cellular content 

of let-7a was found to be up-regulated upon activation (Fig 4.2B and 4.2C).  We also 

checked that whether this Aβ1-42 mediated reduction in let-7a activity is a let-7a specific 

phenomenon or this is a generalized phenomenon affecting most of the miRNAs. To 

investigate this possibility C6 cells were transfected with p-miR-122 expressing 

plasmid which expresses a liver specific miRNA miR-122 along with its target RL-3xB-
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122 plasmid.  A dual luciferase assay revealed just like let-7a, Aβ1-42 lowered specific 

activity of miR-122 and elevated total level of miR-122 (Fig 4.2B and 4.2C).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.2: Oligomeric Aβ
1-42 

causes global reduction in miRNA activity in C6 glioma cells 

A. Schematic diagram showing different reporters used for dual-luciferase assay. RL-Con 

expressing RL mRNA and RL-3xB-miR where three let-7a or miR-122 binding sites were cloned at 

the 3’-UTR of RL. The data was normalized with the Firefly (FF) reporter. B. Graph showing specific 

activity of let-7a and miR-122 after Aβ1-42 treatment. Specific activity was calculated by normalizing 

the fold repression with the total miRNA level. Liver specific miR-122 was expressed with the help 

of p-miR-122 expressing plasmid. C. Taqman based qPCR data showing cellular let-7a and miR-

122 level in both DMSO and Aβ1-42 treated C6 glioma cells. The qPCR data was normalized with the 

U6 snRNA level. D. Graph showing pre-miR-122 level in both DMSO and Aβ1-42 treated C6 glioma 

cells. p-miR-122 expressing C6 glioma cells were treated with oligomeric Aβ1-42 for 24 hours before 

analysis. The data was normalized with GAPDH mRNA E-F. Graph depicting let-7a fold repression 

(E) and cellular let-7a level (F) in C6 cells treated with equal concentration of monomeric Aβ1-42, 

oligomeric Aβ1-40 and oligomeric Aβ1-42. Fold repression was measured using dual-luciferase assay 

and miRNA level was measured using qPCR. The luciferase data was normalized with the Firefly 

value whereas real time data was normalized with the U6 snRNA level. 
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Interestingly no change in levels of precursor form of the miR-122 was observed upon 

amyloid exposure (Fig 4.2D), which suggests that accumulation of miRNA is a post-

transcriptional event and not due to transcriptional surge. Monomeric Aβ1-42 and 

oligomeric Aβ1-40 peptides failed to change both let-7a fold repression and cellular let-

7a level (Fig 4.2E and 4.2F). 

 

4.3 De-repression of target mRNAs accounts for the low miRNA activity 

Aβ1-42 treated cells show reduction in miRNA activity, although both cellular amount of 

miRNA or Ago2 protein was actually found to be higher in activated glioblastoma cells. 

So lack of miRNAs or Ago2 protein is not the reason for lower mRNA activity. We 

hypothesized that there could be a lack of interaction between both the components 

to form functional miRNP, which explains the low miRNA activity. C6 cells were 

transfected with FLAG-HA-Ago2 (FHA-Ago2) plasmid and after 48hrs of transfection 

treated  with either DMSO or 2.5μM of Aβ1-42  for 24hr. FLAG beads were used to 

immunoprecipitate Ago2 from both DMSO and Aβ1-42 treated cells and qPCR was 

done to check the Ago2 associated miR-146a and miR-155 level, two important 

miRNAs that control cytokine production by regulating the NF-ĸB pathway. qPCR data 

was normalized with the amount of Ago2 pulled down from the IP reaction. 

Interestingly, Aβ1-42 treated cells showed an increase in the Ago2 associated miR-

146a and miR-155 level (Fig 4.3A).  This meant that it was not lack of interaction 

between Ago2 and miRNA which was causing the reduction in the miRNA activity. To 

look into this matter further Ago2 associated the levels of Ago2 associated cytokine 

mRNAs were also checked. It was found that Ago2 associated cytokine IL-1β and IL-

6 mRNA levels dropped significantly upon amyloid exposure (Fig 4.3B). So in amyloid 
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Fig 4.3: Uncoupling of target mRNA in β-amyloid activated glioblastoma cells 

A-B. Aβ1-42 causes increased miRNP level in glioblastoma cells. Graphs showing Ago2 

associated miRNA (A) and Ago2 associated cytokine mRNA (B) level in activated glial cells . 

C6 glioma cells expressing FHA-Ago2 exposed to 2.5 μM Aβ1-42 for 24hr before analysis. 

Ago2 was immunoprecipitated using FLAG beads and RNA was prepared for the assay. Ago2 

associated miRNA and mRNA levels were measured using real time PCR and the data was 

normalized with the amount of Ago2 pulled down in the IP reaction. 

treated cells miRNP complexes not finding mRNA targets may cause their 

ineffectiveness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4 Compartmentalization of cytokine mRNAs to polysome leads to glial 

activation 

For an effective miRNA mediated mRNA repression to take place, all the three 

components of miRNA repression machinery i.e. miRNA, Ago2 protein and target 

mRNA needs to interact among themselves. Our immunoprecipitation experiment 

indicates although miRNA and Ago2 protein was forming miRNP, target mRNA was 

simply not there which causing their inactivation. So to check the localization of all 

these components in glial cells, sub-cellular fractionation was done with the help of 3-
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30% iodixanol gradient ultra-centrifugation. Homogenate from both control and Aβ1-42 

treated C6 glioblastoma cells are loaded on top of 3-30% iodixanol gradient and ultra-

centrifugation was done for 5hr at 36000 rpm (Fig 4.4A). All the 10 fractions were 

isolated and protein was precipitated using chloroform-methanol method. All the 

fractions were subjected to western blot analysis to check the markers of different cell 

organelle. Fraction number 2-4 showed enrichment of endosomal marker Alix, 

whereas fraction number 7-9 showed enrichment of endoplasmic reticulum (ER) 

marker calnexin (Fig 4.4B). Distribution pattern of Ago2 and other P-body components 

like Dcp1 and Rck/p54 was also checked along with cell organelle markers (Fig 4.4B 

and 4.4C).  
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Fig 4.4: Ago2 sequesters at endosome fractions of the activated glial cells 

A. Experimental details of the 3-30% iodixanol gradient to separate different organelles of the cell. 

B. Western blot analysis showing distribution of different markers of cell organelles. Fraction no. 

2-4 enriched in Alix taken as endosome, fraction no. 7-9 enriched in calnexin taken as ER. Data 

also show distribution of Ago2 and P-body markers Dcp1 and Rck/p54 in both control and Aβ1-42 

treated glial cells. C. Western blot analysis showing expression of Ago2 and early endosome 

marker EEA1 on 5% input of control and Aβ1-42 treated glial cell lysate used for cell fractionation. 

β-Actin used as a loading control . D. Graph showing Ago2 protein level in the endosome fraction 

upon Aβ1-42 treatment. Endosomes were isolated from enriched 2-4 fraction following an ultra-

centrifugation 217000xg for 2hr. EEA1 shown as a marker for endosome. 

 

 

 

 

 

 

 

Since enrichment of Ago2 protein was found with the endosomal fraction, further 

experiments were done to check the endosomal Ago2 content. Fraction no. 2-4 was 

collected from 3-30% optiprep gradient and another ultra-centrifugation was done to 

precipitate endosomal fraction. Western blot analysis from enriched endosomal 

fraction showed Ago2 level was increased in the Aβ1-42 treated endosomal fraction 

compared to the control cells (Fig 4.4D). 

RNA was also prepared from the both endosome and ER fractions and qPCR was 

done to check the enrichment of cytokine mRNAs in both the fractions. Unlike Ago2 

protein, both IL-1β and IL-6 mRNAs found to be increasing at the ER fraction of the 

cells (Fig 4.5A). Since ER contains both membrane bound organellar portion and 

ribosome rich polysome fraction, we wanted to check whether cytokine mRNAs were 

actually associating with the polysome fraction of the cells. Polysomes were isolated 

from both control and Aβ1-42 treated cell lysates with the help of ultra-centrifugation 

and RNA was isolated from the polysome fractions (Fig 4.5B). qPCR data revealed, in 

Aβ1-42 treated cells the cytokines mRNAs not only translocating at the ER fractions, 
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Fig 4.5: Polysome attachment of target mRNAs accounts for their high expression 

A. Graphs showing distribution of IL-1β and IL-6 mRNA in both MVB and ER fraction upon 

Aβ1-42 treatment. RNA was isolated from enriched multi-vesicular bodies (MVB) (Fraction no. 

2-4) and ER (Fraction no. 7-9) subjected to qPCR and threshold cycle (Ct) value was plotted. 

B. Schematic showing experimental details of one-step polysome isolation. Cell lysates loaded 

onto 30% sucrose cushion and ultra-centrifuged twice for 1hr. at 100000xg. C. Graph showing 

IL-1β and IL-6 mRNA levels in polysome fraction upon oligomeric Aβ1-42 exposure. qPCR data 

was normalized with GAPDH mRNA level. 

they were also associating with the polysome fractions which accounts for their high 

expression in amyloid exposed glial cells (Fig 4.5C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Decrease in ER-Endosome interaction in activated glial cells 

Our previous data showed in Aβ1-42 treated cell, there is a lack of interaction between 

Ago2 protein and cytokine mRNAs as there are differentially compartmentalized in two 

different cell organelles viz. endosome and ER. Previous studies have shown that 
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under normal cellular environment endosomes interact with the ER (Rocha et al., 

2009). Two organelle forms certain contact points which are very important in carrying 

out different cell biological function and cargo exchange. Also there are studies which 

suggest that endosome maturation and its eventual fusion with the lysosome do not 

happen in isolation and requires contact points with the ER (Eden et al., 2010).  

Keeping all these in mind, we checked whether there is any change in interaction 

between endosome and ER in Aβ1-42 treated cell. C6 cells were transfected with ER-

DsRed plasmids that labels ER and EEs were visualized by indirect 

immunofluorescence (Fig 4.6A). In another experiment C6 cells were transfected with 

the ER-DsRed to mark ER and late endosome was observed with anti-Rab7a 

antibody, Rab7a being the marker of late endosome (LE) (Fig 4.6B). Confocal images 

were taken for both control and Aβ1-42 treated cells and Pearson’s co-efficient of co-

localization was calculated to measure the amount of amount of contact happening 

between the organelles. Data revealed oligomeric Aβ1-42 was decreasing the 

interaction between both EE-ER and also LE-ER (Fig 4.6C). Interestingly, in control 

cells the contact between LE-ER was significantly higher than the contact between 

EE-ER which suggest previously claimed notion of proper endosomal maturation 

pathway (Friedman et al., 2013). We found no significant difference in contact between 

EE-ER and LE-ER in Aβ1-42 treated cells which suggests a faulty endosomal 

maturation  pathway in activated glial cells (Fig 4.6C). 
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Fig 4.6: Reduced ER-endosome interaction in β-amyloid exposed glial cell 

A-B. Confocal images showing status of endosomes and ER in both control and Aβ1-42 treated 

C6 glioma cells. Cells were transiently transfected with ER-DsRed plasmid that marks ER (red) 

and early endosomes (EE) and late endosomes (LE) were observed by indirect 

immunofluorescence  (green). EEA1 And Rab7a was used as the marker of EE (A) and LE (B) 

respectively. C. Graph showing interaction between EE-ER and LE-ER upon Aβ1-42 treatment. 

Level of interaction was measured by calculating Person’s coefficient of colocalization using 

imaris7 software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.6 Aβ1-42 de-tethers EE and ER interaction in-vitro 

To investigate the role of Aβ1-42 in reducing the interaction between EE and ER, an in-

vitro organellar interaction study was performed in presence of β-amyloid. C6 cells 

homogenate was subjected to 3-30% iodixanol gradient ultra-centrifugation for 
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Fig 4.7: In-vitro interaction between ER and Endosome 

A. Experimental details of in-vitro organellar interaction between ER and Endosome. C6 

glioma cell lysate was subjected to 3-30% iodixanol gradient ultra-centrifugation at 

133,000xg for 5hr. Endosome and ER enriched fractions were further ultra-centrifuged for 

2hr at 133,000 and 217,000 for further purification of ER and endosomes respectively.  2.5μM 

of Aβ1-42 was added to the endosome fraction followed by ER. Reaction was carried out at 

37°C for 30mins. In control tube no peptide was added. EEA1 tagged protein G-Agarose 

beads were added to the tube to pull down early endosomes (EE) from both control and Aβ 

tubes. Western blot analysis was done to check the interaction between  EE and ER. B. 

Western blot analysis show level of calnexin (marker for ER) along with amount of EEA1 

pulled down from organellar IP reaction (left panel). Graph representing EE-ER interaction 

change upon Aβ1-42 exposure. Amount of calnexin was normalized with the amount of EEA1 

pulled down from the IP reaction. 

enrichment of endosome and ER described earlier. Fraction no. 2-4 and 7-9 were 

pooled and further ultra-centrifuged at a higher speed to precipitate endosome and ER 

fractions respectively. Enriched organellar fractions were washed and then added to 

a reaction buffer. After 30mins, ATP and Aβ1-42 oligomers were added to the tube and 

kept for 30min at 37°C. In control tube only ATP and no peptide was added. After the 

reaction EEs were immunoprecipitated by adding Protein G-Agarose beads tagged 

with EEA1 antibody, which is a marker for early endosomes (Fig 4.7A).  
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Western blot was done from IPed sample and checked for calnexin protein which is a 

marker for ER. It was found that in Aβ1-42 added  reaction, there was significantly low 

amount of EE associated ER compared to the control tube (Fig 4.7B). Hence, we can 

say that Aβ1-42 can de-tether interaction between EE and ER in-vitro. 

 

4.7 miRNP sequesters at the early endosome in presence of Aβ1-42 

Aβ1-42 reduces interaction between ER and endosome and also translocate cytokine 

mRNA in ER associated polysomal fraction in glial cells. We also found Ago2 

enrichment in endosome of activated cells but where was miRNA? To check the 

localization of miRNA, 3-15% optiprep gradient was run which resolves endosome 

fraction into both early and late endosome. Western blot analysis showing fraction no. 

2-5 enriched in HRS taken as EE fraction and fraction no. 6-9 enriched in Rab7 taken 

as LE fraction (Fig 4.8A). We found an enrichment of Ago2 at the EE fraction upon 

Aβ1-42 treatment (Fig 4.8B). RNA extraction followed by qPCR analysis from both EE 

and LE fraction revealed abundance of miR-146a and miR-155 at the EE fractions of 

the activated glial cells (Fig 4.8C). There is also a possibility that Ago2 is actually 

associating with early endosome and not just fractionating with EE fraction. To check 

this possibility, organellar IP was done with protein G-agarose bead bound with the 

EEA1 antibody from the enriched EE fraction. IP was done without any detergent and 

physiological salt concentration. Western blot analysis revealed slight increase of 

Ago2 protein in  immunoprecipitated EE in amyloid exposed cell (Fig 4.8D). An 

enrichment of Ago2 bound miRNA level was also noted in the EE fraction of activated 

glial cells, further establishing the idea that miRNPs mostly compartmentalize at the 

EE fraction of the cell upon Aβ1-42 treatment (Fig 4.8E). 
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4.8 Perturbation of early to late endosome maturation in activated glial cells 

The results discussed so far clearly suggests non-functional miRNPs getting 

sequestered on the EE fraction upon Aβ1-42 exposure. Now under normal physiological 

condition, early endosomes matures to late endosome  and further fuses with 

lysosomes where cargos are degraded to maintain cellular homeostasis. Previous 

Fig 4.8: miRNP compartmentalizes to the early endosomes of the activated glial cells 

A. Western blot analysis showing distribution of EE marker HRS and LE marker Rab7 on the 

different fractions analysed  from the 3-15% iodixanol gradient ultra-centrifugation. C6 glioma 

cell lysate was loaded on top of 3-15% iodixanol gradient and ultra-centrifugation done for 5hrs. 

at 133,000xg. 10 fractions were collected and analysed for different markers. B. Graph showing 

fraction intensity of Ago2 protein in different fraction upon Aβ1-42 treatment. C. qPCR data 

showing Ct values of miRNA level in EE and LE fractions of both control and activated glial 

cells. D. Western blot analysis showing EE associated Ago2 level. Organellar-IP was done 

using EEA1 antibody to immuno-purify EE  from both control and Aβ1-42 treated cell. E. Data 

showing Ago2 associated miR-122 level on EE fraction upon Aβ1-42 exposure. IP of Ago2 was 

done from EE fractions of both DMSO or 2.5μM of Aβ1-42  treated cells, followed by qPCR 

analysis to detect miR-122 level. The qPCR data was normalized with the amount Ago2 

immunoprecipitated. 
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studies have also showed presence of miRNA machineries in LE, where target mRNA 

degradation takes place and part of the cargos are also thought to be packaged into 

multi vesicular bodies (MVB) forming exosome where some portions of miRNA and 

RNA binding proteins are exported out of cells. So to check the status of both EE and 

LE, C6 cells were transiently transfected with YFP-Endo which marks EE and then 

LEs were visualized with indirect immunofluorescence. Confocal images were taken 

of both control and Aβ1-42 treated cells where number and surface area of each the EE 

and LE were calculated (Fig 4.9A). It was found that although number of in Aβ1-42 

treated cells number of LEs significantly reduced but EEs were found to be enlarged, 

suggesting a possible early to late endosome maturation defect in activated cells (Fig 

4.9B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.9: Activated glial cells show defect in early to late endosome maturation 

A. Microscopic images showing distribution of EE and LE in control and Aβ1-42  treated C6 

glioma cells. C6 cells were transiently transfected with YFP-Endo which detects EE (green) 

and anti-Rab7 antibody was used to stain LE (red). 3D surface construction was prepared 

using imaris7 software to calculate both number and size of each endosome vesicles B. 

Graphs showing number of EE and LE present on both control and Aβ1-42  treated C6 glioma 

cells (left panel). Graph showing surface area of both EE and LE upon Aβ exposure (right 

panel). The surface area was normalized with the surface area of cell. 
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4.9 Aβ1-42 reduces mobility of early endosomes 

Previously we have shown Aβ1-42 reduces contacts between EE and ER which 

eventually might affect the maturation of EE to LE. We hypothesized that Aβ1-42 could 

affect the mobility and dynamicity of EEs which eventually leads to decrease in contact 

with the ER and leading to faulty maturation pathway. To test this hypothesis, C6 cells 

were transiently transfected with YFP-Endo and ER-DsRed which labels EE and ER 

respectively. Cells were either treated with DMSO or 2.5μM of Aβ1-42  for 24hr and live 

cell time-lapse imaging was done to check the contact points between EE and ER (Fig 

4.10A). It was found that in activated glial cells there were considerable low contact 

points between EE and ER over a period of time (Fig 4.10B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.10: Contact points between ER and EE 

A-B. Live cell time-lapse showing contacts between EE and ER in specific duration of 

time. C6 glioma cells were transiently transfected with YFP-Endo and ER-DsRed 

plasmids that marks EE (green) and ER (red) respectively. After 24hr of transfection, 

cells were treated with DMSO or 2.5μM of oligomeric Aβ1-42  for 24hr. Live cell time-lapse 

images were taken after 24hr of activation with an interval of 6 sec for 90 sec. 
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To determine the dynamicity of EEs, each vesicles were tracked using Imaris software 

from time-lapse images and percentage frequency distribution was calculated to 

determine mean track speed and mean track length of all the EEs present in a cell (Fig 

4.11A). It was found that although both control and treated EEs exhibit a track speed 

of <2.0 μm/sec, treated EEs which were found to be enlarged are significantly slower 

(Fig 4.11B). There were also significant reduction in mean track length of Aβ1-42 treated 

EEs meaning not only they are slower in cell, they also travelled less distances 

compared to the control EEs (Fig 4.11C). Hence we can conclude that Aβ1-42 affects 

mobility of EEs and also their maturation to LEs.  
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Fig 4.11: Oligomeric Aβ
1-42

 causes reduced dynamicity of early endosome 

A. Live cell images showing movement of EEs in control or Aβ1-42  treated C6 glioma cells. 

Cells were transiently transfected with YFP-Endo which marks EEs. After 24hr of β-amyloid 

exposure live cell imaging were done to track the movement of EEs. To track all the EEs, each 

of the endosome vesicles were assigned a particle using surpass plug-in of Imaris7 software 

and movement of each of the particles were tracked over time. Colour code represents the 

speed of the particle (blue represents lower speed and red represents higher speed particles). 

B-C. Graph showing percentage frequency distribution of track speed (B) and track length (C) 

of each EE. Track speed and track length of all the EEs were calculated using particle tracker 

algorithm of Imaris7.  

 

 

 

 

 

 

 

 

 

4.10 Loss of endo-lysosomal fusion 

Previous studies have reported the impact of faulty endosome maturation pathway in 

neurological diseases such as Alzheimer’s Disease (AD) and in Neimann Picks 

disease Type C (Maxfield, 2014; Nixon, 2005). Also researchers have pointed out that 

amyloid precursor protein localizes to early endosome to form pathogenic β-amyloid 

peptide (Grbovic et al., 2003).  In Aβ1-42 treated glial cell we found lack of mobility of 

EEs affect their interaction with ER, restricting late endosome maturation. But a faulty 

EE to LE transition can also affect the downstream of the pathway i.e. late endosomes 

fusion with the lysosome. To investigate this possibility, live cell time-lapse microscopy 

was done to check the mobility of LE and its eventual fusion with the lysosome. C6 

glioblastoma cells were transfected with GFP-Rab7 which marks LEs and after 24hr 

of transfection, cells were either treated with DMSO or 2.5μM of Aβ1-42  for 24hrs. 

Lysotracker (Red) was added at a conc. of 100nM at growing condition just before the 

imaging. Live cell images were taken for 90sec with a time lapse of 9sec (Fig 4.12A 

and 4.12B).  
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Fig 4.12: Dynamicity of Late endosome 

A-B. Live cell images showing the interaction between LE and lysosomes over a period of 

time. C6 glioma cells were transiently transfected with GFP-Rab7 that labels LE (green), 

lysosomes were stained with lysotracker (red) for 1hr in growing condition just before the 

analysis. Time lapse images were taken at an interval of 9sec. for 90 secs. Yellow represents 

the colocalization between LE and lysosomes. C. Microscopic images showing movement of 

LE over a period of 90 secs. Each LE was tracked using Imaris7 software. Colour code 

represent the speed of this particles (blue corresponds to lower speed and red corresponds 

to higher speed in the movement). D. Graphs showing mean track speed and mean track 

length of each LEs from both control and Aβ1-42  treated C6 glioma cells. The speed and length 

of LEs were calculated using particle tracker of Imaris7 software. 
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From the time lapse videos, all the LEs were tracked with Imaris7 software and both 

track speed and track length were measured for both control and treated cells (Fig 

4.12C). We found very slight decrease in both mean track speed and mean track 

length in case of Aβ1-42  treated LEs (Fig 4.12D). 

 

To check the interaction between LE and lysosome, C6 cells were grown on the gelatin 

coated coverslips where they are treated with DMSO or 2.5μM of Aβ1-42  for 24hr. 

Lysotracker (red) were added 1hr prior to fixation of the cells and LEs were observed 

by indirect immunofluorescence (green). Confocal images were taken where Rab7 

was used to mark LEs and red lysotracker was used for detection of lysosomes (Fig 

4.13A). We found a significant decrease in colocalization between LE and lysosomes 

indicating Aβ1-42 also stops the fusion between LE and lysosomes (Fig 4.13B).  
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Fig 4.13: Aβ
1-42 

disrupts interaction between late endosome and lysosome 

A. Confocal images showing interaction between LE and lysosome in C6 glioma cell in control 

and Aβ1-42 exposure. LEs were visualized by indirect immunofluorescence of Rab7 (green) 

and lysosomes were stained with lysotracker (red). Yellow corresponds to interacting regions 

between LE-lysosome. B. Graphs showing Pearson’s coefficient of colocalization calculated 

to measure the interaction between LE and lysosome. C-D. Western blot analysis showing 

the interaction between Rab7 and RILP, which are markers for LE and lysosomes 

respectively. Organellar IP was done to immunoprecipitated RILP and RILP associated Rab7 

level was checked by western blot (C). Similarly organellar IP was done to pull-down GFP-

Rab7 and Rab7 associated RILP checked by western blot (D). 

 

 

 

 

 

 

 

A reduced interaction between late endosomal marker Rab7 and lysosomal protein 

RILP (Rab interacting lysosomal protein) was also found in organellar IP, confirming 

a defective endo-lysosomal fusion in Aβ1-42 treated cells (Fig 4.13C and 4.13D). 

 

4.11 Perturbation of endo-lysosomal fusion affects miRNA activity 

To investigate the role of endo-lysosomal fusion on miRNA activity, RILP (Rab 

interacting lysosomal protein) was knocked down in HEK293 cells with si-RNA. RILP 

fuses with Rab7, which is an important step in LE-lysosome fusion (Progida et al., 

2007). RILP depletion slightly elevates both cellular Ago2 and let-7a level in HEK293 

cells (Fig 4.14A and 4.14B). Dual-luciferase assay showed slight decrease in the let-

7a fold repression with RILP knockdown (Fig 4.14C). Interestingly, Ago2 associated 

miRNA level also increased upon depletion of RILP (Fig 4.14D). So far the trend of the 

data we got for RILP knockdown in HEK293 cells are very much similar what we 

observed previously in Aβ1-42 treated C6 glioblastoma cells, which suggest that Aβ1-42 

might be regulating miRNA activity through endo-lysosomal fusion pathway. 
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Fig 4.14: Late endosome and lysosome fusion affects miRNA activity 

A. Western blot showing Rab5 and Ago2 expression upon RILP knock-down in HEK293 cells. 

β-actin used as the loading control. B-C. Effect of RILP knockdown on cellular miRNA level 

and activity. qPCR data showing cellular let-7a level (B) and dual-luciferase assay showing 

let-7a upon knockdown of RILP protein in HEK293 cells (C). The qPCR data was normalized 

with the U6 snRNA level and luciferase assay was normalized with the firefly expression. D. 

Graph showing Ago2 associated let-7a level in cells depleted with RILP. Ago2 was 

immunoprecipitated from HEK293 cells using FLAG beads and qPCR was done to check the 

Ago2 associated let-7a level in both si-Con and si-RILP transfected cells. qPCR data was 

normalized with the amount of Ago2 pulled down from IP reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar experiments done in the HEK293 cells, where endo-lysosomal fusion was 

inhibited by a pharmacological inhibitor bafilomycin A1. Bafilomycin A1 inhibits the 

action of V-ATPases, which elevates the pH within the lumen of LE and lysosomes 

and stop LE maturation and its sub-sequent fusion with the lysosomes. HEK293 cells 

were treated with 100nM of bafilomycin for 8hr which resulted in cellular Ago2 
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Fig 4.15: Perturbation of endo-lysosome fusion accumulates miRNP in cell 

A. Western blot analysis showing cellular Ago2 level upon blocking endo-lysosomal fusion with 

100nM bafilomycin A1 treatment for 8hr in HEK293 cells. β-actin used as the loading control. B. 

Graphs showing cellular endogenous miRNA let-7a and an exogenous miR-122 level in both 

DMSO and bafilomycin (100nM) treatment. U6 snRNA was used as a loading control. C. Dual 

luciferase assay showing miR-122 fold repression with bafilomycin (100nM) exposure in HEK293 

cells. HEK293 cells were transfected with p-miR-122 expressing plasmid, RL-Con and miR-122 

target RL-3xB-122 for luciferase assay. RL values were normalized against firefly expression. D. 

qPCR data showing Ago2 associated miR-122 level in both control and bafilomycin (100nM)  

exposed HEK293 cells. qPCR data normalized with Ago2 level pulled down in IP reaction. 

accumulation (Fig 4.15A). Both endogenous let-7a level and exogenously expressed 

miR-122 level found to be elevated upon bafilomycin treatment (Fig 4.15B). We also 

found decrease in miR-122 activity and an increase in Ago2 associated miR-122 level 

upon bafilomycin treatment (Fig 4.15C and 4.15D). Hence we can say any disruption 

in endo-lysosome fusion either by knockdown of a tethering protein or by 

pharmacological inhibition affects miRNA activity and miRNP accumulation. 
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4.12 RILP knockdown affects de-novo target mRNA recognition 

Aβ1-42 treated glial cells show lack of endo-lysosomal fusion which somehow affects 

miRNA mediated cytokine mRNA repression. HEK293 cells depleted of endo-

lysosomal fusion protein also show similar phenomenon. But what is the mechanism 

behind this lack of repression? To answer this question, we simulated the Aβ mediated 

activation of glial cells in HEK293 cells. Here TET-ON HEK293 cells were transfected 

with miR-122 expressing plasmid and its target iRL-3xB-122 mRNA was expressed in 

an inducible manner, along with FHA-Ago2. Cells were depleted of RILP to inhibit the 

endo-lysosome fusion. After 48hr of transfection, doxycycline was added to both 

control and RILP knockdown cells to induce target mRNA. IP was done from both 14hr 

and 24hr induced cells  and Ago2 associated target mRNA was checked (Fig 4.16A). 

qPCR was done to check proper activation of target mRNA, which gradually buildup 

within the cell (Fig 4.16B).  
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Fig 4.16: RILP knockdown restricts de-novo target mRNA recognition by miRNP 

A. Schematic diagram showing details of the experiment. TET-ON HEK293 cells were 

transfected with FHA-Ago2, p-miR-122 and an inducible target iRL-3xB-122, along with 

either si-Con or si-RILP. iRL-3xB-122 has three miR-122 binding sites at 3-UTR and its 

expression can be regulated by doxycycline. After 48hr of transfection, target mRNA 

expression was induced with doxycycline (300ng/ml). IP of Ago2 was done after 14hr and 

24hr of induction and Ago2 associated RL level was checked. B. qPCR data showing 

positive induction of cellular iRL-3xB-122 reporter level after 14hr and 24hr of induction. 

qPCR data was normalized with the 18s rRNA level C. Graph showing Ago2 associated 

iRL-3xB-122 after 14hr and 24hr of induction in both control and RILP depleted TET-ON 

HEK293 cells. This data was normalized with amount of Ago2 pulled down in the IP 

reaction. 

 

 

 

 

 

 

 

We found a very interesting observation when Ago2 associated target mRNA level 

was checked. In control cells as target mRNA levels build-up within cell, increased 

amount of Ago2 associated mRNA level was observed, but in RILP depleted cell there 

was a drop in the Ago2 associated mRNA level with time (Fig 4.16C). This data clearly 

indicates in a endo-lysosome fusion compromised cell miRNP failed to recognize the 

newly formed mRNAs. We think similar phenomenon is happening in Aβ1-42 treated 

glial cells, where miRNPs fails to interact newly formed cytokine mRNAs which is 

causing its de-repression. 

 

4.13 Perturbation of endosome maturation results in increased RNA granule 

formation 

Any perturbation in endosome maturation pathway resulted in reduced miRNA activity 

and accumulation of inactive miRNP in cells. But what is the consequence of this 

accumulation? C6 cells were transfected with either Rab5-WT or mutant Rab5-CA 

plasmid and checked for the presence of the RNA granules. Rab5CA restricts the 
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maturation of early to late endosome forming bigger EEs. Cells were marked with 

decapping enzyme Dcp1 and a RNA helicase Rck/p54, both markers of RNA granules 

known as processing body or P-body. It was found that Rab5-CA expression resulted 

in increased colocalized P-body formation compared to the wild type Rab5-WT (Fig 

4.17A and 4.17B). Bafilomycin treatment also increased the number of Rck bodies in 

cells (Fig 4.17C and 4.17D). 
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Fig 4.17: Perturbation of endosome maturation leads to increased P-body formation 

A. Microscopic images showing status of Dcp1 and Rck/p54 bodies in control and Aβ1-42  

treated C6 glioma cells. Dcp1 (green) and Rck (red) bodies were visualized by indirect 

fluorescence. Colocalized yellow bodies represents P-bodies. B. Number of colocalized 

Dcp1 and Rck bodies were calculated for both control and Aβ exposed cells. C. 

Microscopic images showing Ago2, lysosome and Rck bodies in control, oligomeric Aβ1-42 

and bafilomycin (100nM) treated C6 glioma cells. Lysosomes were stained with lysotracker 

(red), Ago2 (green) and Rck (purple) were immuno-stained with respective antibodies. D. 

Graphs showing number of Rck bodies in control, Aβ1-42  and bafilomycin treated cells. 

 

 

 

 

 

 

 

 

 

 

4.14 Increased P-body formation in Aβ1-42 activated glial cells 

Increased aggregation of RNA granules are associated with different neurological 

problem. Translocation of a RNA binding protein TDP-43 from nucleus to cytoplasm 

reported in Amyotrophic Lateral Sclerosis (ALS) (Chen-Plotkin et al., 2010). Also 

studies have reported co-purifying Ago2 with Huntington protein (Htt) from PBs (Savas 

et al., 2008). We also found problem in endosome maturation leads to RNA granule 

formation in glial cells. Keeping all the things in mind, we wanted to check whether 

Aβ1-42 exposure leads to RNA granule formation in glial cells. C6 glioblastoma cells 

were grown on cover-slips and treated with either DMSO or 2.5μM of Aβ1-42  for 24hr. 

Presence of RNA granules were examined by locating Dcp1 bodies, Rck bodies 

individually along with colocalized P-bodies (Fig 4.18A). Confocal images were taken 

and both size and number of individual bodies were calculated. It was found that both 

number and size of all the bodies increased in activated glial cells (Fig 4.18B and 

4.18C). The extent of colocalization was also measured between Dcp1 bodies and 

Rck bodies, which also increased in Aβ1-42 treated cells indicating large number of P-
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Fig 4.18: Activated glial cells show increase in P-body number  

A. Confocal images showing status of Dcp1 body (Green) with Rck/p54 bodies upon 24hr of 

Aβ1-42 treatment in C6 Glioblastoma cells. B. Graph depicting size of the individual Dcp1a and  

Rck/p54 bodies for both control and Aβ1-42 treated cells. C. Number of individual bodies was 

calculated for each cell for both control and β-amyloid activated C6 Glial cells. D. Graph 

showing colocalization between Dcp1 and Rck bodies. Coefficient of colocalization was 

measured by calculating both Pearson’s and Mander’s co-efficient by using coloc. Plugin of 

Imaris7 software E. Western blot data showing expression of different P-body proteins in both 

control and Aβ1-42 treated cells glial cells. 

body formation (Fig 4.18D). Western blot data also showed higher expression of P-

body marker proteins in β-amyloid exposed cells (Fig 4.18E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.15 Ago2 translocate to P-body 

What is the role of these P-bodies in activated glial cells? P-bodies are known to create 

a micro-environment for the miRNAs and RNA binding proteins and also known to 
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sequester repressed mRNAs. C6 glioblastoma cells were transiently transfected with 

GFP-Ago2 and P-body was marked with Rck/p54 (Fig 4.19A). It was found that Aβ1-42 

exposure increases number of P-bodies and also colocalization between Ago2 bodies 

with P-body marker Rck, meaning in amyloid activated cells Ago2 translocate to the 

P-bodies of the cell (Fig 4.19B and 4.19C). Hence, we can say that in diseased cells, 

sequestered Ago2 migrates to the p-bodies where it is kept in an inactive 

compartment, bringing down the miRNA activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.19: Aβ induced translocation of Ago2 to the P-bodies 

A. Confocal images showing localization between Ago2 and P-body marker Rck/p54. C6 

glioma cells transiently expressing GFP-Ago2 (green), stained for endogenous Rck/p54 

(red) in control and Aβ1-42 treated glial cells. Yellow showing the localization between Ago2 

and P-bodies B. Graph showing number of colocalized yellow bodies considered as P-

bodies per cell was calculated and plotted for both control and Aβ treated C6 cells. C. 

Pearson’s co-efficient of colocalization between GFP-Ago2 and Rck/p54 was calculated as 

a measure of translocation of Ago2 to the P-bodies. 
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4.16 Proximity between EE and P-bodies 

From our previous finding it was evident that compartmentalization of Ago2 and 

miRNA in EE ensure their inactivation as miRNP in β-amyloid cells couldn’t recognize 

the newly formed cytokine mRNAs. We also found some part of Ago2 protein was also 

translocating to the P-bodies which increased the number of RNA granules in activated 

glial cells. So it was important to check how EE sequestered Ago2 was initiating the 

formation of P-bodies? To answer this super-resolution microscopy was done to check 

the status of EEs and P-bodies. C6 glioblastoma cells were transfected with YFP-Endo 

and then treated with either DMSO or 2.5μM of Aβ1-42  for 24hr. Cells were fixed and 

then P-bodies were marked with indirect immunofluorescence of Rck/p54. Microscopic 

images were taken with Stimulated emission depletion microscopy (STED), which 

showed juxtaposition of EEs and P-bodies in Aβ1-42 treated cells (Fig 4.20A). Size of 

both EEs and P-bodies were also found to be enlarged. Now to investigate the role of 

Aβ1-42 oligomers in bringing the EE and P-bodies in close proximity, confocal imaging 

was done to check the localization of EE and P-bodies with respect to amyloid 

deposition. C6 cells were transfected with YFP-Endo and the presence of amyloid 

deposition and Dcp1 bodies were checked by indirect immunofluorescence (Fig 

4.20B). Intensity profile was calculated for EEs and P-bodies along with the amyloid 

deposition in both DMSO and Aβ1-42 treated cells. It was found that for DMSO treated 

control cells there were hardly any signal for both Aβ1-42 and Dcp1, but for amyloid 

activated cells signals for Aβ1-42 and Dcp1 were very much detectable and the peaks 

of the signals coincided with the EE signal, indicating their close proximity in cytoplasm 

(Fig 4.20C). A colocalization studies also confirms the close association between EE 

with both P-bodies and amyloid deposits (Fig 4.20D).  
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Fig 4.20: Proximity between EE and P-body 

A. Super-resolution STED microscopy showing proximity of EE with P-body marker 

Rck/p54. YFP-Endo transfected C6 glioma cells were treated with DMSO and oligomeric 

Aβ1-42 and then probed with anti-Rck antibody. Images were taken with a green STED lased 

showing EE (green) and P-bodies (red) B. Confocal images showing localization of EE and 

P-body marker Dcp1 along with Aβ deposits. C6 glioma cells transiently expressing YFP-

Endo (green), stained for Aβ1-42 (red) and endogenous Dcp1 (purple) in control and activated 

glial cells. C. Graph showing intensity profile of EE (green), Aβ deposits (red) and Dcp1 

(purple) along the marked region of the cell. Intensity profiles were generated using ImageJ 

software. D. Graphs showing Pearson’s coefficient of colocalization between EE- Aβ (upper 

panel) and EE-Dcp1 bodies (lower panel). 
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4.17 Increased P-body formation in primary astrocytes and rat brain cortex 

We also checked the presence of P-bodies in disease model of our system. Adult rats 

were stereotactically injected with Aβ1-42 in the cortical region of the brain and the 

peptide was allowed to be deposited for 21 days. PBS was injected in the control 

animals. After 21days, animals were sacrificed for further analysis. Cryo-sectioning 

was done from fixed brain tissues for IHC analysis and part of tissues were kept for 

western blot analysis. Tissue slices were probed with anti-Dcp1 and anti-Rck/p54 

antibody, which clearly showed their increased  presence in diseased animals 

compared to the control animals (Fig 4.21A). Western blot analysis of different P-body 

proteins also revealed their higher expression in disease animal cortex compared with 

the control brain cortex (Fig 4.21B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.21: Increased P-body protein in diseased rat brain 

A. IHC images showing adult rat cortex infusion site stained with P-body proteins Dcp1 

(green) and Rck/p54 (red). Nucleus was marked with Hoechst (blue). B. Western blot data 

showing expression of different P-body proteins in both PBS and oligomeric Aβ1-42 infused 

rat brain cortex tissue sample. β-actin was used as the loading control. 
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Fig 4.22: Aβ
1-42

 oligomers induces P-body formation in primary astrocyte cells 

A. Microscopic images showing expression of Rck bodies (red) in both DMSO and 1.5μM 

Aβ1-42 treated cortical astrocytes. Astrocytes were marked with GFAP (green) and Hoechst 

(blue). B. No. of Rck bodies in both control and activated astrocytes. Total number of Rck 

bodies were normalized with the cell number. C. Microscopic images show status of Dcp1 

(green) and Rck bodies (red) in both control and activated primary astrocyte cells. Indirect 

immunofluorescence was used to mark Dcp1 and Rck/p54 and Hoechst was used to mark 

nucleus. Yellow represents colocalized bodies considered as P-bodies. D. graph showing 

no. of colocalized p-bodies (left panel) and extent of colocalization between Dcp1 and Rck 

(right panel) in control and Aβ activated astrocytes.  

We also examined the status of P-bodies in primary astrocytes in presence of amyloid-

β. Primary astrocytes were cultured from 0-1 day old rat pups and matured ex-vivo. 

Cells were treated with either DMSO or 1.5μM of Aβ1-42  for 24hr for activation. 

Confocal images showed higher number of Rck bodies in Aβ1-42  treated cells just like 

we found in the C6 glioblastoma cells (Fig 4.22A and 4.22B).  
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A co-staining of both Dcp1 and Rck/p54 in the cortical rat astrocytes also revealed 

increased number of colocalized P-bodies in the Aβ exposed glial cells (Fig 4.22C and 

4.22D). 

 

 

4.18 Depletion of P-body proteins rescues target mRNA recognition by miRNPs 

From the above mentioned results it was evident that Aβ1-42 deposition lead to 

formation of P-bodies in astrocytes both ex-vivo and in-vivo condition. These P-bodies 

were also shown to sequester Ago2 protein which reduces miRNA activity. To further 

pin-point the role of P-bodies in neuroinflammation and pathophysiology of the 

disease, two important P-body components Dcp1 and Lsm1 were depleted in the glial 

cells and then subjected to Aβ1-42 exposure (Fig 4.23A). Activated cells depleted of P-

body components showed decreased level of both cellular and Ago2 associated miR-

146a levels compared to the only Aβ1-42 treated cells (Fig 4.23B and 4.23C). Along 

with that Ago2 associated IL-1β and IL-6 mRNA level increased in Dcp1, Lsm1 

knockdown cells (Fig 4.23D). There is a possibility that depletion of P-bodies is 

resulting in mobilization of otherwise sequestered Ago2 protein which increasing its 

target mRNA recognition. Hence, we checked whether this increased target mRNA 

recognition is resulting in mRNA repression in the system. qPCR data revealed a 

significant decrease in both cellular IL-1β and IL-6 mRNA level in P-body depleted 

cells compared to the only Aβ1-42 treated cells, further establishing the role of P-bodies 

in neuroinflammation and disease progression (Fig. 4.23E and 4.23F).  
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Fig 4.23: P-body depletion rescues Aβ
1-42

 mediated glial activation 

A. Western blot analysis showing effect of Dcp1 and Lsm1 knock-down on Ago2 protein 

level in C6 glioma cells. β-actin was used as a loading control. B. qPCR data showing 

cellular miR-146a level on control and activated glioma cells depleted of P-body proteins 

Dcp1 and Lsm1. qPCR data was normalized with the U6 snRNA level. C-D. Effect of P-

body depletion on Ago2 associated miRNA and mRNA level in activated glioma cells. 

qPCR data showing Ago2 associated miR-146a (middle panel) and IL-1β and IL-6 mRNA 

level in si-Con and si-Dcp1 and si-Lsm1 co-transfected C6 cells both exposed to Aβ1-42. 

The qPCR data was normalized with the amount of Ago2 pulled down from IP reaction (left 

panel) E-F. qPCR data showing cellular IL-1β (E) and IL-6 (F) mRNA level in control and 

Aβ1-42.treated C6 glioma cells transfected with si-Con or si-Dcp1 and si-Lsm1. The data 

was normalized with U6 snRNA level. 
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4.19  Accumulated miRNPs are packaged into the exosomes 

What is the fate of this accumulated miRNPs in glial cells? We know from our earlier 

findings that part of the miRNPs form the P-bodies which had some effect on the 

disease progression. But along with that still some amount of miRNPs are sequestered 

in the endosomes. Mammalian cells package miRNA and RNA binding proteins into 

the exosomes that can be exported out of the cell. To check the possibility that under 

β-amyloid exposure glial cells also packages some of miRNPs into the exosomes, we 

isolated exosomes from both control DMSO treated and oligomeric Aβ1-42 treated glial 

cells. Exosomes were isolated from culture supernatant of both control and Aβ1-42 

treated C6 glioblastoma cells with help of ultra-centrifugation. Following isolation, 

exosomes were analysed for different markers of exosomes like CD-63, Alix or Hsp90 

(Fig 4.24A). Ago2 was also found on both condition (Fig 4.24A). RNA isolation followed 

by qPCR analysis revealed that in activated cells presence of immunogenic miRNAs 

let-7a and miR-146a was higher compared to the control cells (Fig 4.24B). 
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Fig 4.24 Glial cells package miRNAs in exosomes 

A. Western blot data showing levels of different exosomal proteins along with Ago2 protein 

in control and Aβ1-42 treated C6 glioma cells. B. qPCR data showing change in levels of 

different miRNAs found in exosome. The data was normalized with the Alix expression. 

C. data showing markers of exosomes along with presence of GW182 in exosomes 

isolated from primary rat astrocytes. D. Graph representing qPCR data of different 

miRNAs present in primary rat astrocytes following β-amyloid exposure. The data was 

normalized with Hsp90 level. 

 

 

 

 

 

 

 

 

 

Similar experiments were done using cell supernatants of primary rat astrocytes and 

analysed for both proteins and RNA. It was found that activated astrocyte cells 

exported out more GW182 proteins along with let-7a and miR-146a just like C6 glioma 

cells (Fig 4.24C and 4.24D), suggesting that activated glial cells exported out part of 

their accumulated miRNPs though exosomes which might have some physiological 

consequence on the disease pathology. 

  



118 | P a g e  
 

 

  

 

 Chapter: III 

miRNP mediated activation of mTORC1 

signaling in mammalian cell 
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Objective 

In this study we have tried to find out the 

cross-talk between miRNPs with signaling 

molecules. Although extensive works have 

been done on how different important 

signaling molecules regulate miRNP 

functions thus changes the pattern of gene 

expression profile, not much have been 

done so far on whether miRNPs have the 

ability to regulate cell signaling processes. 

Main objective of this study was to check 

whether different bodies formed by 

miRNPs have the ability to 

compartmentalize different signaling 

molecules and how localization of 

signaling components affects their 

activation. 

 

 

BACKGROUND 

Proteins like Ago2 and GW182 were known to 

form active RISC complex which causes target RNA 

repression. Indication of these proteins 

involvement in regulating different cell biological 

processes is unexpected. The cross talk between 

Ago cladded proteins and signaling components are 

still to resolve and this mechanism may serve as a 

potential start point to address mild or chronic 

effects of different signaling pathways in case of 

disease such as cancer or important physiological 

processes such as neuronal differentiation. mTORC1 

pathway show localization based activation and 

upon amino acid stimulation how it moves from 

cytoplasm to lysosome is still elusive. Bodies form 

from these miRNP may contribute to this 

translocation process. 
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5.1 Amino acid stimulation localizes mTOR to lysosome 

Any type of metabolic cue is sensed by the master regulator mTORC1 signaling. 

Amino acid sensing is an important cellular event happens on the lysosome. It is 

known that amino acids enter the lysosomal membranes before being sensed my 

mTORC1 complex. To check the localization of mTOR upon amino acid, human 

hepatoma Huh7 cells were first starved with amino acids by growing them in Hank’s 

Balanced Salt Solution supplemented with 10% dialyzed FCS which is devoid of any 

essential and non-essential amino acids for 2hr. For amino acid stimulation, starved 

cells were further grown in in HBSS supplemented with 10% normal FCS for 30mins. 

To stain the lysosome, lysotracker was added to the growing cells for 1hr. mTOR was 

visualized by indirect immunofluorescence (Fig 5.1A). To check the possibility that 

mTOR moves to the lysosome upon amino acid exposure, colocalization between 

mTOR and lysosome was measured using coloc. plugin of Imaris7 software. It was 

found that for fed cells Pearson’s coefficient of colocalization to be higher than the 

starve cells (Fig 5.1B). This data indicates that mTOR moves to the lysosome after 

being exposed to amino acids.  
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Fig 5.1: Activation with amino acid translocate mTOR to the lysosome 

A. Confocal images showing localization of mTOR and lysosomes in both amino acid 

starve and fed Huh7 cells. Huh7 cells were starved with HBSS supplemented with 

dialyzed FCS for 2hrs followed by 30mins exposure of HBSS and normal FCS. mTOR 

was visualized by indirect immunofluorescence (green) and lysosomes were marked 

with lysotracker (red). B. Graph showing extent of colocalization between mTOR and 

lysosome. Localization was measured by Pearson’s coefficient of colocalization in both 

starved and fed cell. 

 

 

 

 

 

 

 

 

5.2 Ago2-mTOR interaction is increased upon amino acid stimulation 

When localization of mTOR was investigated upon amino acid exposure it was found 

that not only mTOR moves to the lysosomal membrane where it can be activated by 

GTPase Rheb, it was coming in a very close proximity to the Ago2 bodies. Huh7 cells 

transiently transfected with GFP-Ago2, which labelled Ago2 proteins within the cells 

(green). After 48hr of transfection, cells were subjected to the 2hr of starvation followed 

by 30mins of amino acid exposure. mTOR was visualized by indirect 

immunofluorescence (red) (Fig 5.2A). Images were analyzed and found an increase 

in colocalization between Ago2 and mTOR protein after amino acid stimulation (Fig 

5.2B).  Experiments were done to check whether Ago2 physically interacts with mTOR 

protein in any situation. Huh7 cells were transfected with FHA-Ago2 and after 48hr of 

transfection amnio acid starvation was done followed by refeeding. 

Immunoprecipitation of Ago2 was also done from starved and fed cells with of FLAG 

beads and western blot was done to check the presence of mTOR protein. A slight 

increase in Ago2 associated mTOR level was found upon refeeding of amino acids 

(Fig 5.2C). These data indicated a possible involvement of Ago2 in amino acid 

mediated mTOR activation in hepatoma cells.  
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Fig 5.2: Amino acid activation favours interaction between Ago2 and mTOR 

A. Microscopy images showing status of Ago2 bodies and mTOR in both amino acid starve 

and fed Huh7 cells. GFP-Ago2 (green) transfected Huh7 cells were starved with HBSS 

supplemented with dialyzed FCS for 2hrs followed by 30mins exposure of HBSS and normal 

FCS. mTOR was visualized by indirect immunofluorescence (red). B. Graph depicting 

colocalization between mTOR and Ago2. Colocalization was measured by Pearson’s 

coefficient of colocalization in both starved and fed cell. C. Western blot analysis showing 

interaction between Ago2 and mTOR in starve and fed Huh7 cells. Huh7 cells were 

transfected with FHA-Ago2, followed by IP with FLAG beads. Western blot was done to 

check the interaction between Ago2 and mTOR protein. 
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Fig 5.3: Ago2 is required for amino acid induced mTOR activation 

A. Western blot analysis showing phosphorylated mTOR (p-mTOR) level along with its 

downstream product phosphorylated S6 kinase (p-S6K) level in both amino acid starved 

and fed Huh7 cell either with normal Ago2 or depleted of Ago2. β-actin was used as the 

loading control. B. Western blot showing cellular phosphorylated mTOR and 

phosphorylated S6 kinase level upon Ago (1-4) expression. HEK293 cells were 

transfected with control NHA-LacZ or different FHA-Ago(1-4) plasmids and then checked 

for proteins of mTORC1 signaling pathway. β-actin was used as the loading control.  

5.3 Ago2 expression is both necessary and sufficient for mTOR activation 

Since Ago2 bodies were coming in close proximity and possibly interacting with the 

mTOR upon amino acid stimulation, we checked whether Ago2 depletion play any role 

in mTOR activation. Huh7 cells were transfected with si-Con and si-Ago2 to 

knockdown Ago2 and after 72hr of knockdown amino acid activation experiment was 

carried out for both control and Ago2 depleted cells. Cells were lysed with 1x sample 

buffer and subjected to western blot to check the expression of phosphorylated mTOR 

level along with its downstream product Phospho S6 kinase level. It was found that 

although for si-Con cells there was a proper activation of p-mTOR and p-S6K level, in 

Ago2 knockdown cells we found no increase in either of the proteins (Fig 5.3A), 

indicating Ago2 is necessary for mTORC1 activation. 
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We also checked the possibility whether Ago2 expression is sufficient to activate 

mTORC1 pathway without any other upstream factor. HEK293 cells were transfected 

with all four forms of Ago2 protein (1-4). 48hrs of transfection cells were lysed and 

expression of different mTOR downstream products were checked. It was found that 

with exception to Ago1, all other Ago proteins were able to increase p-mTOR and p-

S6 kinase level compared to the control NHA-LacZ transfected cells (Fig 5.3B).  

 

5.4 P-body proteins can also activate mTORC1 pathway 

Ago2 over-expression was sufficient to cause mTOR activation even without any other 

upstream signals. This observation lead us to investigate whether any other P-body 

protein can also induce mTORC1 pathway. HEK293 cells were transfected with 

different P-body proteins and activation of mTOR was checked by p-mTOR level.  
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Fig 5.4: P-body proteins can also activate mTORC1 signaling 

A-B. Western blot data showing phosphorylated mTOR (p-mTOR) level in HEK293 cells 

transfected with different P-body proteins. C. Data showing role of P-body proteins in 

mTORC1 activation. HEK293 cells depleted of GW182 protein was transfected with Rheb-

Myc plasmid to activate mTORC1 pathway. Western blot showing different markers of 

mTORC1 activation along with P-body protein GW182 and Ago2.  

 

 

 

 

 

It was found that expression of GFP-Dcp1, YFP-Lsm6, GFP-Smn and NHA-GW182 

all of them can increase the cellular p-mTOR level (Fig 5.4A and 5.4B). Also in a 

GW182 depleted cell, mTORC1 activator Rheb fails activate mTORC1 pathway to the 

extent of control cell (Fig 5.4C). These data suggest just like Ago2, other P-body 

proteins also play a vital role in mTORC1 activation pathway.  

 

5.5 P-body proteins activates mTOR by moving it to lysosomes 

Next question that comes to the mind is how P-body proteins activating mTOR 

pathway without any upstream signal? We hypothesized that may be P-body proteins 

activating the mTOR pathway by translocating it to the lysosomes. To check this 

hypothesis, HEK293 cells were transfected with control plasmid NHA-LacZ and NHA-

GW182 separately. After 48hr of transfection, cells were lysed and a 3-30% optiprep 

gradient ultra-centrifugation was run to find the localization of phosphorylated mTOR 

in the cell. After 5hr of centrifugation at 133,000xg, ten fractions were collected and 

analyzed in western blot. It was found that upon expression of NHA-GW182, 

localization of both p-mTOR and Ago2 shifted from early endosomes to late 

endosome-lysosomes (Fig 5.5). Hence, we can conclude that P-body proteins used 



126 | P a g e  
 

Fig 5.5: Ago2 expression translocate mTOR to active compartments 

Data showing localization of phosphor mTOR and Ago2 in different fractions. HEK293 

cells transfected with control NHA-LacZ plasmid or NHA-GW182 plasmid subjected 

to 3-30% optiprep gradient to resolve different cell organelles. Fraction no. 2-3 

represents early endosome and 4-5 represents late endosome-lysosome fractions of 

the cell. 

Ago2 in translocating mTORC1 to its active compartment lysosome, where mTORC1 

activation can take place.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.6 miRNP mediated mTORC1 activation depends on the late endosome-

lysosome fusion and does not depend on the integrity of early endosome 

Looking at the findings of the previous experiments, it was evident that Ago2 or GW182 

activates mTORC1 signaling pathway by translocating mTOR to the lysosome. Now 

to pin-point the site where miRNP recruits mTOR, endosome maturation pathway was 

perturbed at different points. We know in eukaryotic cells, early endosome (EE) 
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Fig 5.6: GW182 mediated mTORC1 activation happen through LE-lysosome 

targeting 

A. Western blot data showing p-mTOR and its downstream substrate p-4EBP1 level upon 

NHA-GW182 expression in both Rab5 and Rab7 depleted condition. HEK293 transfected 

with si-Rab5 or si-Rab7, further transfected with NHA-GW182. Western blot was done 

after 72hrs of si-RNA transfection. β-actin was used as the loading control. B. Data 

showing expression of p-mTOR and Ago2 in both si-Con and si-RILP transfected HEK293 

cells over-expressed with NHA-GW182. β-actin was used as the loading control. 

  

matures to late endosomes (LE), which furthers matures and fuses with lysosomes to 

deposit endosomal cargo to the lysosome for either degradation or their activation. 

HEK293 cells were knocked down with Rab5 and Rab7 to disturb EE integrity and EE 

to LE maturation respectively. After that, all cells were transfected with NHA-GW182 

plasmid to over-express  GW182 proteins. After 48hrs cell were lysed and checked for 

p-mTOR and its effector protein p-4EBP1 along with Ago2. It was found that GW182 

expressed cells only activated mTOR pathway in a Rab5 depleted cells and could not 

do the activate the pathway in Rab7 depleted cells (Fig 5.6A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since LE maturation and LE integrity is required for miRNP mediated mTOR 

activation, we wanted to check whether LE-lysosome is also required for this 
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mechanism. To block LE-lysosome fusion, HEK293 cells were depleted of RILP, a 

protein that interacts with Rab7 to initiate the organellar fusion. Both si-Con and si-

RILP transfected cells were further over-expressed with NHA-GW182 to cause 

mTORC1 activation. After 48hr of transfection cells were lysed and p-mTOR level was 

checked along with Ago2 level. Western blot data showed just like Rab7, RILP 

depletion also resulted in reduced mTORC1 activation (Fig 5.6B). Hence, we can 

conclude that for miRNP mediated mTOR activation LE maturation and its subsequent 

fusion with lysosome is necessary.  

 

5.7 Ago2 mediated mTOR activation is a miRNA independent process 

Main functions of Ago2 in mammalian cells is miRNA mediated mRNA repression and 

cleavage. Ago2 binds with the miRNA and then finds its proper target for repression. 

Here we are observing a phenomenon which does not involve target mRNA 

repression. Hence we wanted to check whether or not miRNA play any significant role 

with Ago2 in mTOR activation. To investigate this, HEK293 cells were transfected with 

control NHA-LacZ, FHA-Ago2 (wild type) and FHA-Ago2 Y529E (mutant) plasmid. A 

tyrosine to glutamic acid point mutation at the small binding pocket of MID domain of 

Ago2 proteins imparts a negative charge and causes unbinding of miRNA (Mazumder 

et al., 2013). So unlike wild type Ago2 protein, Ago2Y529E mutant usually does not 

bind with the miRNA. Interestingly, apart from control NHA-LacZ, both wild type and 

mutant Ago2 activated mTORC1 pathway HEK293 cells (Fig 5.7A). Ago2 pulled down 

reaction from all of these cells also revealed that both Ago2-WT and Ago2 Y529F 

mutant could bind to the mTOR (Fig 5.7B) 
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Fig 5.7: Ago2 mediated mTORC1 activation is miRNA independent 

A. Western blot analysis showing cellular phospho mTOR (p-mTOR) and phospho S6 kinase 

(p-S6K) expression in HEK293 cells over-expressed with wild type (FHA-Ago2) and mutant 

Ago2 containing a Y529E point mutation (FHA-Ago2Y529E). Control cells were over-

expressed with NHA-LacZ plasmid and β-actin level was shown as the loading control. B. 

Data showing interaction of both wild type and Y529E mutant Ago2 with mTOR in HEK293 

cells. Ago2 was immunoprecipitated from control (NHA-LacZ), wild type Ago2 (FHA-Ago2) 

and mutant Ago2 (FHA-Ago2Y529E) expressing cells. IP was done using protein G-agarose 

beads tagged with anti-HA antibody followed by western blot analysis to check Ago2 

associated mTOR level. C. Western blot data showing mTORC1 effector proteins p-mTOR 

and p-S6K level upon wild type Ago2 and Paz9 mutant of Ago2 (FHA-Ago2Paz9) 

expression. All the cells were transfected with si-DICER to deplete mature miRNA in cell 

prior to Ago2 expression. Control cells were transfected with NHA-LacZ plasmid and β-actin 

level was taken as the loading control 
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The fact that Ago2 protein that cannot bind to the miRNA also activate mTOR pathway 

is an interesting observation. This finding indicates that this is a cell biological property 

of Ago2 which does not involve miRNA. To investigate further, we used another Ago2 

mutant Ago2-Paz9 mutant, Due to multiple site directed mutagenesis at the Paz 

domain of Ago2 this mutant also fails to bind any small RNA and devoid of any slicer 

activity (Liu et al., 2005b). HEK293 cells were first knock down with DICER1 and then 

over-expressed with NHA-LacZ (control), FHA-Ago2 (WT) and FHA-Ago2 Paz9 

(mutant). Knockdown of DICER1, which is the major processing enzyme to mature 

miRNA, depletes the mature miRNA content in cells. A western blot analysis revealed, 

just like Ago2-Y529E mutant, Ago2 Paz9 mutant also has the ability to activate mTOR 

even when mature miRNA level was very low in the cell (Fig 5.7C). This experiment 

further proves the idea that Ago2 mediated mTORC1 activation could be a miRNA 

independent phenomenon.  

 

5.8 Lipid droplet negatively regulates mTORC1 activation 

Just like Ago2 bodies, during amino acid stimulation mTOR was coming in close 

proximity with lipid droplet. Lipid droplets (LD) are membrane bound organelles mostly 

found in the cytoplasm, store neutral lipids and triglycerides for metabolic function or 

membrane synthesis (Walther et al., 2017). LDs are also known as the hub of 

metabolic activities and often involved in exchange of biomolecules. Adipose 

differentiation related protein (ADRP) also known as perilipin 2, is a major protein 

responsible for lipid droplet integrity and formation (Orlicky et al., 2008). To investigate 

the role of LD in amino acid mediated mTOR activation, we regulated the LD formation 

and degradation by either over-expressing GFP-PLN2 or by knocking down PLN2 
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Fig 5.8 Lipid droplet negatively regulates Ago2 mediated mTOR activation 

A-B. Western blot data showing cellular p-mTOR and its downstream substrate 

p-S6K level in Huh7 either knock down of PLN2 (A) or over-expressed with 

GFP-PLN2 (B). In both conditions cells were starved with HBSS supplemented 

with 10% dialyzed FCS for 2hrs, followed by 30mins of amino acid stimulation 

with HBSS supplemented with 10% normal FCS. mTORC1 activity scored with 

p-mTOR and p-S6k level. β-actin level was shown as the loading control. 

gene respectively. In both the conditions cells were amino acid starved for 2hrs, 

followed by activation of 30mins. mTORC1 activity was measured by checking the 

cellular p-mTOR and p-S6K level. It was found that in PLN2 knockdown cells mTORC1 

activity was found to be enhanced compared to the control cells after amino acid 

stimulation (Fig 5.8A). Where as in GFP-PLN2 cells, we found reduced mTORC1 

activation compared to the PCINeo-GFP transfected control cells (Fig 5.8B).Hence, 

we can conclude, unlike  Ago2 bodies, LD formation regulates mTORC1 negatively.  
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Discussion 
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Like many other organs, brain expresses hundreds of miRNAs that are known to 

regulate the expression of thousands of transcripts (Petri et al., 2014). Normally the 

relationship between miRNA and their target mRNA is reciprocally correlated, meaning 

a higher miRNA expression usually causes a reduced target mRNA expression and 

vice versa. Here, in both diseased animal or activated glial cells, we found an 

accumulation of both miR-146a along with cytokine mRNAs IL-1β and IL-6. This 

phenomenon indicated a loss of miR-146a activity during early stages of Alzheimer’s 

disease. Functional analysis also revealed this event not only happens for miR-146a 

specifically but also hold true for miRNA let-7a and also for exogenously expressed 

liver specific miR-122. A global change in miRNA activity may have a profound change 

in the normal physiological or developmental process in neuronal system but also play 

a vital role in the prognosis and pathophysiology of any neurological disease. A 

combined effect of cell biological process, molecular biology of gene expression and 

immunology may also play a role in outcome of neurodegenerative diseases like AD, 

PD or ALS. This also explains the fact that why these diseases are so difficult to treat 

after their onset. Another interesting thing is to note that this mechanism only happens 

in the glial cells and not in neuronal cells during the early phase of AD progression. 

Glial cells outnumbers neuron in animal brain and are responsible for providing 

biochemical and metabolic support for neurons. The fact that loss of miRNA activity 

first happens in the glial cell suggest that glial cells are primarily try to support a 

protective measure but eventually contribute to the increased neuroinflammation 

leading to neuronal death.  

                   We found in oligomeric Aβ1-42 treated astrocytes mTORC1 gets 

sequestered to the early endosomes, which prevents it to translocate to the lysosome 

membrane for activation. mTOR is a very important molecule for neuronal 
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differentiation and brain activity. Knock down of RAPTOR, which is a key component 

of mTORC1 complex leads to reduction in brain size (Cloëtta et al., 2013). mTORC1 

signaling also affects the biogenesis and maturation of miRNA. Tuberous Sclerosis 

Complex (TSC) is a regulator of mTORC1 signaling pathway and mutation in TSC1 or 

TSC2 leads to hyperactivity of mTORC1 signaling. Studies have shown TSC knockout 

cells exhibit reduced mature miRNA level compared to the wild type cells (Ye et al., 

2015). In this study we have shown mTORC1 regulates the miRNA activity by inducing 

Ago2 phosphorylation. In Aβ1-42 treated glial cell, a loss in mTORC1 activity leads to 

reduction in Ago2 phosphorylation in miRNA binding sites which triggers accumulation 

of miRNP particles in diseased cells. Rheb, which is a constitutive activator of 

mTORC1, promotes Ago2 phosphorylation. This mechanism leads to unbinding of 

miRNA from Ago2 proteins which rescues miRNA activity. As Rheb activates the 

mTORC1 pathway, there is a possibility that Rheb attenuates miRNA biogenesis and 

promotes miRNP recycling which are already in the system. Rheb knockout is 

embryonic lethal for animals (Goorden Susanna et al., 2011). Also conditional 

knockout of Rheb leads to reduced life span in adult mice , which indicates that Rheb 

play an important function in brain development and activity in animals. In our study, 

Rheb expression in adult rat brain hippocampus rescued the cognition and motor skills 

in diseased rats (Data not shown). Similarly researchers have previously shown that 

Rheb expression in HD mouse model resulted in improved motor skills (Lee et al., 

2015). Also Rheb expression in dopaminergic neurons promotes axonal outgrowth in 

PD (Kim et al., 2012). mTOR mediated translational activation which play a major role 

in synapse formation and memory development in brain, is also a Rheb dependent 

process  (Gkogkas et al., 2010; Swiech et al., 2008). Rheb expression also shown to 

increase acetyl choline level in the brain, which can directly improve the cognition of 
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an animal (Jeon et al., 2015). Although all of these events may contribute to the 

improvement in memory and cognition, our data suggests Rheb mediated rescue in 

miRNA activity also play a major role in this process.  

                        As our system, we have stereotactically injected Aβ1-42 oligomers to the 

adult rat brain hippocampus. This system has several advantages over transgenic AD 

animal model. Deposition of Aβ1-42 oligomers with time mimics the early phase of 

disease. In transgenic models, animal develop different adaptive system to cope with 

the disease. Also oligomeric Aβ1-42 can be applied to the different primary cultures of 

the cell, which gives us more insight into how neurons or astrocytes behave differently 

to the exposure of pathogenic proteins. Another important aspect is Aβ1-42 oligomers 

can be taken up by the cells both in-vivo and in-vitro conditions, which may have an 

addition impact on the physiology of the cells. Stereotaxic injection model exposes 

only a certain portion of the brain to the toxic protein, which helps us to monitor the 

spatio-temporal aspect of the disease. This is advantageous over the transgenic 

models having mutated or knockout gene which may have some compensatory effect 

on both structure and physiology in the adult brain. Also for our study, we wanted to 

express Rheb protein only on area of hippocampus where β-amyloid depositions were 

made, on a transgenic disease model it would have been difficult to discriminate the 

effect of other brain site on the findings. The method we have used to introduce Rheb-

Myc plasmid in adult rat brain also can be used to introduce synthetic miRNAs or 

antisense oligos to the specific regions of the brain to monitor the pathophysiology of 

the disease and also for the therapeutic purpose as well. 

                       Glial cells outnumbers neurons 10:1 in mammalian brain. There are 

mainly three types of glial cells present i.e. astrocytes, microglial and 

oligodendrocytes. Among the glial cell population 40% of the glial cells are astrocytes, 
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making them one of the most abundant cell in brain. We found injected Aβ1-42 

oligomers depositing around the astrocytes, activating them. We also found exposure 

of Aβ1-42 oligomers in ex-vivo culture of rat primary astrocyte can activate those cells 

resulting in elevated proinflammatory cytokine production. Although we have seen the 

Aβ1-42 reduction of miRNA activity and its mechanism in astrocyte cells, it would be 

interesting to check whether similar mechanism also happens in the other glial cells 

as well. We found slight change in miRNA expression when primary cortical neurons 

were exposed to Aβ1-42 oligomers but accumulation of miRNP and reduction of miRNA 

activity was only found in the astrocyte cells. Murine macrophages exposed to LPS 

show a primary activation of pro-inflammatory cytokine TNF-α, IL-1β or IL-6 mRNA 

level followed by a drop in miRNA activity and an increase in anti-inflammatory IL-10 

level. This reduction in miRNA activity fine tunes the homeostatic balance between 

extent of inflammatory response (Mazumder et al., 2013). In Aβ1-42 treated astrocytes, 

loss of mTOR mediated Ago2 phosphorylation increases miRNP accumulation in glial 

cells which leads to reduced miRNA activity and repression of target cytokine mRNA 

level. This phenomenon leads to uncontrolled production of pro-inflammatory 

cytokines; too much of inflammation kills the neuron resulting in loss in cognition and 

memory. 

                      Our findings highlight the effect of reduced Ago2 phosphorylation on the 

activity of miR-146a, miR-155 and let-7a. In turn lack of activity of these miRNAs fail 

to repress the cytokine mRNA level, as these miRNA directly regulate the cytokine 

mRNA expression. But if the mechanism is happening through Ago2 phosphorylation, 

it should affect wide number of miRNAs. We did find some data that this phenomenon 

also have an effect on the regulation of miR-16, miR-29a and also on exogenously 

expressed liver specific miR-122. Hence it may happen that this mechanism affects a 
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wide range of miRNAs and their target mRNA, which may have a cumulative effect on 

the pathophysiology of the disease. 

                        The role of different cell organelles in regulating the miRNA mediated 

repression process in an interesting but under explored area. Eukaryotic cell is divided 

into different membrane and non-membrane bound compartments that carry out 

various important cellular events for its activity. Processes like transcription, translation 

is also compartmentalized in certain specific area for their tight regulation. Just like 

protein synthesis and protein degradation, compartmentalization play a crucial role in 

regulating the activity of miRNA at different points. ER membrane is thought to be the 

site where miRNP nucleation and target repression takes place (Li et al., 2013; Stalder 

et al., 2013), late endosome is believed to be the place where target mRNA 

degradation occurs (Bose et al., 2017). Several neurogenerative diseases like AD, PD 

and ALS are linked with defect in endosome maturation previously. For example, 

enlarged early endosomes are observed as one of the early signs in AD patients 

(Cataldo et al., 2000). Also it was found that hyperactivation of Rab5 leads to 

accumulation of enlarged early endosomes in ALS patient (Lai et al., 2009; Otomo et 

al., 2003). Again any problem in early endosome to late endosome maturation can 

also influence the downstream of the pathway as well i.e. lysosome targeting of 

endosome and their cargo. Many neurodegenerative diseases also show similarities 

with many Lysosomal storage disorders. Niemann-Pick disease type C (NPC) is a type 

of disorder where lipid molecules get accumulated in lysosomal lumen (Butler et al., 

1993; Vance, 2006). Another way endo-lysosomal fusion regulation influence the 

pathophysiology of the process is through regulating protein and organellar 

homeostasis. Lysosomes degrade proteins and organelle through autophagy which is 

a key step in cellular equilibrium. In our findings endo-lysosomal fusion affects the AD 
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pathology in couple of ways. Firstly, lack of endosome maturation restricts mTOR 

moving to the lysosome membrane where it can be activated by Rheb. Lack of 

mTORC1 activation led to reduced Ago2 phosphorylation and miRNA unloading. 

Secondly, reduced miRNP targeting to lysosomes resulted in accumulation of P-

bodies in glial cells. This had an impact on target mRNA recognition and miRNP 

recycling. Both these mechanism eventually has an impact on reduction in miRNA 

activity and de-repression of cytokine mRNA. This was this study explains, how cell 

organelles have an impact on gene expression of the cell and also controlling 

pathophysiology of neurodegenerative diseases.  

                       Another important finding of this study was the prevalence of RNA 

granules in β-amyloid treated astrocyte. This raises an interesting question, does 

amyloid proteins contains any low-complexity motif that is responsible for liquid-liquid 

phase separation in cytoplasm? This is another under-explored area in the field of 

neurodegenerative diseases. P-bodies are known to phase separate from cytoplasm 

containing RNA and RNA binding proteins. There is a possibility that Aβ oligomers 

increase the local concentration of RNA and RNA binding proteins in cytoplasm, which 

phase separates to form RNA granules. Previously researchers have shown direct 

correlation between RNP aggregation with severity of diseases like HD or ALS (Chen-

Plotkin et al., 2010; Savas et al., 2008). Also presence of Ago2 in stress granule was 

shown to be cause of Ago2 inactivation in HD (Pircs et al., 2018). Another important 

thing to look at whether presence of these RNA granules play any role in severity and 

outcome of the disease. The fact that RNA granules are very dynamic in nature, might 

contribute to the very fast physiological processes like ion exchange or cell signaling 

pathways. 
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                     Another important question, what is fate of these accumulated miRNP 

bluids up in glial cells? we know part of the miRNPs forms P-bodies which causes 

miRNA inactivation and faulty miRNP recycling. Another part of accumulated miRNPs 

are packaged into tiny vesicles called exosomes and released from the glial cells. 

These exosomes are taken up by other neighboring astrocytes and also by neurons. 

miRNAs those are exported through exosomes remains active and has the ability to 

change the gene expression of the recipient cells. Exosomes work in both paracrine 

and endocrine manner and have the ability to carry messages far across the organ. 

Presence of miRNA and miRNPs in the exosome could serve as an initial signals that 

cells have been exposed to pathogenic proteins like tao or β-amyloid. In fact using this 

mechanism, one can think of developing some diagnostic markers or tools to detect 

the onset of neurodegenerative disease before patients start showing any symptoms. 

Presence of the exosomes have been reported in CSF, blood or even in urine. The 

proteins like HuR, a major proteins responsible for reversing miRNA mediated gene 

repression (Bhattacharyya et al., 2006) and also for packaging miRNA into exosome 

(Mukherjee et al., 2016) can be targeted as a therapeutic method for 

neurodegeneration.  

                    Astrocytes are believed to be the cell that provides metabolic support to 

the neurons. But recent findings are suggests that astrocytes also have major roles in 

developing cognition and reduced activity of astrocytes leads to memory impairment 

(Gao et al., 2016). Even grafting human astrocytes in memory deficient mouse 

improved their cognition (Han et al., 2013), further establishing role of astrocytes in 

memory improvement.  Studies have also shown astrocytes to play significant role in 

synapse formation and in maintaining NMDA mediated long-term potentiation 

(Adamsky et al., 2018). Astrocyte may not be the only cell that is responsible for 
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increased inflammation in brain during AD. Along with astrocytes, microglia also play 

a significant role in generating inflammatory response in brain. Astrocytes play a 

significant role in maintaining calcium signaling and glutamate reuptake and these 

processes shown be disrupted during AD (Matos et al., 2012; Vincent et al., 2010). 

Reactive astrocytes were also found around the plaque deposition of post-mortem AD 

brain (Vehmas et al., 2003), we also found astrogliosis in rat brain injection sites which 

also confirms the involvement of astrocytes in AD. Interestingly, microglial deposition 

also can be found at the amyloid deposition site. Also in APP/PS1: GFAP/Vimentin 

double knock out mice with impaired astrocyte activation show enhanced microglial 

activation at the deposition site (Vehmas et al., 2003). So some of the inflammation 

may occur from microglial cells as well and microglia may also show this mechanism 

in exposure to β-amyloid.  

                       Interesting thing about this study was how compartmentalization of 

different molecules have a combined effect on pathophysiology of a disease. mTOR 

mislocalization to early endosome leads to increased miRNP production, increase in 

local concentration of miRNP promote liquid-liquid phase separation which initiate the 

formation of RNA granules. Ago2 gets sequestered into RNA granules which makes it 

inactive and this inactive Ago2 fails to repress cytokine mRNA. This phenomenon 

leads to uncontrolled inflammation and neuronal death. So compartmentalization of 

both miRNP and mTOR starts a chain of reaction which is very important for both 

onset and progress of the disease. This study indicates that reactivation of mTOR 

pathway or depletion of RNA granules could reverse the disease symptoms in adult 

animals. Our findings suggests intervention by gene therapy or any small molecule 

which can restore the balance of mTOR signaling and reimposes miRNA machinary 

can have a beneficial effect on the AD treatment. 
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RESEARCH ARTICLE

Amyloid-β oligomers block lysosomal targeting of miRNPs to
prevent miRNP recycling and target repression in glial cells
Dipayan De and Suvendra N. Bhattacharyya*

ABSTRACT
Upon exposure to amyloid-β oligomers (Aβ1–42), glial cells start
expressing proinflammatory cytokines, despite an increase in levels
of repressive microRNAs (miRNAs). Exploring the mechanism of
this potential immunity of target cytokine mRNAs against repressive
miRNAs in amyloid-β-exposed glial cells, we have identified differential
compartmentalization of repressive miRNAs in glial cells that explains
this aberrant miRNA function. In Aβ1–42-treated cells, whereas target
mRNAs were found to be associated with polysomes attached to
endoplasmic reticulum (ER), the miRNA ribonucleoprotein complexes
(miRNPs) were found to be present predominantly with endosomes
that failed to recycle to ER-attached polysomes, preventing repression
of mRNA targets. Aβ1–42 oligomers, by masking Rab7a proteins on
endosomal surfaces, affected Rab7a interaction with Rab-interacting
lysosomal protein (RILP), restricting the lysosomal targeting and
recycling of miRNPs. RNA-processing body (P-body) localization of
the miRNPs was found to be enhanced in amyloid-β-treated cells as
a consequence of enhanced endosomal retention of miRNPs.
Interestingly, depletion of P-body components partly rescued the
miRNA function in glial cells exposed to amyloid-β and restricted the
excess cytokine expression.

This article has anassociated First Person interviewwith the first author
of the paper.

KEY WORDS: miRNA-mediated translation repression, mRNA
compartmentalization, RNA processing bodies, miRNP recycling,
Endosome–lysosome interaction

INTRODUCTION
MicroRNAs (miRNAs) are 20–22-nucleotide-long non-coding
RNAs that represses target mRNAs in both plant and animal cells.
miRNAs associate with different argonaute proteins (Ago1 to
Ago4) and form miRNA-induced silencing complexes (miRISC),
which bind with target mRNAs and either repress or degrade them
to stop protein expression (Filipowicz et al., 2008). On average,
miRNAs have a half-life of 11.4 h, which is almost four times that of
mRNAs, and thus miRNAs are in general more stable than mRNAs
(Reichholf et al., 2019). The high stability of miRNA is possibly
required to avoid the complicated multistep procedure of miRNA
biogenesis, and metazoan cells use each copy of a miRNA
repeatedly for repression of different target messages instead of

making a new copy of the miRNA for each target mRNA.
Interestingly, at steady state, there are several copies of each miRNA
present in a cell to fine-tune expression of specific mRNAs.

miRNA-mediated repression and target degradation are two
spatiotemporally uncoupled processes in human cells, and the
mRNA degradation events that happen on the late endosome
(LE) membrane play the pivotal role in recycling of miRNA
ribonucleoprotein complexes (miRNPs) and, thus, for the next round
of repression of target mRNAs by the respectivemiRNAs (Bose et al.,
2017). In this context, the endoplasmic reticulum (ER)membrane acts
as the site where nucleation of miRNA or siRNA takes place before
themiRNPs encounter the target mRNA (Li et al., 2013; Stalder et al.,
2013; Barman and Bhattacharyya, 2015; Bose et al., 2020). While
perturbation of endosomal trafficking can affect siRNA function (Lee
et al., 2009), entrapment of miRNPs at the ER restricts its export and
abundance (Chakrabarty and Bhattacharyya, 2017).

RNA processing bodies (P-bodies, referred to hereafter as PBs)
are considered to be the subcellular structures responsible for
reversible storage of miRNA-repressed messages, and depletion of
PBs is associated with relocalization of the repressed messages to
translating polysomes and, thus, is considered as the keymechanism
for reversible regulation of the repressive activity of miRNAs
(Bhattacharyya et al., 2006). In a neuronal context, storage of Ago2
in PBs is considered a prerequisite for reversal of miRNA activity
during growth factor withdrawal and is essential for neuronal
survival (Patranabis and Bhattacharyya, 2018).

In this study, we report how exposure of rat glioblastoma cells to
amyloid-β oligomers (Aβ1–42) decreases the cellular miRNA activity
by enhancing the sequestration of miRNP complexes to early
endosomes (EEs) and PBs. This also causes uncoupling of cytokine
mRNAs, including those encoding IL-1β and IL-6, from Ago2,
which accounts for their higher expression in diseased cells. Aβ1–42
oligomers perturb LE maturation and subsequent fusion with
lysosomes, which is found to be important for miRNP recycling
and binding with newly formed target mRNAs. We propose that this
mechanism explains the increased proinflammatory cytokine
expression and related neuroinflammation due to defects in miRNA
recycling and target mRNA repression in Aβ1–42-exposed glial cells.

RESULTS
Target mRNAs with reduced miRNA repression in Aβ1–42-
treated cells are associated with polysomes
Treatment of rat C6 glioblastoma cells with Aβ1–42 for 24 h
increased mRNA levels of proinflammatory cytokines, including
IL-1β and IL-6. qPCR data showed that 24 h exposure to 2.5 μM
Aβ1–42 resulted in maximum induction of IL-1β and IL-6 mRNA
levels (Fig. 1A). Because the 2.5 μM Aβ1–42 concentration yielded
the maximum induction of cytokine mRNA levels, the rest of our
experiments were carried out using an Aβ1–42 concentration of
2.5 μM. Interestingly, neither monomeric Aβ1–42 nor oligomeric
Aβ1–40 at 2.5 μM concentration elicited any response in
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glioblastoma cells (Fig. S1A,B). Expression of cytokines is
regulated by several miRNAs in mammalian cells, for example
IL-6 mRNA is a direct target of miRNA let-7a (Iliopoulos et al.,
2009). Does the repressive activity of miRNAs become impaired in
treated cells? To check the activity of miRNAs upon Aβ1–42
exposure, C6 glioma cells were transfected with a Renilla luciferase
(RL) reporter containing three imperfect miRNA let-7a binding
sites (RL–3×bulge-let-7a; Fig. 1B). An almost 2-fold reduction in
let-7a activity was observed in Aβ1–42-treated cells compared to
activity in the DMSO-treated control cells (Fig. 1C). However, the
total cellular level of let-7a was found to be upregulated upon

exposure to Aβ1–42 (Fig. 1D). No changes were found in either let-
7a repression or cellular let-7a level when cells were treated with
either monomeric Aβ1–42 or oligomeric Aβ1–40 peptides (Fig. S1C,
D). An exogenously expressed liver-specific miR-122 in C6 cells
also showed similar reduction in repressive activity and increased
cellular miRNA level, indicating that reduced miRNA activity upon
Aβ1–42 treatment is not a miRNA identity-specific event. The
expression of miR-122 was ensured by using a pre-miR-122-
encoding plasmid containing a U6 promoter transfected in C6 glial
cells, and the change in miR-122 levels in transfected cells was
normalized to the level of U6 snRNA. The observed increase in

Fig. 1. See next page for legend.
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mature miR-122 level and absence of any change in pre-miR-122
level upon Aβ1–42 treatment suggests that the increase in miRNA
level occurs primarily at a post-transcriptional level and is not due to
a transcriptional surge of pre-miR-122 in treated cells (Fig. 1D,E).
Because Aβ1–42 treatment did not result in any decrease in either
miRNA or Ago2 protein levels, we hypothesized that a lack of
interaction between miRNA and Ago2 might explain the reduced
miRNA activity in amyloid-β-exposed cells. To verify this
hypothesis, we used C6 glioma cells expressing FLAG–HA-
tagged Ago2 (FH–Ago2) and treated them with DMSO or Aβ1–42
for 24 h. FH–Ago2 was immunoprecipitated (IP) using anti-FLAG
beads, followed by qPCR-based measurement of Ago2-bound
miRNAs. The qPCR data was normalized against the amount of
Ago2 immunoprecipitated from each of the samples. The qPCR data
revealed an increased association between Ago2 and both miR-146a
and miR-155 (Fig. 1F), two key miRNAs that are important
regulators of proinflammatory cytokines in mammalian
macrophage and glial cells (Sheedy and O’Neill, 2008;
Kurowska-Stolarska et al., 2011). In contrast to the increased
association of miRNAwith Ago2, the interaction between Ago2 and
the target mRNAs was found to be decreased in Aβ1–42-treated cells,

as Ago2-association of cytokine IL-1β and IL-6 mRNAs was
reduced considerably upon Aβ1–42 treatment (Fig. 1G). This
suggests that the miRNPs that accumulate in Aβ1–42-treated cells
are ineffective in finding their targets.

For an effective miRNA-mediated repression process in
mammalian systems, all three main components of miRNA-
mediated repression – Ago2, miRNA and target mRNA – are
required to nucleate before effective repression can occur. Our
observations suggest that the loss of miRNA activity was caused by
loss of the interaction between miRNPs and target mRNA. This
possible de-linkage of miRNP and target mRNA may occur due
to differential localization of miRNPs and target messages in distinct
subcellular compartments. To investigate the subcellular localization
of miRNPs and their target mRNAs, a 3–30% iodixanol gradient
ultracentrifugation was performed with cell homogenates obtained
from control and Aβ1–42-treated C6 cells to separate different
subcellular organelles, including multivesicular bodies (MVB) and
the ER (Fig. 1H,I). There was an enrichment of Ago2 in the lighter
fractions along with the EE marker EEA1 in Aβ1–42-treated cells
compared to the control cells (Fig. 1J). RNA extraction followed by
qPCR-based quantification from both Alix (also known as
PDCD6IP)-enriched (endosomes) and calnexin-enriched (ER)
fractions showed higher levels of IL-1β and IL-6 cytokine mRNAs
in ER-enriched fractions in Aβ1–42-treated cells (Fig. 1K). More
specifically, increased association of IL-1β and IL-6 mRNAs
was found with polysomal fractions, which explains the impaired
repression of these mRNAs by miRNAs that leads to their increased
expression in Aβ1–42-treated C6 glioblastoma cells (Fig. 1L).

Compartmentalization ofmiRNPs to early endosomes in glial
cells treated with Aβ1–42 oligomers
The experiments described above revealed that Aβ1–42 causes
reduced interaction between Ago2 and cytokine mRNAs, with
derepressed mRNAs associating with the ER, while Ago2 is enriched
in endosomal fractions (Fig. 1J,K). There have been previous studies
suggesting that contact between ER and endosomes is required for
endosomal maturation, and that the maturation process may not
happen in isolation (Eden et al., 2010). Endosomes form contact sites
with the ER that help both endosome maturation and exchange of
cargo between endosomes and the ER (Rocha et al., 2009). We
checked the possibility that Aβ1–42 treatment could perturb interaction
between the ER and endosomes to lead to compartmentalization of
miRNPs in treated cells. Confocal images were taken for both control
and Aβ1–42-treated cells, where C6 glioblastoma cells were transiently
transfected with ER–DsRed-encoding plasmid, which ensured
tagging of the ER, whereas EEs and LEs were detected using anti-
EEA1 and anti-Rab7a antibodies (Fig. 2A). We found a significant
decrease in colocalization for both ER–EE and ER–LE pairs upon
Aβ1–42 treatment (Fig. 2B). LEs are known to interact more with ER
than EEs, and EEs show increased interaction with ER as endosome
mature (Friedman et al., 2013). Interestingly, Aβ1–42 exposure
diminished the increase in ER–EE and ER–LE colocalizations
(Fig. 2B), which may affect the endosomematuration process as well.
However, no such interaction loss between lysosomes and ER was
observed in Aβ1–42-treated cells (Fig. 2B). Live-cell time-lapse
microscopy of both control and Aβ1–42-treated C6 cells expressing
YFP–Endo and ER–DsRed, which label EEs and ER, respectively,
also showed reduced interaction upon Aβ1–42 exposure (Fig. S2A).
To confirm the role of Aβ1–42 in regulating the interaction between the
ER and EEs, an in vitro reaction was carried out with enriched EE and
ER fractions in the presence of Aβ1–42 and ATP. An IP of EEA1
followed by western blotting revealed reduced interaction between

Fig. 1. Uncoupling of target mRNA from miRNPs in Aβ1–42-exposed
cells. (A) qPCR data showing cellular IL-1β (left) and IL-6 (right) levels in C6
glioblastoma cells activated with increasing concentrations of Aβ1–42
oligomer (Aβ) for 24 h. qPCR data was normalized to GAPDH mRNA level
(n=4). (B) Schematic design of different Renilla luciferase (RL) reporters
used for scoring miRNA activity. The respective miRNA binding sites were
cloned into the 3′ UTR of the RL mRNA, adding a perfect site and three
bulge sites for the miRNA. Fold repression is the ratio of normalized reporter
expression versus normalized control (RL–con). (C,D) Effect of Aβ1–42
treatment on cellular miRNA activity and level. Specific activity of each
miRNA was calculated by normalizing the fold repression of the target
reporter mRNA to the cellular miRNA level. The repression data was
obtained by luciferase-based quantification (C), whereas expression level
was measured using qPCR and was normalized against the expression of
U6 snRNA (D) (n=6). (E) Levels of pre-miRNA (pre-miR-122) in cells treated
with Aβ1–42 oligomers, value normalized against 18S rRNA (n=3). (F,G)
Aβ1–42-treated cells show increased Ago2–miRNA association but
decreased Ago2-associated cytokine mRNA levels. Immunoprecipitation (IP)
of FH–Ago2 from control and Aβ1–42 oligomer-treated (2.5 µM for 24 h) C6
glioblastoma cells expressing FH–Ago2 were performed, and RT-qPCR-
based quantification was done. Values are normalized to the amount of
Ago2 immunoprecipitated for the indicated miRNAs (F) and mRNAs
(G) (n=4). Representative blots of input and IP are shown. (H) Distribution of
Ago2 and other relevant proteins among endosomal (EE/MVB) and ER
fractions in control cells (con) and cells treated with Aβ1–42. C6 glioblastoma
cells were activated with 2.5 µM Aβ1–42 for 24 h before lysis, and lysates
were ultracentrifuged on a 3–30% iodixanol (Optiprep) gradient. Fractions
2–4 were designated as MVBs and EEs, and fractions 7–9 were designated
as ER. Alix was used as a marker of endosomes and MVBs, and calnexin
was used as a marker for ER (blots are representative of n=3 experiments).
(I) Input of cell extracts used for iodixanol (Optiprep) gradient analysis shown
in H were western blotted for EEA1, Ago2 and β-actin. (J) Western blot data
showing expression of EEA1 and Ago2 protein in endosomal fractions
isolated from both control and Aβ1–42-treated cell lysate. Graph depicts Ago2
intensity change in the endosome fraction (n=3). (K) Distribution of cytokine
mRNAs in different subcellular fractions after Aβ1–42 treatment of C6
glioblastoma cells. The mean threshold cycle (Ct) values were plotted for
IL-1β and IL-6 mRNAs to check the distribution of cytokine mRNAs in both
MVB and ER fractions in control and treated cells (n=3). (L) Relative levels
of IL-1β and IL-6 mRNA associated with the polysomal fraction isolated from
control and Aβ1–42-treated C6 glioblastoma cells. The qPCR data was
normalized against the GAPDH mRNA present in the polysome fraction
(n=3). For statistical significance, a minimum of three independent
experiments were considered in each case, unless otherwise mentioned,
and error bars represent the s.e.m. *P<0.05; **P<0.01; ***P<0.0001; ns, not
significant (two-tailed, paired Student’s t-test).
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Fig. 2. See next page for legend.
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EEs and ER upon amyloid-β exposure (Fig. S2B,C). To find out the
cellular localization of non-functional miRNPs, a 3–15% iodixanol
gradient ultracentrifugation was carried out with cell lysates taken
from both the control and Aβ1–42-treated cells. The EEs and LEs were
separated on the 3–15% gradient, and the presence of Ago2 in the EE
fraction was noted (Fig. 2C,D). RNA extraction followed by qPCR-
based quantification from both HRS (also known as HGS)-enriched
(EE) and Rab7a-enriched (LE) fractions showed an abundance of
both miR-146a and miR-155 in EE fractions in Aβ1–42-treated cells
(Fig. 2E). Increased presence of Ago2 with endosomes separated by
organellar IP further established the idea that Ago2 associates with
the EE fraction upon Aβ1–42 treatment (Fig. 2F). Enrichment of
Ago2-associated miRNA levels in the EE fraction in Aβ1–42-treated
cells was also noted (Fig. 2G).
In the experiments described above, we found non-functional

miRNPs to remain with the EE fraction in Aβ1–42-treated cells,
whereas in untreated cells, they are known to get shuttled to LEs along
with the repressed mRNAs for degradation, miRNP recycling or
MVB entrapment of miRNAs for extracellular export (Mukherjee
et al., 2016; Bose et al., 2017). Subsequently, we studied the
endosomal maturation process in Aβ1–42-treated cells. The number
and surface area of both EEs and LEs were measured. On exposure to
Aβ1–42, even though EEs were found to be enlarged in glial cells, the
number of LEs was found to be decreased, suggesting a possible
retardation of maturation from early to late endosomes (Fig. S2D,E).
We hypothesized that Aβ1–42 may affect the mobility of enlarged EEs
resulting in reduced EE–ER association and EE–LE maturation. We
compared the frequency distributions of EE track speed and track
length for control and Aβ1–42-treated cells, as assessed using time-

lapse live-cell microscopy (Fig. 2H). Although the majority of both
control and Aβ1–42-treated EEs showed track speeds greater than
1.0 μm/s, Aβ1–42-treated EEs were significantly slower (Fig. 2I).
Furthermore, we found a significant reduction inmean track length of
EEs in Aβ1–42-treated cells as compared to those of EEs in control
cells (Fig. 2J). Hence, from the above data we could conclude that
Aβ1–42 may cause a decrease in mobility of EEs.

Perturbation of endosomal maturation in Aβ1–42-treated cells
causes defects inmiRNP recycling and de novo targetmRNA
repression
Defects in the endosomal pathway have previously been reported in
different neurological disorders, such as Alzheimer’s disease (AD),
and in Niemann–Pick disease type C (Nixon, 2005; Maxfield,
2014). Also, there are reports that suggest that EEs are the site where
amyloid precursor protein (APP) localizes to form pathogenic
amyloid-β protein (Grbovic et al., 2003). The onset of defects in the
endosomal pathway has been noted in a murine model of AD, and
researchers have also reported development of AD in Down
syndrome-affected patients at a very early age due to a defect in the
endosomal pathway (Cataldo et al., 2000).

Reduced mobility of EEs upon Aβ1–42 exposure and loss of
endosome–ER interactions could play an important role in
endosomal cargo delivery to lysosomes. To assess the impact of
EE dynamics on lysosomal cargo delivery, we assayed LEs and
observed a slight reduction in track speed and track length upon
amyloid exposure (Fig. S3A–C). However, a significant decrease in
colocalization between LEs and lysosomes substantiated the idea of
an altered endosomematuration process altogether in Aβ1–42-treated
cells (Fig. 3A,B; Fig. S3D). A reduced interaction between
the LE marker Rab7a and lysosomal protein RILP (Rab-
interacting lysosomal protein) was found in the organellar co-
immunoprecipitation assay. This confirmed the reduced fusion of
LEs with lysosomes upon treatment with Aβ1–42 (Fig. S2F,G).
Therefore, it is possible that the endosomal maturation defect is
linked with the miRNP inactivation observed in glial cells.

To investigate a possible role of the endosomal maturation pathway
in regulation of miRNA activity, HEK293 cells were knocked down
for RILP, which is required for the fusion of endosomes with
lysosomes. RILP is a Rab effector protein that facilitates cargo
delivery fromLEs to lysosomes (Cantalupo et al., 2001; Progida et al.,
2007). Knockdown of RILP increased both total cellular Ago2 level
(Fig. 3C) and let-7a miRNA level (Fig. 3D). To check the effect of
downregulation of RILP on let-7a activity, a luciferase assay was
performed by transfecting the RL–3×bulge-let-7a reporter, which has
three imperfect let-7a-binding sites. The assay revealed low miRNA
activity when endosome maturation was compromised in RILP
siRNA-treated HEK293 cells (Fig. 3E). An Ago2 pulldown assay
revealed increased miRNP levels in RILP-compromised cells
(Fig. 3F). The data obtained using RILP-compromised non-neuronal
HEK293 cells had a similar trend of miRNA activity alteration as was
observed in Aβ1–42-treated glioblastoma cells. Additionally, exposure
to bafilomycin A1, which blocks endo-lysosomal fusion by inhibiting
V-ATPases also increases total Ago2 level along with cellular
miRNAs (Fig. S3E,F). We also found a reduction in exogenously
expressed miR-122 activity (Fig. S3G) and an increase in Ago2-
associated miR-122 level in HEK293 cells upon bafilomycin A1
treatment, similar to that observed upon RILP knockdown (Fig. S3H).
This further establishes the idea that endo-lysosomal fusion has a role
in regulation of miRNA activity in mammalian cells.

To further test the effect of the endosome maturation defect in
RILP-compromised cells on de novo target recognition by miRNPs,

Fig. 2. Loss of ER–endosome interaction leads to miRNPs being
retained with early endosomes. (A,B) Decreased ER–endosome
interaction upon Aβ1–42 (Aβ) treatment. (A) EEs and LEs were tagged with
anti-EEA1 and anti-Rab7a antibodies, respectively, in control DMSO-treated
cells (Con) and Aβ-treated cells. ER was tagged with ER–DsRed. Confocal
images showing colocalized area in merge images (yellow) between EEs or
LEs and the ER. Boxes indicate regions shown in magnified images on the
right. Arrowheads show possible interactive regions. (B) Pearson’s coefficient
of colocalization between the ER and endosomes was measured for both
DMSO and 2.5 µM Aβ1–42 treatment (left). Similarly, the interactions between
lysosomes and the ER were also measured and plotted for control and Aβ1–42-
treated cells (right). n=3, ≥30 cells used for quantification. Scale bars: 10 μm.
(C,D) Distribution of Ago2 and miRNA on a 3–15% iodixanol (Optiprep)
gradient to separate the early (EE) and late (LE) endosomes of control and
Aβ-treated cells. (C) The Optiprep fractions were western blotted for HRS,
Rab7a and Ago2. (D) Quantification of percentage Ago2 present in each
fraction was performed. HRS and Rab7a were used as the markers of EE and
LE, respectively (n=2). (E) Distribution of miR-146 and miR-155 in EE and LE
fractions in Aβ1–42-treated cells. The mean threshold cycle (Ct) values were
plotted for these miRNAs to check the distribution in both EE and LE fractions
(n=3). (F) Western blot analysis showing level of Ago2 from organellar IP
samples from both control and Aβ1–42-treated cells. EEA1 shows the presence
of the immunoprecipitated early endosome fraction (blots are representative of
n=3 experiments). (G) Estimation of Ago2-associated miR-122 level in EE
fractions of control and Aβ1–42-treated C6 glioblastoma cells. The qPCR data
(right) was normalized to the amount of Ago2 pulled down during IP (n=2).
Error bars represent the s.d. A representative IP for the EE fraction is shown on
the left. (H) Representative image showing tracks of EEs analyzed from time-
lapse video microscopy. Color code depicts the track speed of individual EEs
(blue, low speed; red, high speed). Scale bars: 10 μm. (I,J) Graphs
representing the relative frequency distributions (top) and values (bottom) of
mean track speed (I) and mean track length (J) of individual EEs of both control
and Aβ1–42-treated glioblastoma cells (n=3, ≥20 cells used for quantification).
For statistical significance, a minimum of three independent experiments were
considered in each case unless otherwise mentioned, and error bars represent
the s.e.m. *P<0.05; ***P<0.0001; ns, not significant (two-tailed, unpaired
Student’s t test in B; two-tailed, paired Student’s t-test in I,J).
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miR-122-expressing TET-ON HEK293 cells were used to express
the miR-122 target reporter RL–3×bulge-miR122 in an inducible
manner. It was found that Ago2 in RILP-knockdown cells showed a
reduced association with the de novo synthesized mRNA, which
may account for the reduced repressive activity we observed in cells
depleted for RILP (Fig. 3G,H).

Endosomal retention-induced P-body entrapment of miRNPs
inhibits miRNA activity in amyloid-β-exposed cells
Using expression of a constitutively active GTPase-deficient Rab5a
mutant, Rab5Q79C (hereafter referred to as Rab5-CA), which is

known to disrupt early to late endosome maturation (Wegner et al.,
2010), we documented excess expression of the proteins Dcp1a and
RCK/p54 (also known asDDX6), alongwith Ago2,which are known
to accumulate in PBs in neuronal cells undergoing differentiation
(Fig. S4A) (Patranabis and Bhattacharyya, 2018). We also noted an
increased number of PBs in Rab5-CA-expressing C6 cells (Fig. S4A,
B). It has been reported previously that endosome maturation and
degradation of PB component proteins are linked (Siomi and Siomi,
2009). C6 cells exposed to bafilomycin A1 also showed increased
numbers of RCK/p54 bodies (Fig. S4C,D). Therefore, the defect in
endosome maturation has an effect on PB components.

Fig. 3. See next page for legend.
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Increased aggregation of RNA granules has been reported in
different neurological contexts (Fan andLeung, 2016). Re-localization
of RNA-binding protein TDP43 (also known as TARDBP) from
nucleus to cytoplasm is a significant phenomenon in amyotrophic
lateral sclerosis (ALS) (Chen-Plotkin et al., 2010). Researchers have
also reported the presence of huntingtin protein (Htt) in PBs, which
co-purified with Ago2 protein (Savas et al., 2008). So, the abundance
of PBs in Aβ1–42-exposed cells could be the direct cause of
pathogenesis and, by inactivating the miRNPs, may account for the
reduced miRNA activity (but not abundance) in the disease context.
To investigate the possible role of PBs in regulation of miRNA
activity, rat glioblastoma cells were stained for different markers of
PBs and confocal imaging was performed to measure the size and
number of different bodies positive for Dcp1a and RCK/p54.
Colocalization between these two proteins was also estimated
(Fig. 4A). We found significant increase in Dcp1a-positive body
size and also increased colocalization of Dcp1a and RCK/p54 in PBs
after Aβ1–42 treatment (Fig. 4B). This was accompanied by an almost
2.5-fold increase in both Dcp1a- and RCK/p54-positive body number
(Fig. 4C). We also noted ∼2-fold increase in colocalization between
Dcp1a- and RCK/p54-positive bodies, indicating a correlation
between PB size and number with Aβ1–42 treatment (Fig. 4D). In
that context, expression of PB components also increased in Aβ1–42-
exposed cells (Fig. 4E). To investigate the possibility of Ago2
sequestration in PBs in Aβ1–42-treated cells, C6 glioma cells were

transiently transfected with GFP–Ago2 and then counter-stained for
RCK/p54 as a marker of PBs (Fig. 4F). The results showed a
significant increase in Ago2-positive bodies (Fig. 4G) in treated cells.
We also found a 3-fold increase in colocalization coefficient between
Ago2-positive bodies and RCK/p54-positive bodies indicating that, in
Aβ1–42-treated cells, endosome-sequestered Ago2miRNPs translocate
to the PBs, which might contribute to the reduced miRNP activity
observed in treated cells (Fig. 4G).

How the Aβ1–42 oligomers affect endosome maturation and lead to
accumulation ofmiRNPs and their entrapment in PBs is an interesting
question. By microscopic analysis we documented proximal
localization of Aβ deposition with EEs and PBs (Fig. S5A–D).
We further noted, using STED microscopy, proximal localization
and contact between EEs and PBs in Aβ1–42-treated cells (Fig. S5E).
To investigate the connection between miRNP entrapment by
PBs and excess cytokine production, we depleted PBs by treating
C6 cells with specific siRNAs before exposing them to Aβ1–42
oligomer and measuring the cytokine content. Cells pre-treated with
siRNAs against Dcp1a and Lsm1, two important PB components,
showed a reduction in expression of IL-1β and IL-6 compared to
expression in cells transfected with control siRNA (si-Con). This
result suggests the importance of miRNP entrapment in PBs for the
regulation of cytokine expression in Aβ1–42-treated cells (Fig. 4H,I).
In this context, the levels of cellular miRNA and miRNA associated
with Ago2 were also reduced, whereas Ago2-associated cytokine
mRNA levels increased in cells depleted of PB components (Fig. 4J,
K). Our data indicate that PB depletion can potentially decrease the
neuroinflammation process by rescuing the miRNP recycling defect
in Aβ1–42-treated glioblastoma cells, restoring cytokine levels to those
seen in the inactivated cells (Fig. 5).

DISCUSSION
The role of different cellular organelles in regulating miRNA-
mediated gene expression in mammalian cells is an interesting but
seldom explored area. Membrane- and non-membrane-bound cell
organelles divide the cell cytoplasm into different compartments,
and this compartmentalization is important for various biochemical
processes such as transcription, translation and protein degradation,
among others. This compartmentalization also plays a crucial role in
fine-tuning miRNA activity. Previous reports have highlighted the
ER membrane as the site where miRNP nucleation and target
mRNA repression take place (Li et al., 2013; Stalder et al., 2013).
Although the ER membrane is believed to be the site where target
mRNA repression occurs, our previously published work indicates
that LEs are the site of mRNA degradation (Bose et al., 2017). In
another work it has been highlighted how miRNA-free Ago2
accumulation affects MVB to ER translocation and miRNP
biogenesis (Bose et al., 2020).

Several neurodegenerative diseases, like AD, Parkinson’s disease
and ALS, are prominently linked with EE dysfunction. Enlargement
of Rab5-positive vesicles has been shown to be one of the early
symptoms in AD patients (Cataldo et al., 2000). In ALS, problems
in GDP–GTP exchange causes hyperactivation of Rab5 leading to
EE accumulation (Otomo et al., 2003; Lai et al., 2009). How does
EE dysfunction affect this wide variety of diseases? It is possible
that EE dysfunction also affects downstream LE maturation and LE–
lysosome fusion to have wider implications in health and diseases.
The lysosome is one of the most important organelles, removing
cellular waste and aberrant proteins to control protein homeostasis in
eukaryotic cells. Niemann–Pick disease type C is a pathologic
condition involving accumulation of different lipid molecules,
including sphingolipids and cholesterol, in the lysosomal lumen

Fig. 3. Endosomal maturation is important for miRNA activity
regulation and miRNP recycling. (A) Reduced LE–lysosome interaction
upon Aβ1–42 exposure in C6 glioblastoma cells. Confocal images showing
colocalization between LEs and lysosomes. LEs were visualized using
anti-Rab7a antibody (green) and lysosomes were stained with LysoTracker
(red) in control cells (Con) and cells treated with Aβ1–42 (Aβ). Colocalized
regions are shown in yellow. Boxes indicate regions shown magnified on the
right. Scale bars: 10 μm. (B) Extent of colocalization between LEs and
lysosomes was measured by calculating the Pearson’s coefficient of
colocalization between the green (LE) and red (lysosome) pixels (n=3, ≥45
cells used for quantification). (C) Levels of miRNA-interacting and related
proteins in HEK293 cells where endosome maturation was blocked.
Representative western blot showing the levels of cellular Ago2 in HEK293
cells treated with siRNA targeting RILP (siRILP) or control siRNA (siCon). β-
actin was used as loading control. Levels of RILP and the endosomal
component Rab5a were also estimated (n=3). (D–F) Effect of the endosome
maturation defect on miRNA levels (D), activity (E) and Ago2 association (F).
Levels of let-7a were measured in cellular lysates, or in Ago2 IPs in siCon-
and siRILP-treated cells. RNA was recovered and RT-qPCR estimation was
performed. The value was normalized against U6 snRNA for cellular
samples, whereas the amount of immunoprecipitated Ago2 was used for
normalization of the amount of let-7a present in the IP samples. Activity of
let-7a was measured by quantifying the repression of a reporter mRNA in
control and RILP-knockdown cells (n=4). (G,H) Defective recycling of
miRNPs and poor re-binding to de novo synthesized mRNAs in mammalian
cells defective for endosome maturation. Control and siRILP-treated TET-
ON HEK293 cells were co-transfected with inducible iRL–3×bulge-miR-122,
FH–Ago2 and miR-122-expressing pre-miR-122 plasmids. After 36 h of
transfection, iRL-3×bulge-miR-122 was induced using doxycycline for 14 h
and 24 h, followed by IP of FH–Ago2 to check Ago2-associated reporter
mRNA levels. (G) The scheme of the experiments is shown. (H) Levels of
total (bottom left) and Ago2-associated (bottom-right) induced RL mRNA
(iRL–3×bulge-miR-122) were measured and quantified at 14 h and 24 h post
induction. RL mRNA levels are normalized to the amount of Ago2 pulled
down in the IP experiments. Relative cellular RL mRNA levels confirm
positive induction of reporter target mRNA in both control and RILP-
knockdown cells. This data was normalized to 18S rRNA (n=4). A
representative blot showing the results of Ago2 IP is shown (top). For
statistical significance, a minimum of three independent experiments were
considered in each case, unless otherwise mentioned. Error bars represent
the s.e.m. *P<0.05; **P<0.01 (two-tailed, unpaired Student’s t-test in B; two-
tailed, paired Student’s t-test in D–F,H).
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Fig. 4. See next page for legend.
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(Butler et al., 1993; Vance, 2006). Extensive works have studied
the role of autophagy in protein homeostasis and organelle turnover
in neurodegenerative diseases. But one key question has remained
unanswered: how does EE dysfunction or a problem in
endo-lysosomal fusion trigger the innate immune system? In this
study we have tried to explain how impaired endo-lysosomal fusion
leads to accumulation of miRNPs within EEs and PBs, which fail to
recognize the newly formed target mRNA. This mechanism causes a
global decrease in miRNA activity and leads to an inability to repress
cytokinemRNA in glial cells. Here, we have shown the importance of
cellular organelles that affect the miRNA recycling process,
suggesting a mechanism by which cellular structures fine-tune the
delicate gene expression changes during pathological events.
Do Aβ1–42 oligomers have any low-complexity sequence or any

short linear motifs required for liquid–liquid phase separation? This
has not been explored. PBs are an example of a separated phase
within the cytoplasm, where RNA-binding proteins along with
repressedmRNA can be stored (Filipowicz et al., 2008). Aβ1–42 may
play a role in increasing local concentration of RNA and RNA-
binding proteins in the cytoplasm to form the PBs that we found

frequently in glioblastoma cells exposed to Aβ1–42. Researchers
have made similar observations in Huntington’s disease (HD),
where Ago2 is found in stress granules (SGs), which may account
for its inactivation (Pircs et al., 2018). Past investigations have also
revealed a strong correlation between RNP hyperaggregation and
different neurodegenerative diseases like ALS or HD (Savas et al.,
2008; Chen-Plotkin et al., 2010), but whether and how these
dynamic RNP granules add to the pathogenesis of these remains an
interesting topic to understand. Finally, another important aspect is
whether these phase-separated RNP droplets have other biological
roles to play rather than serving as RNA storage sites. As these
droplets are very dynamic in nature and constantly exchange cargo
between the soluble cytosol and the insoluble granules, they might
have a role to play in different rapid physiological changes, such as
cell signaling or ion exchange processes.

How much of the cytokine mRNA upregulation is caused by
increased transcription activity and how much by the suggested
impairedmiRNA repression is an interesting question.We have treated
cells with Aβ1–42 in the presence and absence of α-amanitin, a known
inhibitor of RNA polymerase II and III. Subsequent analysis revealed
that α-amanitin exposure during amyloid treatment can prevent the
cytokine mRNA surge (D.D., unpublished data). Therefore, a
transcriptional surge of cytokine mRNA also occurs upon amyloid
exposure. However, lack of miRNA repression also contributes to the
accumulation of cytokine mRNA. Even after the transcriptional surge,
the newly synthesized mRNAs avoid existing miRNA-mediated
repression and degradation. This is achieved by preventing miRNP
trafficking to newly synthesized target mRNAs located on rough-ER-
attached polysomes. The PB depletion experiments shown in Fig. 4
suggest a full suppression of Aβ1–42-induced expression of cytokines
when miRNPs are functional to repress their targets after miRNP
reactivation due to PB depletion. Therefore, it may be assumed that
Aβ1–42 not only activates the transcription of the cytokinemRNAs, but
also ensures their stability and translation by inactivating the miRNPs
to stop the degradation of the cytokine mRNAs.

Inflammation is associated with AD, and this mainly involves
two of the most important cells, the astrocytes and microglia.
Despite the population of astrocytes exceeding that of microglia,
the two cell types coordinate in secreting various complementary
factors and chemokines during neurodegeneration. Furthermore, in
post-mortem AD brain, reactive gliosis is common in the region of
amyloid plaques (Vehmas et al., 2003). Our findings have identified
the mechanistic aspect of an endosome maturation defect and its
connection to miRNP recycling and de novo target mRNA–miRNP
interactions. Our data obtained with HEK293 and C6 cells suggest
that a similar kind of miRNP dysfunction might also be observed in
microglia. This is an interesting question that needs attention before
nurturing the idea of targeting the miRNP inactivation process for
therapeutic intervention to curtail neuroinflammation in AD.

Another key aspect to consider is the fate of the accumulated
miRNPs.We do know that some of these miRNPs translocate to PBs.
This increase in PBs might initiate pathogenesis by inducing some
signaling process or by regulatingmRNA repression. Another fraction
of the accumulated miRNAs, along with miRNPs, can be packaged
into extracellular vesicles (EVs) or exosomes, and can be exported out
of cells (D.D., unpublished data). These extracellular miRNAs could
act as an exocrine signal as they are taken up by recipient glial cells
and neurons. The transfer of miRNAs and miRNPs could thus serve
as a signal for disease initiation before these cells are exposed to
amyloid-β. As such, this process could serve as a protection for the
cells that are not exposed to pathogenic proteins. The presence of
exosomes packed with miRNAs in cerebrospinal fluid or in blood

Fig. 4. Aβ1–42-activated cells show increased targeting of Ago2 to PBs,
and deactivation of PBs restores miRNA activity. (A–D) Increased
number of PBs in cells treated with Aβ1–42 oligomers. (A) Colocalization of
endogenous Dcp1a (red) with endogenous RCK/p54 (green) upon 24 h
treatment of C6 glioblastoma cells with 2.5 μM Aβ1–42 oligomers (Aβ). Scale
bars: 10 μm. (B) Size of the individual Dcp1a-positive and RCK/p54-positive
bodies, and of P-bodies positive for both proteins, were measured and
plotted for both control (Con) and Aβ1–42-treated C6 glioblastoma cells. The
plot was generated from three individual experiments (minimum of 10 cells/
experiment). (C) Number of individual bodies was calculated for each cell for
both control and Aβ1–42-treated C6 glioblastoma cells. The plot was
generated from three individual experiments (minimum of 10 cells/
experiment). (D) Colocalization of Dcp1a with RCK/p54-positive bodies was
measured by calculating Pearson’s and Mander’s coefficient in control and
Aβ1–42-treated C6 glioblastoma cells (n=4, ≥50 cells used for quantification).
(E) Levels of expression of PB components in control and Aβ1–42-treated C6
glioblastoma cells. β-actin was used as a loading control (blots are
representative of n=3 experiments). (F,G) Increased colocalization between
Ago2 and RCK/p54-positive bodies. (F) Transiently expressed GFP–Ago2
(green) with endogenous RCK/p54 (red) in control and Aβ1–42-treated C6
glioblastoma cells. GFP–Ago2 and Dcp1a colocalized bodies are in yellow.
Scale bars: 10 μm. (G) Number of Ago2-positive bodies per cell was
calculated and was plotted for both control and Aβ1–42-treated C6
glioblastoma cells (left). Translocation of Ago2 to the RCK/p54-positive PBs
was measured by calculating the Pearson’s coefficient of colocalization
between transiently transfected GFP–Ago2 with the endogenous RCK/p54
protein (right) (n=3, ≥30 cells used for quantification). (H–J) Effect of
depletion of PB components on Aβ1–42-induced miRNA and cytokine
expression. (H) Effect of siRNA treatment on expression of Dcp1a in control
siRNA (si-con) and Dcp1a siRNA (si-Dcp1a)-treated cells. Ago2 and β-actin
blots are shown as controls. Blots are representative of three experiments.
(I) Relative mRNA level of expression of IL-6 (right) and IL-1β (left) in control
and in PB-depleted cells that were either non-treated or treated with Aβ1–42
oligomers. PBs were depleted by treatment with a combination of si-Dcp1a
and si-Lsm1, an siRNA that targets Lsm1. (J) miR-146a levels were similarly
measured. For I and J, quantification was done by RT-qPCR-based
estimation. For mRNA, GAPDH levels were used for normalization.
U6 snRNA was used for normalization of miRNA levels. Values for untreated
control cells were used as unit (n=4). (K) Relative cytokine mRNA (right) and
miR-146a association (middle) with Ago2 in Aβ1–42-treated control
(si-con_Aβ) and PB-depleted (si-Dcp1a+si-Lsm1_Aβ) cells. The amount of
Ago2 isolated by IP was determined (see representative western blot, left)
and used for isolation and quantification of associated mRNA and miRNA
levels. RT-qPCR based methods were used for RNA estimation (n=3). For
statistical significance, a minimum of three independent experiments were
considered in each case, unless otherwise mentioned. Error bars represent
the s.e.m. *P<0.05; **P<0.01; ***P<0.0001; ns, not significant (two-tailed,
unpaired Student’s t-test in B–D,G; two-tailed, paired Student’s t-test in I).
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could be used as biomarkers for early disease detection as well. It is
also noteworthy that HuR protein (also known as ELAVL1), which
can reverse miRNA-mediated repression (Bhattacharyya et al., 2006),
is also responsible for EV-mediated transfer of miRNAs (Mukherjee
et al., 2016), and HuR could be targeted to develop a potential
therapeutic strategy against these diseases.

MATERIALS AND METHODS
Cell culture and transfection
Both C6 glioblastoma and HEK293 cells were cultured in high glucose
DMEM medium (Life Technologies) containing 2 mM L-glutamine and
10% heat inactivated FCS (Gibco). All the plasmids and siRNAs were
transfected using Lipofectamine 2000 and RNAiMax (Life Technologies),
respectively, following the manufacturer’s protocol. FH–Ago2 and
GFP–Ago2 plasmids were kind gifts from Tom Tuschl of Rockefeller
University, NY, USA, and Witold Filipowicz of FMI, Basel, Switzerland,
respectively. All the SMARTpool ONTARGETplus siRNAs were bought
from Dharmacon (siCon, Dharmacon D-001810-10-20; human siRILP,
Dharmacon L-008787-01-0005; rat siDcp1a, Dharmacon L-088099-02-
0005; rat siLsm1, Dharmacon L-089369-02-0005).

TET-ONHEK293 cells were used to carry out experiments using inducible
constructs. TET-ON HEK293 cells were cultured in DMEM supplemented
with 10% TET-approved FCS (Clontech). Specific genes were induced using
300 ng/ml doxycycline (Sigma) for the desired time points.

Preparation of Aβ1-42 oligomers
HPLC-purified lyophilized Aβ1–42 (American Peptide) was reconstituted in
100% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). HFIP was removed by
evaporation in a SpeedVac, and the Aβ1–42 was resuspended in 5 mM
DMSO. This stock was diluted with phosphate-buffered saline (PBS) to
400 mM, and SDS was added to a final concentration of 0.2%. The resulting
solution was incubated overnight and diluted again with PBS to 100 mM,
followed by incubation at 37°C for 18–24 h before use.

RNA isolation and real-time PCR
Total RNAwas isolated using TRIzol reagent (Life Technologies) following
themanufacturer’s instructions. cDNAwas prepared, taking 50 ng and 200 ng
of total RNA for miRNA and mRNA, respectively. For real-time analysis of

specific mRNAs, cDNA was prepared using random nonamer (Eurogentec
reverse transcriptase core kit) followed by real-time PCR using Mesa Green
quantitative PCR (qPCR) master mix plus (Eurogentec), following the
manufacturer’s protocol. For quantification of specific miRNAs, a Taqman
reverse transcription kit (Applied Biosystems) was used for cDNA
preparation, followed by real-time PCR using TaqMan universal PCR mix
(Applied Biosystems). qPCRwas done using specific Taqman-based miRNA
primers (Table S3) following the manufacturer’s instructions. All PCR
reactions were done in a 7500 Applied Biosystems real-time system or a Bio-
Rad CFX96 real-time system. 18 s rRNA and GAPDH mRNA levels were
used as a loading control for mRNA quantification, whereas U6 snRNAwas
used as loading control for miRNA quantification. Primers for reverse
transcription-qPCR (RT-qPCR) are listed in Table S2.

Luciferase assay
Renilla luciferase (RL) and firefly luciferase (FF) activities were measured
using a dual luciferase assay kit (Promega). Cells were transfected with 20 ng
of control reporter (RL–con), let-7a reporter (RL–3×bulge-let-7a) or miR-122
reporter (RL–3×bulge-miR122) along with 200 ng of firefly luciferase. Cells
were lysed with 1× passive lysis buffer (Promega) after 48 h of transfection,
and luciferase activity was measured on a VICTOR X3 Plate Reader
following the manufacturer’s protocol. FF normalized RL values were used to
score miRNA repression level. Specific activity ofmiRNAswas calculated by
normalizing miRNA repression level with total miRNA level. Details of
plasmids are provided in Table S4.

Immunoprecipitation
For immunoprecipitation (IP) cells were lysed with lysis buffer [20 mM Tris-
HCl pH 7.5, 150 mM KCl, 5 mM MgCl2 and 1 mM dithiothreitol (DTT)]
containing 0.5% Triton X-100, 0.5% sodium deoxycholate and 1× EDTA-
free protease inhibitor cocktail (Roche) for 30 min at 4°C followed by three
10 s pulses of sonication. Lysate was cleared at 16,000 g for 10 min. Protein
G–agarose beads were blocked in lysis buffer containing 5%BSA for 1 h then
incubated with the required antibody (final dilution 1:100; antibody details
provided in Table S1) for 3 h at 4°C. Cell lysate was incubated with the
antibody-attached beads overnight at 4°C. Beads were washed thrice with 1×
IP buffer (20 mM Tris-HCl pH 7.5, 150 mM KCl, 5 mM MgCl2 and 1 mM
DTT) and separated into two halves for RNA and protein estimation.

Fig. 5. Amyloid-β exposure causes accumulation of inactive miRNPs, leading to elevated proinflammatory cytokine production in glial cells.
Amyloid-β masks the Rab7a–RILP interaction to reduce endosome–lysosome interactions. Accumulated miRNPs fail to be targeted to lysosomes in amyloid-
exposed cells due to the loss of endosome–lysosome interactions. Lysosomal compartmentalization of miRNPs is required for miRNP recycling and for
repression of de novo targets. Accumulated miRNPs are stored in P-bodies (PB), and depletion of P-bodies (siDcp1a/siLsm1, siRNA-mediated knockdown of
PB components) rescues miRNA function in amyloid-exposed glial cells.
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Optiprep density gradient centrifugation
For subcellular organelle fractionation, a 3–30% or 3–15% continuous
gradient was prepared using Optiprep (Sigma-Aldrich, USA) in a buffer
constituting 78 mM KCl, 4 mM MgCl2, 8.4 mM CaCl2,10 mM EGTA and
50 mMHEPES (pH 7.0). Cells were rinsed with ice cold PBS, and a Dounce
homogenizer was used to homogenize the cells in a buffer containing 0.25 M
sucrose, 78 mM KCl, 4 mM MgCl2, 8.4 mM CaCl2, 10 mM EGTA and
50 mM HEPES (pH 7.0) supplemented with 100 μg/ml cycloheximide,
5 mM vanadyl ribonucleoside complex (VRC; Sigma Aldrich), 0.5 mMDTT
and 1× protease inhibitor. The lysate was subjected to centrifugation twice at
1000 g for 5 min for clarification and placed on top of the prepared gradient.
Ultracentrifugation was performed for 5 h at 133,000 g on an SW60
(Beckman Coulter) rotor to separate each gradient. Ten fractions were
collected by aspiration and further analyzed for RNA and proteins.

Polysome isolation
In order to isolate total polysomes, buffer constituting 10 mM HEPES pH
8.0, 25 mM KCl, 5 mMMgCl2, 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; Calbiochem) was used to lyse the cells. The clearance of lysate
was performed at 3000 g for 10 min followed by a pre-clearance shift at
20,000 g for 10 min at 4°C. The loading of the clear lysate was done on a
30% sucrose cushion and ultracentrifuged at 100,000 g for 1 h at 4°C. The
washing of the sucrose cushion was done with a buffer (10 mM HEPES pH
8.0, 25 mM KCl, 5 mM MgCl2 and 1 mM DTT), followed by
ultracentrifugation for an extra 30 min with final resuspension of the
pellet in polysome buffer (10 mM HEPES pH 8.0, 25 mM KCl, 5 mM
MgCl2, 1 mM DTT, 5 mM vanadyl ribonucleoside complex and 1× EDTA-
free protease inhibitor cocktail) for further isolation of RNA and protein.

Immunoblotting
Protein samples from whole cell lysate, immunoprecipitated proteins or
proteins from cell fractionation were subjected to SDS–PAGE analysis.
Western blotting was done on a PVDF membrane overnight at 4°C.
Membranes were blocked with 3% BSA for 1 h then probed with specific
antibodies (Table S1). Images of western blots were taken with a UVP
BioImager 600 system equipped with VisionWorks Life Science software,
version 6.80 (UVP). Band intensities were calculated using ImageJ software
(NIH, Bethesda, MD).

Immunofluorescence
Cells were grown on 18 mm round coverslips and transfected as described
above. Cells were fixed with 4% paraformaldehyde for 20 min at room
temperature in the dark. For indirect immunofluorescence, fixed cells were
blocked and permeabilized with PBS containing 3% BSA and 0.1% Triton
X-100 for 30 min at room temperature. Coverslips were probed with specific
antibodies (Table S1) for 16 h at 4°C. Coverslips werewashed thrice with 1×
PBS and then probed with specific Alexa Fluor-conjugated secondary
antibody tagged with fluorochrome (dilution 1:500) for 1 h at room
temperature. Lysosomes were labeled using LysoTracker Red DND-99
(Thermo Fisher Scientific).

Confocal imaging and post-capture image analysis
Confocal fixed-cell images were taken using a Zeiss LSM800 confocal
microscope with a Plan‐Apo 63×/1.4NA oil immersion objective (Zeiss)
and analyzed using Imaris7 (Oxford Instruments) and ImageJ software.
Pearson’s coefficient of colocalization was calculated using the Coloc plug-
in of Imaris7 software. 3D reconstructions of specific bodies were
performed using the Surpass plug-in of Imaris7 software. Numbers of
individual bodies or vesicles were measured using particle generator of the
Surpass plug-in.

Live-cell imaging and endosome dynamics
For live-cell microscopy, cells were transiently transfected with YFP–Endo,
GFP–Rab7 (kind gift from Edouard Bertrand, IGMM, Montpellier, France)
or pDsRed2–ER (ER–DsRed; Clontech). Imaging was performed 48 h after

transfection using a Leica DMI6000 B inverted microscope equipped with
Plan Apo100×/1.40 oil objective (Leica TCS SP8 confocal system).
Endosome dynamics were calculated after assigning each vesicle as one
particle using Imaris 7 Surpass plug-in. Endosome track speed and track
length were calculated by applying a particle tracking algorithm and gap
close algorithm. Details of plasmids are provided in Table S4.

In vitro organellar interaction
For in vitro EE–ER interaction studies, C6 cells were lysed using a Dounce
homogenizer in a buffer containing 0.25 M sucrose, 78 mM KCl, 4 mM
MgCl2, 8.4 mM CaCl2, 10 mM EGTA and 50 mM HEPES pH 7.0
supplemented with 100 μg/ml cycloheximide, 5 mM vanadyl
ribonucleoside complex (Sigma Aldrich), 0.5 mM DTT and 1× protease
inhibitor. Cell lysate was loaded on top of a 3–30% Optiprep gradient, as
described above, and ultracentrifuged at 133,000 g for 5 h. Fraction
numbers 2–4, which were enriched in endosomes, and 7–9, which were
enriched in ER, were further ultracentrifuged for 2 h at a speed of 217,000 g
and 133,000 g to isolate endosome and ER, respectively. Endosomes were
suspended in a buffer containing 0.25 M sucrose, 78 mM KCl, 4 mM
MgCl2, 8.4 mM CaCl2, 10 mM EGTA and 50 mM HEPES pH 7.0
supplemented with 1× protease inhibitor along with 2.5 μM Aβ1–42 and
kept for 1 h at 37°C. The ER fraction was added after 1 h, along with 1 mM
ATP, and the in vitro interaction was carried out for 1 h at 37°C. EEs were
isolated by immunoprecipitating EEs with Protein G–agarose beads tagged
with EEA1 antibody, and western blotting was performed to check the
amount of calnexin interacting with EEA1.

Statistical analysis
All graphs and statistical analyses were done using Graphpad prism 5.0
(GraphPad, San Diego, CA, USA). Student’s t-test was done to determine P
values. P<0.05 was considered as significant. All the experiments were done
at least three times. Error bars indicate mean±s.e.m.
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Rheb-mTOR activation rescues Ab-induced
cognitive impairment and memory function
by restoring miR-146 activity in glial cells
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Deposition of amyloid beta plaques in adult rat or human brain
is associated with increased production of proinflammatory cy-
tokines by associated glial cells that are responsible for degener-
ation of the diseased tissue. The expression of these cytokines is
usually under check and is controlled at the post-transcriptional
level via several microRNAs. Computational analysis of gene
expression profiles of cortical regions of Alzheimer’s disease pa-
tients’ brain suggests ineffective target cytokinemRNA suppres-
sion by existingmicro-ribonucleoproteins (miRNPs) in diseased
brain. Exploring the mechanism of amyloid beta-induced cyto-
kine expression, we have identified how the inactivation of the
repressive miR-146 miRNPs causes increased production of cy-
tokines in amyloid beta-exposed glial cells. In exploration of the
cause of miRNP inactivation, we have noted amyloid beta olig-
omer-induced sequestration of the mTORC1 complex to early
endosomes that results in decreased Ago2 phosphorylation,
limited Ago2-miRNA uncoupling, and retarded Ago2-cytokine
mRNA interaction in rat astrocytes. Interestingly, constitutive
activation ofmTORC1 byRheb activator restricts proinflamma-
tory cytokine production by reactivating miR-146 miRNPs in
amyloid beta-exposed glial cells to rescue the disease phenotype
in the in vivo rat model of Alzheimer’s disease.
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INTRODUCTION
MicroRNAs (miRNAs) are 20- to 22-nt-long non-coding RNAs that
can fine-tune the expression of their target mRNAs post-transcrip-
tionally in metazoan cells by imperfect base pairing.1,2 As in other tis-
sues, miRNAs are important gene regulators in the mammalian brain,
where hundreds of miRNAs are known to control thousands of tran-
scripts encoding important proteins that affect several physiological
processes and events in the mammalian brain.3 Differentiation of
embryonic stem cells to neuronal cells is also controlled by specific
miRNAs such as miR-9,4 while miR-128 regulates the growth of the
dendrites.5 There is also evidence of miRNA playing a significant
role in neurodegenerative diseases (NDDs) such as in Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD),
or in amyotrophic lateral sclerosis (ALS).6 There have been reports
868 Molecular Therapy: Nucleic Acids Vol. 24 June 2021 ª 2021 The A
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that show the effect of conditional knockout of Dicer, an essential
enzyme for miRNA biogenesis, on neuronal death.7 Additionally, dif-
ferential miRNA expression profiles from postmortem brains of pa-
tients who died of AD have shown the possible importance of miRNA
expression in the pathophysiology of this disease.8,9

Astrocytes are the most abundant cells in the mammalian brain. The
increases in the number and complexity of this glial cell population
during brain development support their possible role in regulating
complex traits such as human cognition and behavior.10 Astrocytes
provide support to the neuronal function by regulating ion homeosta-
sis,11 or by controlling CNS blood flow,12 and they also play a crucial
role in synaptic transmission by forming tripartite synapse.13,14 Apart
from their supportive role, astrocytes are also immunomodulatory
cells known to secrete various cytokines and chemokines, which
play an important role in the pathophysiology of different diseases,
including AD.15 In AD, increased production of inflammatory cyto-
kines may lead to death of the neighboring neurons and is considered
as the major path that amyloid beta (Ab) oligomers activate in the
glial cell population, leading to neuronal death.16 However, the exact
mechanism of the excess cytokine production in glial cells by Ab
exposure is not clear. miRNAs are important regulators of the im-
mune response, and they can control hyperresponsiveness of immune
cells by reversibly regulating miRNA activity in activated macrophage
cells.17–19 Thus, the expression and activity of miRNAs in astroglia,
the major immune cells in brain context, are likely to have a role in
controlling neuroinflammation during neurodegenerative diseases.

Argonaute (Ago) proteins play a crucial role in post-transcriptional
gene silencing in eukaryotic cells. According to published reports,
Ago proteins are responsible for the regulation of expression of
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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most protein-coding genes primarily by associating with specific
miRNAs having complementarities with those protein-coding
genes.20,21 In mammals, there are four Ago proteins (Ago1–Ago4),
and Ago2 is the major and most widely expressed Ago in different tis-
sues, including the brain.22 Upon its association with miRNAs, it can
cleave the target mRNAs, having perfect complementarities with
bound miRNAs.23 Post-translational modification of Ago protein
can also determine its function. Increased Ago stability and catalytic
activity are associated with modifications such as hydroxylation and
methylation of Ago.24,25 Among all of the modifications, phosphory-
lation at different positions may play a significant role in miRNA
binding of Ago2 and its subcellular localization.26–28

Mammalian target of rapamycin (mTOR), a master regulator of cell
growth, is comprised of mTORC1 and mTORC2, which are different
forms of structural and functional complexes involving mTOR pro-
tein. Raptor and mLST8, along with mTOR, are the major subunits
of mTORC1, which regulates cell growth, protein homeostasis and
synthesis, and autophagy.29 mTORC2 constitutes mTOR, Rictor,
mSin1, and mLST8. The major function of this complex includes lip-
ogenetic regulation and that of the cytoskeletal structure.30 The
mTOR pathway specializes in sensing multiple external stimuli
such as growth factors and oxygen level, and it is known to respond
by sensing amino acid and glucose concentrations as well. Important
neuronal physiological phenomena such as synaptic plasticity, mem-
ory, and learning are often maintained by mTOR.31 Faulty mTORC1
signaling has been linked with AD previously, and TREM2-deficient
microglial cells were shown to have a decrease in mTORC1 activity
that contributed to high autophagic flux, leading to weakened micro-
glial fitness.32 Studies have shown that in spite of known upstream
and downstream regulatory factors, the major key to the mTOR-asso-
ciated signaling lies in the compartmentalization of the mTORC1 to
specific cellular sites.33,34 How disease conditions influence mTOR
localization and whether mTOR localization plays a role in the path-
ophysiology of a disease are unresolved questions in the field.

In this study, we report how the exposure of an Ab oligomer (Ab1–42)
in rat astrocytes decreases cellular mTORC1 activity by enhancing the
sequestration of mTORC1 complexes to the early endosome. Ab1–42
also restricts translocation of mTORC1 to the lysosome, which is
found to be important for mTORC1 activation. mTOR inactivation
reduces miRNA activity due to a decrease in Ago2 phosphorylation.
Interestingly, reactivation of mTORC1 through the expression of
the constitutive activator Rheb reverses both Ab1–42-mediated pro-
inflammatory cytokine production and restores behavioral abnormal-
ities in animals along with a rescue of miRNA function, suggesting a
pivotal role of miRNA activity modulation by mTORC1 in AD.

RESULTS
Exposure to Ab1–42 oligomer causes miRNA upregulation in

human and adult rat brain

miRNAs are important regulators of most metazoan genes that are
supposed to be upregulated and expressed profoundly upon inactiva-
tion or downregulation of cognate miRNAs. To obtain an insight into
whether the miRNA andmRNA profiles get altered in the disease pro-
cess, we analyzed the “regulator(s)-to-target(s)” (miRNA/mRNA)
expression profiles in different brain regions of AD patients. The rela-
tionship between the differentially expressed miRNAs and their corre-
sponding target genes were studied. A set of 30 miRNAs were found to
be upregulated whereas 23 miRNAs were found to be downregulated
in the prefrontal cortex of AD patients (Figure 1A; Table S1), and these
miRNAs are likely to be related to AD etiology or progression. Clus-
tering has been done for the analyzed miRNAs. Analysis of miRNA
expression profiles in the prefrontal cortex of AD patients was per-
formed by considering the samples provided in a GEO dataset
(GEO: GSE48552).35 Based on clinical presentation and stage of the
disease, the samples had been grouped into early stage and late-stage
AD. Differentially expressed miRNA between these stages were deter-
mined by using the DESeq package in R. Normalized counts of the
differentially expressed miRNAs identified when considering these
samples have been depicted in a heatmap (Figure 1A).36 Furthermore,
when considering mRNA expression profiling data, 2,092, 2,166, and
292 mRNAs were found to be upregulated while 1,253, 699, and 676
genes were found to be downregulated within the superior frontal gy-
rus, frontal cortex, and dorsolateral prefrontal cortex, respectively.
Moreover, 271 genes (mRNAs) were found to be commonly upregu-
lated among two or more of the different brain cortical regions consid-
ered herein for the analysis. The corresponding fraction of upregulated
target mRNAs of each of the differentially expressed miRNAs was
determined in different cortical regions (frontal cortex, superior frontal
gyrus, and dorsolateral prefrontal cortex) of the human brain. Herein,
we observed that in comparison to the downregulated miRNAs, nearly
79% of the upregulated miRNAs had a substantial fraction (0.6–0.8) of
their target mRNAs also upregulated as in the frontal cortex (Figures
1C and 1D). Furthermore, the observation that in comparison to the
downregulated miRNAs, a higher percentage of the upregulated miR-
NAs had a substantial fraction of their target mRNAs as upregulated is
consistent within the other cortical regions considered in this study.
Herein, in comparison to the downregulated miRNAs, 88% and 48%
of the upregulated miRNAs had between 0.4 and 0.6 or between 0.2
and 0.4 fractions of their target mRNAs as upregulated within the su-
perior frontal gyrus and dorsolateral prefrontal cortex, respectively
(Figures 1C and 1D).

In order to determine whether similar regulator(s)-to-target(s) rela-
tionship patterns could be prevalent in other diseases or cell types,
we determined whether these deregulated mRNAs could be related
to any other disease condition as well by performing a disease enrich-
ment analysis that considered the set of commonly upregulated
mRNAs. With the help of disease enrichment analysis, we found
that these genes are also associated with cancer (Figures S1A and
S1B). Therefore, subsequently we analyzed regulator(s)-to-target(s)
(miRNA/mRNA) expression profiles in different cancer tissues. A sub-
stantial fraction of upregulated miRNAs had their target mRNAs as
upregulated in oral squamous cell carcinoma, colorectal cancer, and
breast cancer (Figures S1C–S1E). In this scenario, we observed that
similar percentages of downregulated miRNAs and upregulated miR-
NAs have their target mRNA fractions as upregulated Figure S1 In
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particular, the upregulated miRNAs (65%) and downregulated miR-
NAs (67%) have similar fraction (between 0.4 and 0.6 or between 0.2
and 0.4) of their corresponding target mRNAs as upregulated in the
cancer case studies considered herein (Figures 1E and S1F).

Importantly, we have considered multiple datasets to identify a com-
mon trend in the deregulated miRNA-mRNA interaction network
by considering target mRNAs that are commonly differentially ex-
pressed in two ormore of the different brain cortical regions. However,
during the analysis we considered all of the target mRNAs that were
significantly differentially expressed in each dataset to study the regu-
lator(s)-to-target(s) (miRNA/mRNA) expression profile patterns in
AD patients and compared the same. miR-146a-5p has consistently
been found to exhibit this phenomenon across all of the conditions
analyzed in the present study. Furthermore, miR-146a, which is known
to regulate expression of a number of cytokines, was found to be upre-
gulated.37 Expression of all of the probable miR-146a targets was also
analyzed. Interestingly, most miR-146a targets were found to be upre-
gulated in AD brain, indicating a possible loss of function of miR-146a
on its target in the AD brain (Figure 1B; Table S2).

In theADdatasets considered herein for analysis, a substantial percent-
age of upregulatedmiRNAs have a large fraction of their corresponding
target genes as upregulated. This is contrary to the general regulatory
relationship betweenmiRNAs and their target genes wherein the target
genes of upregulatedmiRNAsaredownregulated, as expected.2,38How-
ever, this inverse relationship between the target genes and upregulated
miRNAs has also been noted in other cell types other than those in the
degenerative brain. In cancer cells, the trend of target gene upregulation
in the backdrop of upregulated cognate miRNA expression has also
been noted (Figure S1F). However, the upregulation of a target gene
with an increase in cognate miRNAs has been more prominent in
AD than in cancer (Figures 1D and 1E). Thus, we observed trends
that in comparison to the downregulatedmiRNA, targetmRNAs of up-
regulated miRNAs are mainly upregulated, and this phenomenon is
more prominent in the AD condition than in cancer. Therefore, in
the AD brain there is a possibility of the existence of a mechanism for
gross inactivation of micro-ribonucleoproteins (miRNPs) that may
make them ineffective to suppress their targets.

We wanted to explore the effect of the Ab1–42 oligomer, the suspected
causative link between amyloid plaque and the disease phenotype in
AD patients, on cellular miRNA levels in rat brain. The preformed
Ab1–42 oligomer was stereotactically injected in the adult rat brain
Figure 1. Possible miRNA-to-mRNA expression relationships in Alzheimer’s di

(A) Heatmap of differentially expressedmiRNAs in prefrontal cortex of AD patients. The si

as fold change of ±1.25 and a p value of%0.05. (B) Graphs showing expression levels o

represents fold change of individual mRNAs, and the x axis represents the –log10 p va

changes. (C) The probable relationship between differentially expressed miRNAs andmR

themiRNAs as studied in different cortical regions (frontal cortex, superior frontal gyrus, a

downregulated miRNAs that possibly have a fraction of their target genes as upregulated

shown here. (E) Comparison among the percentages of differentially expressed miRN

degenerative tissues (AD) as opposed to highly proliferative tissues (cancer) was perfor
hippocampal region and animals were kept for 21 days, which is
known to cause deposition of Ab plaques in and around the injection
area (Figures 2A and 2B).39 A deposition of Ab plaques also resulted
in glial fibrillary acidic protein (GFAP) activation, which is a marker
for astrocyte proliferation as well as immune activation in rat brain
(Figure 2B).40 Now there are several miRNAs present in rat brain
that can regulate the expression profile of these cytokine mRNAs
either directly or indirectly. For example, interleukin (IL)-6 is a direct
target of let-7a, and miR-146a fine-tunes cytokine production by re-
pressing the nuclear factor kB (NF-kB) pathway.41,42 Therefore, we
wanted to check what are the expression patterns of those miRNAs
that directly and indirectly regulate expression of pro-inflammatory
cytokines in both rat brain as well as in primary rat astrocytes.
mRNA levels of different proinflammatory cytokines, such as IL-1b
and IL-6, were increased several fold when oligomeric Ab1–42 was
stereotactically infused in the hippocampus of adult rat brain, sup-
porting an already reported Ab1–42-induced immunoactivation reac-
tion in affected brain (Figure 2C). Interestingly, as observed in human
patient samples, expression profiles of several miRNAs, including the
immunogenic miRNAs miR-21, miR-146a, and miR-155, also
showed upregulation in adult rat brain injected with Ab1–42 (Fig-
ure 2D). To identify the contribution of astrocytes in cytokine pro-
duction in rat brain upon activation with the Ab1–42 oligomer, we
treated the primary rat astrocytes with Ab1–42 oligomer ex vivo.
The activation of the cells was scored by excess production of
GFAP in rat primary astrocyte on Ab1–42 oligomer exposure (Figures
2E and 2F). It was found that Ab can activate astrocytes where mRNA
levels of different cytokines were found to be increased several fold
(Figures 2E and 2F). We noted a global increase in miRNA levels in
Ab1–42-treated astrocytes where 65%–70% of themiRNAs were found
to be upregulated, including miR-146a, miR-155, miR-21, and let-7a.
These miRNAs are direct and indirect regulators of IL-1b. IL-6 was
also noted to have increased in treated astrocytes (Figure 2G). Inter-
estingly, we found increases in several other miRNAs, such as miR-16,
miR-29a, and miR-145, in both brain tissue as well as in primary glial
cells upon amyloid exposure (Figures 2D and 2G). These miRNAs are
not known to affect cytokine expression in mammalian cells, indi-
cating the possibility that the phenomena we observed could have
broader implications and affect several different types of miRNAs.

mTOR-mediated Ago2 phosphorylation is required for miRNA-

mediated repression of targets

To uncover the mechanism of non-functional miRNP accumulation
in Ab1–42-treated cells, we used C6 glioblastoma cells to treat with
sease (AD) and cancer

gnificance threshold for selection of differentially expressedmiRNAs was considered

f miR-146a targets in the prefrontal cortex of Alzheimer’s disease patients. The y axis

lue. The table represents the number of miR-146a targets having at least 1.5-fold

NAs in AD considering the possible fraction of upregulated target mRNAs of each of

nd dorsolateral prefrontal cortex) is depicted here. (D) Percentages of upregulated or

within the frontal cortex, superior frontal gyrus, and dorsolateral prefrontal cortex are

As that have different subsets or fractions of their target mRNAs as upregulated in

med.
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Figure 2. Ab1–42 induces an inflammatory response and increases miRNA levels in astrocytes

(A) Preformed Ab1–42 oligomers in PBSwere infused in the hippocampus at stereotaxic coordinates from bregma (AP, 3.6 mm; L, 2.1 mm; DV, 2.8 mm) in adult rat brain. PBS

without Ab1–42 was used for control injection. Animals were kept 21 days for plaque formation. (B) Cryosections of Ab1–42-infused and PBS-infused control rat brain hip-

pocampus were subjected to immunohistochemistry (IHC) analysis. Astrocytes were immunostained for GFAP (green), whereas Abwas visualized in red and the nucleus was

stained with Hoechst (blue). Relative intensities of the GFAP signals were measured by ImageJ software, and quantification is shown in the right panel. (C) qPCR-based

quantification of total mRNA levels of IL-1b and IL-6 in PBS and Ab1–42-infused adult rat hippocampus. The data were normalized against GAPDH mRNA levels. (D) Cellular

miRNA levels in PBS- and Ab1–42-infused adult rat brain hippocampus. TaqMan-based miRNA level quantification was done. Values were normalized with U6 snRNA level.

Red represents themiRNAs that are known to regulate cytokinemRNAs, and blue represents miRNAs that are not known to regulate cytokinemRNAs. (E and F) Experimental

strategy of isolation of rat primary astrocytes from 0- to 1-day-old rat pup brain followed by treatment of the primary cells with 1.5 mMAb1–42 oligomers ex vivo (E). Microscopic

images showing effect of Ab1–42 on primary cortical astrocytes stained with GFAP (green, F, upper panel). The intensity levels of the GFAP in both conditions were calculated

by ImageJ software and plotted (F, bottom right panel). Graphs depict levels of cellular IL-1b and IL-6 mRNA levels in Ab1–42-treated primary cortical astrocytes. The data

were normalized against GAPDH mRNA level (F, lower left panel). (G) Cellular miRNA levels in Ab1–42-treated primary cortical astrocytes. TaqMan-based miRNA level

quantifications were done. Values were normalized with U6 snRNA. Red represents the miRNAs that are known to regulate cytokine mRNAs, and blue represents miRNAs

that are not known to regulate cytokine mRNAs. For statistical significance, a minimum of three independent experiments were considered in each case unless otherwise

mentioned, and error bars represent means ± SEM. p values were calculated with a Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.0001. ns, not significant.
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the Ab1–42 oligomer before the biochemical analysis was done for the
treated and control cells. To confirm the accumulation of nonfunc-
tional miRNPs with the increase in total cellular miRNP levels
observed in Ab1–42 oligomer-treated cells, C6 glioma cells were trans-
fected with Renilla luciferase (RL) reporter having the 30 UTR of
IRAK1mRNAwith twomiR-146a binding sites (Figure 3A). A reduc-
tion in miR-146a activity was observed in Ab1–42-treated cells
compared to the DMSO-treated control cells (Figure 3B). The most
probable cause of reduced miRNA activity could be the unbinding
of miRNA with Ago2 proteins, which is known to happen in the
mammalian macrophage during its activation phase and also in
neuronal cells during the nerve growth factor-induced differentiation
process.19,26 To check whether similar effects on Ago2 by Ab1–42 may
cause the downregulation of miRNA-Ago2 binding in Ab1–42-treated
astrocytes, we cultured primary astrocytes from rat pups and treated
them with DMSO or Ab1–42 for 24 h. Ago2 was immunoprecipitated
(IP) followed by qPCR-based measurement of bound miRNAs. The
RNA amount was normalized with the quantity of Ago2 protein
recovered during the IP process. The quantification revealed, in
Ab1–42-treated cells, that there was an increased association of
Ago2 with miR-146a and miR-155 compared to the control cells (Fig-
ure 3C). We also found an increase in both Ago2-associated miR-16
and miR-29a level upon Ab1–42 treatment (Figure S2A). We per-
formed similar experiments with primary neurons cultured ex vivo,
where we could not detect a significant effect of Ab1–42 oligomers
on neuronal miRNA levels or Ago2-associated miRNA levels, sug-
gesting an astrocyte-specific effect of Ab1–42 on cellular miRNPs (Fig-
ures 3D and 3E). To check the possible role of any post-translational
modification affecting miRNA activity in the Ab treatment context,
we measured phosphorylated Ago2 levels in Ab1–42-treated cells.
The reduced phosphorylated Ago2 level in Ab1–42-treated cells was
detected and compared to the control cells, and the results correlated
with reduced interaction between Ago2 andmTOR after Ab1–42 treat-
ment (Figures 3F and 3G), indicating a possible role of mTOR in
miRNA activity regulation via controlling Ago phosphorylation.
This was suggestive from the earlier experiments in which an
Ab1–42-mediated decrease in Ago2 phosphorylation might hinder
dissociation of miRNA from Ago2 protein but reduce miRNA activ-
ity. Therefore, we hypothesized that lack of Ago2 phosphorylation
might perturb the repression of target mRNA in mammalian cells.
Ago2 proteins have a MID domain that is found to be important
for binding with the 50 phosphate group of small RNAs.28 A phos-
phorylation at the Y529 position in the MID domain imparts a nega-
tive charge that dissociates miRNAs from Ago2 protein. The
Ago2Y529F mutant, which cannot be phosphorylated at the Tyr529
position, remains bound to miRNA.19,28 C6 glioblastoma cells were
transiently transfected with the Ago2-wild-type (WT) and Ago2-
Y529F protein in the absence and presence of Ab1–42 oligomers,
and qPCR was performed to check the cellular mRNA levels of IL-
1b and IL-6. We found a higher expression of both IL-1b and IL-6
mRNA levels in Ago2-Y529F-expressing cells even without Ab1–42
exposure, which suggests the importance of Ago2 phosphorylation
in cytokine mRNA expression (Figure 3H). However, the effect of
Ab1–42 on cytokine expression was absent in cells expressing Ago2-
Y529E. This further suggests that cytokine expression is regulated pri-
marily via Ago2 phosphorylation in glial cells. To confirm the
involvement of mTORC1 in the miRNA activity regulation process
possibly via Ago2 phosphorylation, cells were exposed to rapamycin,
a knownmTORC1 blocker.43We found a significant decrease inmiR-
146a activity when treated with rapamycin (Figure 3I). We also found
reduced amounts of Ago2 phosphorylation and an increase in Ago2-
bound miR-146a levels upon rapamycin treatment (Figure 3J and
3K). These data signify the effects of mTORC1 inhibition in control-
ling miRNA activity and Ago2 phosphorylation that are also observed
in astrocytes exposed to Ab1–42. Experiments were also done in a het-
erogeneous context using HEK293 cells depleted for Raptor, an inte-
gral protein of the mTORC1 complex, and expressing exogenously a
liver-specific miR-122 there.44 This was done to recheck the interlink-
ing of mTOR inactivation with Ago2 phosphorylation and miRNA
activity regulation even in non-astroglial cells. In HEK293 cells
treated with siRaptor, we documented reduced miRNA activity and,
as in Ab1–42 treated cells, a reduction in Ago2 phosphorylation, con-
firming mTORC1 involvement in miRNA activity regulation in gen-
eral in mammalian cells by targeting Ago2 phosphorylation (Figures
S2B and S2C).

Sequestration of mTORC1 to early endosome causes miRNA

inactivation and increased miRNP formation in glial cells

We found a decrease in phosphorylated p70-S6 kinase along with
active phosphorylated mTOR levels in Ab1–42-treated astrocytes (Fig-
ures 4A and 4B). The expression of mTOR is tightly regulated in
mammalian cells where different nutrients and growth factor-like
glucose, amino acids, and insulin can activate mTORC1 depending
on the metabolic state of the cell.45 Interestingly, it is not only the
presence of upstream signals, but mTORC1 also shows localization-
based activation. It was reported earlier that translocation of mTOR
to the lysosomal membrane is important for mTORC1 activation,
where it can be activated by the GTPase Rheb.34 Thus, to check for
the possibility that Ab1–42-mediated mTORC1 deactivation may
happen because of the reduced mTORC1 localization to the lyso-
somal membrane, we microscopically looked at the localization of
mTOR in control and treated cell. Confocal images were taken
from both control and Ab1–42-treated C6 glioblastoma cells, where ly-
sosomes were stained with LysoTracker (red) and mTOR (green) was
visualized by indirect immunofluorescence (Figure 4C). There was a
decrease in colocalization between mTOR and lysosomes indicating a
faulty translocation of mTOR in amyloid-treated cells (Figure 4D).
Since mTOR was not translocating at the lysosomal surface, it was
important to find out the altered localization of mTOR upon Ab1–
42 exposure. We found a significant increase in colocalization between
mTOR and early endosomes (Figures 4E and 4F). Cells were tran-
siently transfected with yellow fluorescent protein (YFP)-Endo,
which marks early endosomes, and then activated with oligomeric
Ab1–42 for 24h. Higher colocalization between early endosomes and
mTOR suggests that Ab1–42 restricts mTOR to the early endosomes,
which retards its translocation to the lysosomal surfaces to get acti-
vated. To determine whether mTOR sequestration in early endosome
can affect miRNA activity or miRNP formation, we expressed a
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Figure 3. mTOR-mediated Ago2 phosphorylation is required for miRNA activity

(A) Schematic design of different Renilla luciferase (RL) reporters used for scoringmiRNA activity. The 30 UTR of IRAK1mRNAwith twomiR-146a binding sites was cloned on the

30 UTR of the RenillamRNA. (B) Effect of Ab1–42 treatment on cellularmiR-146a activity and level. Specific activity ofmiR-146awas calculated by normalizing the fold repression of

target reporter mRNA against the correspondingmiRNA expression level. An increased cellularmiR-146a level in C6 glioblastoma cells upon Ab1–42 treatment is shown. The data

were obtained by qRT-PCR-based quantification and were normalized against the expression of U6 snRNA. (C) Increase in Ago2-miRNA association in rat primary astrocytes

upon Ab1–42 treatment. Endogenous Ago2 from control- and 1.5 mMAb1–42-treated primary rat astrocytes was immunoprecipitated and the levels of Ago2-associatedmiR-146a

and miR-155 were estimated by qRT-PCR. Values were normalized against the amount of Ago2 obtained in each immunoprecipitation reaction. (D and E) No change in miRNP

levels in rat cortical neurons exposed to 1.5 mMAb1–42. Primary neuronal cells were treated with Ab1–42 oligomers for 24 h, and the amounts of endogenousmiRNAs andmiRNAs

associated with immunoprecipitated Ago2 were estimated and plotted after normalization against U6 snRNA and Ago2 levels, respectively. (F and G) Reduced mTOR-Ago2

interaction and Ago2phosphorylation in Ab1–42 oligomer-treated C6 glioblastoma cells.Western blot data show the amount of Ago2phosphorylation (F) and the amount ofmTOR

pulled down with Ago2 (G). C6 glioblastoma cells were transiently transfected with FH-Ago2 and then treated with 2.5 mM Ab1–42 for 24 h. Immunoseparation of FH-Ago2 was

done with FLAG beads. The amount of Ago2 pulled down was detected by anti-HA antibody, and levels of phosphorylated Ago2 (Tyr phosphorylation) were detected by anti-

phosphorylated (p-)Tyr antibody 4G10. (H) Effect of expression of Y529F mutant of Ago2 on cellular IL-1b and IL-6 mRNA levels on C6 cells. The qPCR data were normalized

against GAPDHmRNA level. (I) Graph representingmiR-146a-specific activity upon rapamycin (100 nM) treatment in C6 glioblastoma cells. The fold repression ofmiR-146awas

normalized with themiR-146a expression level. (J) Western blot data showing level of Ago2 phosphorylation and Ago2-mTOR interaction upon rapamycin (100 nM) treatment. (K)

qPCR data showing Ago2-associatedmiR-146a andmiR-16 levels upon rapamycin (100 nM) treatment. qPCR data were normalized with the amount of Ago2 pulled down from

the immunoprecipitation reaction. For statistical significance, a minimum of three independent experiments were considered in each case unless otherwisementioned, and error

bars represent means ± SEM. p values were calculated by utilizing a Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.0001.
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Figure 4. Sequestration to endosome causes mTORC1 inactivation linked with increased miRNA-Ago2 interaction in glial cells

(A and B) Lowering of p-mTOR in Ab1–42 oligomer-treated C6 glioblastoma cells. Western blot data showing the levels of cellular p-mTOR levels along with downstream

substrate of mTOR p-S6K levels in C6 glioblastoma cells (A) and in primary astrocytes (B) treated with Ab1–42. (C and D) Decreased lysosome targeting of mTOR after Ab1–42

oligomer treatment. Confocal images depicting localization of mTOR to lysosome in control and treated cells are shown in (C). Endogenous mTOR was visualized indirectly

with immunofluorescence (green), and lysosomes are labeled with LysoTracker (red) in C6 glioblastoma cells. A Pearson’s coefficient of colocalization was used to measure

the amount of mTOR translocating to lysosomes in control and Ab1–42-treated C6 glioblastoma cells (D). (E and F) Increased endosome-mTOR localization after Ab1–42
oligomer treatment. Confocal images show localization of endosomes and mTOR. Endosomes were tagged with YFP-Endo (green), and endogenous mTOR (red) was

detected by indirect immunofluorescence. Colocalization between endosomes and mTOR was visualized as yellow (E). A Pearson’s coefficient of colocalization of early

endosomes and mTOR in Ab1–42 oligomer-treated C6 glioblastoma cells is shown in (F). (G and H) Effect of Rab5-CA on mTOR localization in C6 glioblastoma cells. Co-

localization of mTOR in C6 cells expressing YFP-Endo upon Rab5-CA expression was done. The cells with YFP-Endo (green) and mTOR (red) were visualized in control and

Rab5-CA-expressing cells (G). A Pearson’s coefficient of colocalization of mTOR and early endosome is shown in (H). (I) Alteration of miRNA activity and levels in mammalian

(legend continued on next page)
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constitutively active GTPase-deficient Rab5 mutant, Rab5Q79C
(Rab5-CA), that is known to cause mTOR sequestration in early
endosomes (Figures 4G and 4H).46 With overexpression of the
Rab5-CA mutant, we observed a decrease in specific activity of let-
7a (Figure 4I) and an increase in both cellular and Ago2-associated
miR-146a (Figures 4J and 4K). These results connect the mTOR
compartmentalization defects in Ab1–42-treated cells to functional
inactivation of increased miRNPs observed.
mTORC1 activation rescues cytokine repression by targeting

the miRNP reactivation pathway

Based on the results described so far, mTOR translocation to lyso-
some could be important for Ago2 phosphorylation leading to sus-
tained miRNP recycling and activity in astrocytes. To confirm this
mode of action of mTOR in glial cells, C6 cells were transfected
with plasmids encoding Rheb-Myc before the Ab1–42 oligomer treat-
ment. Rheb is a constitutive activator of mTOR that can activate
mTOR independently of growth factor or amino acid stimulation.47,48

Results from Rheb-expressing cells suggest rescue of mTOR
localization upon Ab1–42 treatment in Rheb-Myc-expressing cells
(Figure 5A). We observed about a 1.6-fold reduction in mTOR
sequestration in endosomes, suggesting that there was mobilization
of mTOR from endosomal compartments (Figures 5A and 5B). To
investigate a possible role of mTOR reactivation in miRNA activity,
we checked the status of Ago2-positive bodies in Ab1–42-treated cells
expressing Rheb-Myc (Figure 5C). Interestingly, in Rheb-expressing
cells, we found that fewer Ago2-positive bodies colocalized with pro-
cessing bodies or PBs compared to that in Ab1–42-treated cells (Fig-
ure 5D). These data clearly suggest a role of mTOR signaling in mobi-
lizing the Ago2 from an otherwise inactive compartment into an
active compartment where it could repress the target cytokines. Acti-
vation of mTOR upon Rheb-Myc expression was confirmed by
measuring the levels of phosphorylated mTOR and S6 kinase in un-
treated and Ab1–42-treated cells before transfection with control or
Rheb-Myc expression plasmids (Figure 5E). To get further evidence
whether this process restores miRNA activity per se, we checked
the different cytokine levels. Quantitative estimation revealed that
there has been a 2.7-fold decrease in IL-1b mRNA level and about
a 1.5-fold decrease in IL-6 mRNA level compared to the Ab1–42-
treated cells upon Rheb-Myc expression (Figure 5F). Again, Rheb-
Myc-expressing cells showed a decrease in cellular miR-146a and
miR-155 levels compared to the only Ab1–42-treated cells (Figure 5G).
Rheb-mediated mTOR reactivation also increases Ago2 phosphoryla-
tion in Ab1–42-treated cells, reducing the Ago2-associated miR-146a
and miR-155 levels (Figures 5H and 5I). We also observed a similar
effect in cellular and Ago2-associated miR-16 and miR-29a levels
cells defective for endosome maturation due to expression of the constitutively active

expression of constitutively activated Rab5 mutant Rab5-CA is shown. The RL report

expression onmiRNA repressive activity. (J and K) Levels of cellular and Ago2-associated

level was normalized against the U6 snRNA level (J). The amount of Ago2 immunoprecip

amount of miRNAs associated with Ago2 (K). For statistical significance, a minimum o

mentioned, and error bars represent means ± SEM. p values were calculated by utilizing

panels C, G, E.
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when cells were expressing Rheb-Myc (Figures S3A–S3C). Since
miR-16 andmiR-29a do not directly regulate expression of any proin-
flammatory cytokines, there is a possibility that the Ab1–42-mediated
mTOR inactivation mechanism may affect the function of quite a few
miRNAs.

Rheb-Myc expression has also increased the fraction of IL-1b and IL-
6 mRNA bound to Ago2 in Ab1–42-treated cells, confirming the avail-
ability of active miRNPs for repression of target messages (Figure 5J).
miR-146 and miR-155 are the two major miRNAs reported as pri-
mary controllers of cytokine expression, and by trying the inactiva-
tion of both of these miRNAs with inhibitory antisense oligomers,
we can expect to find the reduced response of Rheb-Myc expression
in Ab1–42-treated cells. We found a drop in the IL-1b level when
Ab1–42-exposed cells expressed Rheb-Myc (Figure 5F). Now, we
wanted to check whether Rheb-Myc-mediated rescue in the cytokine
mRNA repression depends on the repressive activity of the miRNAs.
In the experiment shown in Figure 5K, all of the C6 glioblastoma cells
were treated with Ab1–42. Cells expressing control vector, control
anti-miR-122, and exposed to 2.5 mM Ab1–42 were taken as the con-
trol set. Cellular cytokinemRNA levels of the control set were taken as
1, and the rest of the experimental samples were plotted against it.
Supporting the notion that the response of Rheb-Myc expression
on cytokine expression is through reactivation of miR-155 and
miR-146 in Ab1–42-exposed cells, we have noted no significant reduc-
tion in cytokine production upon Rheb-Myc expression when the
same cells were transfected with anti–miR-146 and anti-miR-155
oligomers in combination (Figure 5K). This is expected as, due to
the lack of functional miR-146 and miR-155, the cytokines become
non-responsive to mTOR activation, and thus mTOR must have an
affect primarily through these miRNAs on expression of the cytokines
in glial cells. These results suggest that activation of mTOR signaling
causes miRNP activity restoration in Ab1–42-treated glial cells.
Rescue of cognitive function in Ab1–42 oligomer-infused adult rat

brain upon Rheb-Myc expression

Inactivation of the mTORC1 pathway has been reported in AD
brain.32,49 In the in vitro cell culture, we have documented restoration
of mTORC1 activation to rescue cytokine repression by miRNPs. We
checked whether overexpression of Rheb-Myc in an Ab1–42 oligomer-
induced AD model of the disease can result in reduction of pro-in-
flammatory cytokine expression to cause improvement in cognitive
function of treated animal against the control group of animals. It
has been shown before that Ab1–42 oligomer infusion in the brain re-
sulted in neuronal death and deposition of Ab plaque in the vicinity of
the infusion site with defective cognitive functions.39 To check the
form of Rab5 protein. A drop in cellular activity of let-7a miRNA in C6 cells upon

er with three let-7a miRNA binding sites was used to score the effect of Rab5-CA

miR-146a upon Rab5-CA expression in C6 glioblastoma cells. The cellular miR-146

itated from control and Rab5-CA-expressing cells were used for normalization of the

f three independent experiments were considered in each case unless otherwise

a Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.0001.Scale bar represents 10mm in



Figure 5. Reactivation of mTOR by Rheb-Myc mobilizes mTOR from endosomes and reduces cytokine production by targeting the miRNA pathway

(A and B) Altered mTOR localization upon expression of Rheb-Myc in Ab1–42 oligomer-treated C6 glioblastoma cells. Confocal images showing colocalization of endosomes

and mTOR. The C6 glioblastoma cells expressing YFP-Endo and thus having endosomes tagged with YFP-Endo (green). Endogenous mTOR was stained by indirect

immunofluorescence (red). Yellow is used to show the extent of colocalization between endosomes and mTOR (A). A plot is shown depicting the amount of colocalization

between mTOR and endosomes in control and Ab1–42 oligomer-treated C6 glioblastoma cells transfected rather with control vector or with Rheb-Myc expression plasmid.

The amount of colocalization was measured with a Pearson’s coefficient of colocalization (B). (C and D) Ago2 localization to PBs gets affected in cells expressing Rheb-Myc.

Confocal microscopic images of Ago2 bodies stained with GFP-Ago2 (green) co-stained for endogenous Rck/p54 (red) are shown. Colocalized Ago2 and Rck/p54 bodies

were considered as PBs (yellow) (C). Plots depicting number of PBs per cell in C6 glioblastoma cells that were untreated or treated with Ab1–42. In both conditions, the effect of

expression of Rheb-Myc was scored (D). (E) Effect of Rheb-Myc expression on mTOR activation in control and Ab1–42 oligomer-treated C6 glioblastoma cells. Western blot

data show the levels of cellular p-mTOR and p-S6K levels in untreated and cells expressing either control or Rheb-Myc expression vectors. (F and G) Expression of Rheb-Myc

restores cytokine and miRNA expression to control untreated levels in Ab1–42 oligomers exposed to C6 glioblastoma cells. Quantitative data show the effect of Rheb-Myc

expression on cellular IL-1b and IL-6 mRNA levels in both control- and Ab1–42-treated C6 glioblastoma cells. The cytokine mRNA levels were normalized against the GAPDH

(legend continued on next page)
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effect of Rheb-Myc on Ab1–42-induced neuroinflammation and
cognitive functions, we injected Ab1–42 oligomers along with the
Rheb-Myc expression cassette or control vector bilaterally in the hip-
pocampal area of the brain of adult rats and kept them for 15 days.
Following this infusion, several memory function tests were per-
formed to assess cognitive functions in the experimental group of an-
imals (Figure 6A).

We performed the passive avoidance test, which is used to understand
learning and memory defects of rodents. This test showed that intra-
hippocampal Ab1–42 infusion significantly reduced wait latency
compared to that in the control group of animals. Wait latency rep-
resents the time each animal spends in the light chamber before
entering into the dark chamber where they experience a shock
upon entering (experimental details are described in Materials and
methods) during the 300-s period following 5-min habituation (Fig-
ure 6B). The probe test was performed 24 h after the training test.
Compared to the control group, injection of Ab1–42 markedly reduced
the retention of fear memory, as they showed lower wait latency on
the probe test as they moved to a dark chamber within a few seconds.
However, rats having Rheb-Myc plasmid infused in the hippocampus
along with Ab1–42 oligomer showed higher wait latency on the probe
stage as compared to the animals having only Ab1–42 infused (Figures
6C and 6D). After behavioral studies, the animals were sacrificed.
Brain tissues were fixed, and immunohistochemistry was done to
check the expression of both Rheb-Myc and ZsGreen (ZsGreen-en-
coding plasmid was co-injected with Rheb-Myc encoding plasmid)
at the infusion site. We found colocalization between both ZsGreen
and Rheb-Myc at the infection site, confirming their expression (Fig-
ures S4A and S4B). This result indicates that Rheb-Myc could reverse
the declining cognitive function in Ab1–42-infused rats.

Next, we performed the novel object recognition test and observed that
Ab1–42-infused animals had no preference toward the novel object as
compared to control group. In contrast, this short-term memory
recognition capability in Ab1–42 co-infused animals was significantly
improved upon Rheb-Myc expression. The Rheb-Myc-Ab-infused an-
imals also showed an increased preferential index and discrimination
index as compared to those in the Ab1–42-infused group of animals
(Figures 6E–6H). Additionally, the elevated plus maze (EPM) analysis
showed improvement in cognitive ability in the above-mentioned
group of animals. In Figure 6I, latency was the measure of the time
taken by the animal to move from the open to the closed arm in the
EPM. In the Ab-infused group, retention transfer latency (RTL) was
higher than initial transfer latency (ITL), which was significantly
mRNA level (F). The effect of Rheb-Myc expression on cellular miR-146a andmiR-155 le

were normalized against U6 snRNA level. (H–J) Reversal of Ago2-miRNA and Ago2-cyto

miR-155 levels and IL-1b and IL-6 mRNA levels were measured in C6 glioblastoma cel

amount of Ago2 pulled down in the immunoprecipitation reaction (H). (K) Effect of Rheb-M

with control or by miR-146a- and miR-155-specific antagomiRs. In all of the sets, C6 gli

miR transfection. The data were normalized against GAPDH mRNA level. For statistical

case unless otherwise mentioned, and error bars represent means ± SEM. p values we

represents 10mm in panel A and C.
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reduced in other groups. The difference between ITL and RTL
(ITL � RTL) was used to assess memory and learning in the EPM
test. Notably, a negative difference was obtained in the Ab1–42-infused
animals (Figure 6I). However, Ab1–42-infused rats injected with Rheb-
Myc plasmid showed a positive difference between ITL and RTL
compared to the Ab-infused group (Figures 6I and 6J).

The immunohistochemistry of Ab1–42-infused adult rat brains
showed astrogliosis, depicting an increase in GFAP in astrocytes,
but in Rheb-Myc plasmid and Ab co-infused rat brain, enhanced
GFAP was found to decrease as compared to the Ab1–42 oligomer-
infused rat brain. However, no decrease in Ab accumulation was
found in Rheb-expressed, Ab1–42-infused brains, suggesting that the
effect of Rheb-Myc was on glial cell response and cytokine production
rather than an effect on Ab deposition (Figures 7A and 7B). These re-
sults indicate that ectopic expression of Rheb protein in Ab1–42-
infused rat brain causes improvement in cognitive behavior and
spatial memory. While checking the differential expression status of
cytokine mRNA levels in the infused rat brains, an almost 2-fold
decrease in proinflammatory IL-6 and IL-1b was observed in the
Rheb-Myc-Ab1–42 co-infused rats as compared to the Ab1–42-only
infused rats (Figures 7C and 7D). Rheb-Myc-expressed animals
showed a decrease in both the cellular and Ago2-associated miR-
146a levels compared to the only Ab1–42-injected animal tissue (Fig-
ures 7E and 7F). Therefore, by activating mTOR and miRNP,
recycling the cytokine expression could be controlled to rescue the
memory loss and the related phenotype in the AD model by express-
ing Rheb (Figure 7G).

DISCUSSION
Several miRNAs are expressed in brain and thought to regulate thou-
sands of transcripts within the brain.3 In the present analysis, we
could identify deregulated miRNA and mRNA within the cortical re-
gions of AD patients, which may be associated with AD development
or progression. Interestingly, in our analysis, a substantial percentage
of upregulated miRNAs had a higher fraction of their corresponding
target mRNAs as upregulated. This trend was consistently observed in
late-stage AD cases considered from multiple studies. These observa-
tions suggest that contrary to the general regulatory relationship be-
tween miRNAs and their target mRNAs wherein miRNAs mainly
downregulate mRNAs, other regulator-to-target relationships might
also exist in tissues under disease conditions. In particular, miR-
146a-5p is one such miRNA that exhibited this phenomenon wherein
increased production of miR-146a-5p resulted in the upregulation of
multiple target mRNAs.
vels in both control- and Ab1–42-treated C6 glioblastoma cells is shown (G). The data

kinemRNA interaction upon Rheb-Myc expression. Ago2-associated miR-146a and

ls pre-treated with Ab1–42 oligomers (I and J). The RNA level was normalized by the

yc expression on IL-1b and IL-6 mRNA levels when the cells were pre-treated either

oblastoma cells were activated with 2.5 mM Ab1–42 after 48 h of Rheb-Myc and anti-

significance, a minimum of three independent experiments were considered in each

re calculated with a Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.0001. Scale bar



Figure 6. Rescue of cognitive function in Ab1–42-infused adult rat brain upon Rheb-Myc expression

(A) Experimental flowchart shows a bilateral infusion of Ab1–42 oligomers and Rheb-Myc plasmid that was done in adult rat hippocampus. After 15 days of incubation, different

behavioral assays were carried out followed by sacrificing the animals. (B–D) Rescue of wait latency in Ab1–42-infused adult rat brain upon Rheb-Myc expression. Passive

avoidance assessment of memory performance was done, and the graph shows the acquisition process of experimental subjects. The rats that were able to enter the dark

chamber within 300 s were selected as eligible for testing. The bar diagram reveals the wait latency in different experimental sets of rats. Rats having Rheb-Myc plasmid

infused along with Ab1–42 showed higher wait latency on the probing day, as compared to the animals having only Ab1–42 infusion (D) (n = 7). (E–H) Novel object recognition

test to show that the short-term memory recognition capability has been restored by Rheb-Myc expression in Ab1–42-injected animals. Ab1–42 and Rheb-Myc expression

plasmid co-infused animals showed improvement in novel object identification capacity as compared to the Ab1–42-infused rodents (F). The Rheb-Myc-Ab1–42 co-infused

animals also showed an increased preferential index and discrimination index as compared to the Ab1–42-infused group of animals, indicating improvement in learning and

memory function (G and H) (n = 7). (I and J) The elevated plus maze analysis showed improvement in cognitive ability in Rheb-Myc-expressing animals. The retention transfer

latency (RTL) was measured in all control and Ab1–42-infused groups, and the difference of initial transfer latency (ITL) and RTL was plotted along with the ITL and RTL

separately (n = 7). For statistical significance, a minimum of three independent experiments were considered in each case unless otherwise mentioned. Animal data are

represented as means ± SEM and analyzed by one-way ANOVA followed by Bonferroni’s test. p value <0.05 corresponds to *. In EPM data in panel J, # stands for sig-

nificance between all the RTL data between all the animal groups, * denotes significance between (ITL-RTL) data between all the animal groups.
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Therefore, any change in the activity of the miRNA pathway could
play a significant role during development or during any pathological
condition. Also, the molecular mechanism behind Ab-mediated
neuronal death is still elusive, and an interplay between cellular struc-
ture, molecular biological processes, and the resulting immune
response of the disease could contribute to the reason why AD is so
difficult to treat. Another important aspect was to look at the involve-
ment of glial cells in the buildup and disease progression, as glial cells
easily outnumber neurons in the brain.50 Thus, in the early stage of
the disease, glial cells might be involved in rectifying the problems
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Figure 7. Rescue of cytokine level in Ab1–42-infused adult rat brain upon Rheb-Myc expression

(A and B) Histology sections of Ab1–42-infused and control rat brains. Cryosections that were subjected to IHC are shown. Confocal images of the sections of Ab1–42-infused

adult rat brains show astrogliosis depicted by an increase in GFAP-positive astrocytes. This was reversed in Rheb-Myc-Ab-infused rat brain, where enhanced GFAP was

found to decrease as compared to the Ab1–42-infused rat brain (A). The graph depicting the intensity of GFAP in rat hippocampus is shown in (B). (C and D) Expression of IL-1b

(C) and IL-6 mRNA (D) levels in rat hippocampal tissue samples upon Rheb-Myc expression. The data were normalized against GAPDH mRNA level. (E) Cellular miR-146a

(legend continued on next page)
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of the neurons due to Ab1–42 oligomer deposition, but they eventually
contribute to the prognosis of the disease.

We found that mTOR sequesters into early endosome with expo-
sure to Ab1–42 in glial cells. mTORC1 is a very important protein
complex that can regulate neuronal differentiation and brain activ-
ity. Depletion of an essential mTORC1 component, Raptor, is
known to reduce the brain size considerably.51 mTORC1 signaling
can also play a role in phosphorylation of Ago2 protein, which
eventually can affect the miRNP function. Rheb, which is a GTPase
and an activator of mTORC1, can reverse this process and results in
a decrease in Ago2 miRNP content. mTORC1 activity-driven path-
ways may regulate the miRNA maturation process as well. The tu-
berous sclerosis complex (TSC) is an autosomal-dominant disorder
and is caused by mutations in TSC1 or TSC2 that are connected
with mTOR hyperactivity. TSC knockout cells, which have
increased mTORC1 activity, have a reduced mature miRNA level.52

Accordingly, mTOR activation by Rheb can bring down the matu-
ration process and also recycle existing miRNPs, and both of these
pathways may contribute to the miRNA activity rescue process.
Rheb knockout animals are embryonic lethal.53,54 Also, conditional
Rheb knockout adult mice have a limited lifespan, indicating that
Rheb is an essential protein factor that could play a major role in
brain development and function. In the present study, by injecting
Rheb-expressing plasmid into animal brain, we could improve mo-
tor function as well as memory of the AD animals. Similarly, re-
searchers have shown that Rheb expression in brain of HD mouse
model resulted in improved motor function.55 Also in PD, Rheb
expression in dopaminergic neurons promoted axonal regrowth.56

Therefore, Rheb can affect brain function at multiple points. For
example, mTOR-mediated translation, a Rheb-dependent process,
is important at synapse for maintaining synaptic plasticity and at
the cell body for maintaining memory.57,58 Also, Rheb expression
can increase the acetyl choline level in the brain that can improve
brain cognitive functions.59 Although all of these factors may play
a role, our data suggest that miRNA activity regained by Rheb
expression may be the most important factor in the recovery of
behavioral, cognitive, and memory function in AD.

We have stereotactically injected Ab1–42 oligomers in adult rat brain
to produce amyloid plaques in the brain. This model has several ad-
vantages, as we can monitor the early cellular events during plaque
formation and the effects it has on the miRNA machinery during
the early phase of the disease. Also, oligomers can be taken up by glial
cells in both the in vivo and in vitro cell culture system, which can
have additional physiological effects on the cellular structure and ma-
levels in the infused rat brains. The values were obtained by qRT-PCR and normalized a

Rheb-Myc in Ab1–42-infused rat hippocampus tissue. Immunoprecipitation was done for

was normalized against Ago2 band intensity as measured from the western blot. (G)

restricting miRNP target RNA interaction. This causes inactivation of miRNPs to elevate

mTOR by Rheb restores miRNP function in diseased brain, rescuing the cognitive functio

in the right panel. For statistical significance, a minimum of three independent experi

represent means ± SEM. p values were calculated with a Student’s t test. *p < 0.05, *
chinery. This allows the limited and spatiotemporal-specific exposure
of brain cells to Ab1–42 and thus is advantageous over the transgenic
mouse models that have a mutated Ab gene (APP) or related protease
gene, which may have some compensatory effect on both structure
and physiology in the adult brain. Additionally, the transgene is ex-
pressed at a very early stage and in all of the cells of the brain. Impor-
tantly, the number of AD cases reported with genetic mutations in
APP gene is very limited compared to the higher number of cases
noted with sporadic Ab expression.60 We have also injected Rheb
expression vector with Ab1–42 oligomer in brain hippocampus. This
is to ensure only that a portion of the brain that is exposed to Ab1–
42 oligomer only takes up the Rheb-expressing plasmid and not the
entire brain, which could complicate the analysis. This method can
be useful in introducing specific miRNA or antisense RNA in a spe-
cific part of the brain with the help of co-injected Ab1–42 oligomer.

Although we have only observed the effect that Ab1–42 oligomer has
on miRNAmachinery on astroglial cells, it would be interesting to see
what effect it may have on the miRNAs in other glial cells. Glial cells
outnumber neurons at a 10:1 ratio, and among them almost 40% of
cells are astrocytes, making them one of the most abundant cells of
the brain. Also, Ab1–42 oligomer-injected brain tissues showed
considerable astrocyte activation along Ab deposition. Primary astro-
cytes show elevated cytokine mRNA levels when exposed to Ab1–42
oligomer. We did find some changes in the neuronal miRNA expres-
sion level, but a drop inmiRNA activity resulting in cytokine overpro-
duction was found to be specific for astroglial cells and not for neu-
rons. In LPS-activated macrophages, miRNAs play a significant role
in reducing pro-inflammatory cytokines such as tumor necrosis
factor (TNF)-a, IL-1b, or IL-6 so that anti-inflammatory IL-10
production can be initiated.19 This is a very important step in the
inflammation process where miRNA fine-tunes the balance between
pro-inflammatory and anti-inflammatory cytokine levels to maintain
homeostasis of the process. The astrocytes exposed to Ab1–42 olig-
omer show a loss in miRNA activity whereas loss of Ago2 phosphor-
ylation leads to building up inactive miRNPs in astrocytes that restrict
their encounter with the target mRNA. This leads to uncontrolled
production of pro-inflammatory cytokines that eventually create neu-
roinflammation, leading to the loss of neurons.

If the mechanism is happening through Ago2 phosphorylation, then
this mechanism should affect other miRNAs as well. We found that
the patterns of data of miR-16 and miR-29a are very similar to
what we also got for miR-146a and miR-155. Since miR-16 and
miR-29a do not directly regulate expression of pro-inflammatory cy-
tokines, we think that there is a possibility that this mechanism affects
gainst the U6 snRNA level. (F) Levels of Ago2-associated miR-146a are restored by

endogenous Ago2, and associatedmiRNAwasmeasured with qRT-PCR. The value

The model depicts how Ab exposure causes mTOR entrapment with endosomes

proinflammatory cytokine production in glial cells. Interestingly, ectopic activation of

n in adult rat brain. Themechanism of action of Ab1–42 onmiRNA via mTOR is shown

ments were considered in each case unless otherwise mentioned, and error bars

*p < 0.01, ***p < 0.0001.
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the functions of other miRNAs as well. In this context, we note that in
primary astrocytes and rat brain (also in AD patient brain data) we
have documented increased expression of many miRNAs that are
not even astrocyte specific or not a known regulator of cytokines.
This also signifies that the common pathway of miRNA activity mod-
ulation by mTORC1 has been targeted by Ab1–42 oligomers. Howev-
er, there are miRNAs that may be regulated at the transcriptional level
in a significant way, while there could be a subset of miRNAs that also
have regulated export and turnover in Ab1–42-treated cells, and thus
these factors may contribute significantly to the overall cellular levels
of those miRNAs to show a reduction in the overall expression level.

The identification of important miRNAs in the gene regulation process
in AD brain was initially a challenge, and thus we studied tissue-specific
miRNAexpressionpatterns indifferent parts of the brain tissue,with the
help of TissueAtlas.61 Interestingly, in comparison to basal levels, miR-
146a expression in the cortical part is preferentially enriched in AD
brain. Subsequently, we wanted to focus onmiRNAs specifically associ-
ated with the effect of Ab oligomers in neural cell subsets. Correspond-
ingly, with the help of a previous study, we determined that miRNA
expression patterns can vary substantially across cell types, such as neu-
rons and astrocytes. In particular, miR-146a and miR-21 are highly en-
riched in astrocytes in comparison to neurons in primary cultures from
the rat cortex.62 Furthermore, based on our previous computational
analysis and the miRNA distribution patterns in different human brain
regions we selected miRNAs for our further analyses.

How does astrocyte activation affect neuronal health? We observed
that rat primary astrocytes cultured in the in vitro condition secrete
extra-cellular vesicles 70–100 nm in size known as the exosomes.
These exosomes carry miRNAs and different RNA-binding proteins
from astrocytes to recipient neuronal cells (D.D, unpublished data).
Functional assays carried out in recipient cells showed that these ex-
ported miRNAs are stable and functional in neuronal cells, where
they can regulate the gene expression of recipient cells. Exposure to
Ab1–42 increases miR-146a secretion through exosomes along with
other RNA-binding proteins such as Ago2 and GW182 (D.D, unpub-
lished data). We think that these exosomes could play an important
role in both normal physiology and in pathological conditions such
as AD, where astrocytes can regulate gene expression of neighboring
neuronal cells and through these also fine-tune complex physiological
processes such as learning and memory formation.

Several reports suggest the role of astroglia in improving cognition
and memory by demonstrating that the reduction in their activity
leads to memory impairment.63 Interestingly, human astrocyte graft-
ing in immunodeficient mice improved memory in these cognition-
deficient animals.64 Studies have also featured the necessity of
astrocyte activation in maintaining synaptic plasticity and causing
N-methyl-D-aspartate (NMDA)-mediated long-term potentiation
and memory development in the hippocampus.65

Is astroglia the primary contributor in the high cytokine profile
observed in AD? In the AD condition, Ab is known to cause disrup-
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tion in gliotransmission by elevating the calcium signaling levels in
astrocytes.66 Besides during AD, interrupted glutamate uptake capac-
ity and astrocytic calcium signaling can be disrupted by Ab as
well.67,68 Also, hippocampal astrocytes exposed to Ab helped in
improving the frequency of NMDA receptor-mediated slow inward
currents, along with calcium elevations.69 Precisely, due to this wide
array of functional properties, we thought of astrocytes as an inter-
esting target for studying brain pathologies such as AD, where
miRNA dysregulation in astrocytes may play a significant role in
both neuroinflammation and cognition of the animal.

Postmortem neuropathological studies have shown that the number
of reactive astrocytes in the vicinity of amyloid plaques increases as
the disease advances.70 We also found astrogliosis at the amyloid
deposition site in adult rat brain hippocampus (Figure 2B). Interest-
ingly, microglial cells are also found in amyloid deposition sites along
with astrocytes, and in APP/PS1: GFAP/vimentin double knockout
mice where astrocyte activation is attenuated had increased numbers
of microglial cells found around plaques.70 Also, microglia secrete in-
flammatory cytokines, which can convert the neuroprotective resting
astrocytes into neurotoxic cells. Conversely, astrocytes secrete C3
complement fraction via NF-kB in oligomeric Ab treatment, and
C3 can in turn activate microglia through its C3R receptor.71 Studies
also reported that astrocytes appear to influence the degree of micro-
glial reactivity in mouse models of brain b-amyloidosis.72

Our findings suggest that restoringmTOR activity in the glial cells can
rescue the disease phenotype and also cognition and memory in adult
animals. Previous studies in the field of neurodegenerative diseases
suggest maintenance of homeostasis of mTOR activity could be bene-
ficial for disease management. For example, in the case of autism,
inactivation of mTOR is found to be beneficial, as in autism patient
hyperactivation of mTOR is common. Again, in ALS, where mTOR
activity is reduced, restoring the activity is found to be advantageous
in disease prognosis.73,74 In a nutshell, our study emphasizes the com-
plex circuit between metabolic pathways, with gene expression regu-
lation having an effect on disease pathology. An intervention with
gene therapy or with small molecules to sustain normal miRNAmeta-
bolic pathways in brain will have a therapeutic value in a complex dis-
ease such as AD.

MATERIALS AND METHODS
Expression profile analysis of miRNAs and their corresponding

target mRNAs in AD and cancer

Expression profiles of miRNAs and mRNAs were utilized to study the
possible regulatory relationships between miRNAs and their corre-
sponding target mRNAs in multiple cortical regions of AD patients
as opposed to normal deceased individuals. With the help of R pack-
ages (R Core Team, 2017),75 differentially expressed (fold change
of ±1.25 and p value of%0.05) miRNAs within the pre-frontal cortex
and mRNA within different regions of the frontal cortex were deter-
mined in the brains of AD patients. The differentially expressed miR-
NAs and mRNAs identified in this manner considering patient sam-
ples are likely to be associated with the development or progression
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of AD (GEO: GSE48552, GSE5281, GSE53697, and GSE15222).35,76–80

Utilizing miRNA-target regulatory information from TarBase and
miRTarBase databases, regulator(s)-to-target(s)” (miRNA/mRNA)
maps for the differentially expressed miRNAs and mRNAs were deter-
mined.81,82 Subsequently, we have compared the fractions of target
mRNAs of each differentially expressed miRNA that are significantly
upregulated or downregulated. Additionally, to ascertain whether
such regulator(s)-to-target(s) patterns could be occurring in other dis-
ease conditions, we performed a disease enrichment analysis consid-
ering only the genes that were commonly upregulated among the
AD datasets considered.83

In order to study regulator(s)-to-target(s) patterns in cancer, we have
analyzed miRNA and mRNA expression profiling data from different
cancer tissue samples. With the help of R packages, differentially ex-
pressed (fold change of ±1.25 and p value of %0.05) miRNAs and
mRNAs were determined in breast cancer, colorectal cancer, and oral
squamous cell carcinoma by considering relevant GEO datasets (GEO:
GSE40056/GSE40057, GSE35982, and GSE70664/GSE70665).75,84–86

Subsequently, the fractions of significantly upregulated or downregu-
lated target mRNAs of each of the differentially expressed miRNAs un-
der each condition were compared.

siRNA and plasmid constructs

Plasmid information about pRL-con, pRL-3XBulge-let7a, pRL-
3XBulge-miR-122, and firefly (FF) plasmids were previously ex-
plained in Pillai et al. and were a kind gift from Witold Filipowicz.
miR-122 was expressed from pmiR-122 plasmid, which was previ-
ously described.87 FLAG-hemagglutinin (HA)-Ago2 and FLAG-
HA-Ago2-Y529F were obtained as a kind gift from Gunter Meister.
The plasmids Rab5-CA and Rheb-Myc were previously used and
were a kind gift from J.M. Backer.88 All small interfering RNAs (siR-
NAs) were purchased from Dharmacon (ON-TARGETplus siRNA).

Cell culture and reagents

HEK293 and C6 glioblastoma cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with
2 mM L-glutamine and 10% heat-inactivated fetal bovine serum
(FBS).

Primary astrocytes were cultured from 0-1 day-old Sprague-Dawley rat
pups. The whole brain was dissected out and meninges were removed
carefully. The neocortex parts were isolated and cut into pieces. The
small cortical tissue pieces were minced and subjected to trypsinization
for 30 min. Trypsinized brain tissue was triturated in DMEM (Gibco)
medium supplemented with 10% FBS (Gibco) and passed through
nylon mesh to avoid clumps. This single-cell suspension was then
added onto a poly-D-lysine (PDL)-coated plate (Sigma-Aldrich, St.
Louis, MO, USA) and incubated for 2–3 min for preferential sticking
of neurons. Next, the unattached cells were collected and harvested
by centrifugation. Cells were resuspended in a fresh medium and
seeded at a density of 1.2 million/35-mm plate or 0.4 million/well of
a 24-well plate. Cells were maintained for 13 days in vitro (DIV)
with a medium change given every alternate day.
Plasmid and siRNAs were transfected with Lipofectamine 2000 (Invi-
trogen) and RNAiMAX (Invitrogen), respectively, following the man-
ufacturer’s protocol. All of the siRNA and plasmid co-transfection
was done using Lipofectamine 2000. For activation of primary rat as-
trocytes or neurons 1.5 mM Ab1–42 was used, whereas 2.5 mM Ab1–42
was used for activating C6 glioblastoma cells. 100 nM rapamycin
(Sigma) was used for blocking mTORC1.

Preparation of Ab

High-pressure liquid chromatography (HPLC)-purified Ab1–42 was
purchased from American Peptide (Sunnyvale, CA, USA), and
oligomeric Ab1–42 was prepared as described previously.39 Briefly,
lyophilized Ab1–42 was reconstituted in 100% 1,1,1,3,3,3
hexafluoro-2-propanol (HFIP) to 1 mM. HFIP was removed by evap-
oration in a SpeedVac (Eppendorf, Hamburg, Germany), then resus-
pended in 5 mM anhydrous DMSO. This stock was then stored at
80�C. The stock was diluted with PBS to a final concentration of
400 mM, and SDS was added to a final concentration of 0.2%. The re-
sulting solution was incubated at 37�C for 18–24 h. The preparation
was diluted again with PBS to a final concentration of 100 mM and
incubated at 37�C for 18–24 h before use.

Brain stereotaxic surgery

Adult male Sprague Dawley rats weighing 270g-330g were kept in a
room controlled around 25�C and humidity 65%, providing food
and water to ad-libitum. A 12h light-dark cycle was provided in the
animal house of CSIR-Indian Institute of Chemical Biology, Kolkata.
All the studies were performed with guidelines provided by the Com-
mittee for the Purpose of Control and Supervision of Experiments on
Animals (Animal Welfare Divisions, Ministry of Environments and
Forests, Govt. of India) along with the approval from the Institutional
Animal Ethics Committee (IAEC). Male Sprague-Dawley rats (280–
320 g) were anesthetized by injecting 50 mg/kg thiopentone (thiosol
sodium, Neon Laboratories, Mumbai, India) and placing them on a
stereotaxic frame (Stoelting, USA). Injection was done by using a
27G Hamilton syringe. A volume of 5 mL of 100 mM Ab in PBS
and 3 mg (4 mL) of plasmid was infused at a flow rate of 0.5 mL/min
in the hippocampus at stereotaxic coordinates from bregma (AP,
3.6 mm; L, 2.1 mm; DV, 2.8 mm) according to the rat brain atlas.
An equal volume of PBS was injected in control animals. Proper post-
operative care was taken to maintain proper health conditions of the
animal. Behavioral tests were performed 14 days after stereotaxic sur-
gery of the animal. Animals were sacrificed on 20th days after behav-
ioral analysis. The brains were dissected out, following cardiac perfu-
sion, and fixed in 4% paraformaldehyde (PFA) for 24 h. They were
then incubated in a 30% sucrose solution for another 24 h before pro-
ceeding for cryosectioning. Cryosections of the brain were done in a
cryotome (Thermo Shandon, Pittsburgh, PA, USA).

Immunohistochemistry of brain slices

20-mm coronal cryosections of the brain from Ab-infused or PBS-
infused rats were blocked with 4% BSA in PBS containing 0.43%
Triton X-100 for 1 h 20 min at room temperature. Brain slices were
incubated in primary antibody in a blocking solution overnight at
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http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
4�C. Sections were washed three times with PBST and incubated with
a fluorescence-tagged secondary antibody for 2 h at room tempera-
ture. Following three washes with PBS and Hoechst staining for the
nucleus, the sections were mounted with Dibutylphthalate Polyster-
ene Xylene (DPX) and observed in a confocal microscope.
RNA isolation and qPCR

Total RNA was isolated by using TRIzol or TRIzol LS reagent (Invi-
trogen) according to the manufacturer’s protocol. miRNA assays by
real-time PCR were performed using specific TaqMan primers (Invi-
trogen). U6 small nuclear RNA (snRNA) was used as an endogenous
control. Real-time analyses by two-step RT-PCR were performed for
quantification of miRNA levels on a Bio-Rad CFX96 real-time system
using an Applied Biosystems TaqMan chemistry-based miRNA assay
system. One third of the reverse transcription mix was subjected to
PCR amplification with TaqMan universal PCR master mix, no Am-
pErase (Applied Biosystems) and the respective TaqMan reagents for
target miRNAs. Samples were analyzed in triplicates. The compara-
tive Ct method, which included normalization by the U6 snRNA,
was used for relative quantification. For quantification of mRNA
levels, 200 ng of total cellular RNA was subjected to cDNA prepara-
tion followed by qPCR by the SYBR Green method. Each sample was
analyzed in triplicates using the comparative Ct method. mRNA
levels were normalized with GAPDH as the loading control.
IP assay

For IP of Ago2, cells were either transfected with FLAG-HA-tagged
Ago2 or endogenous Ago2 and were pulled down from primary cells
and tissue samples. For IP reactions, cells were lysed in lysis buffer
(20 mM Tris-HCl [pH 7.5], 150 mM KCl, 5 mM MgCl2, 1 mM
DTT, 10 mM sodium orthovanadate, 15 mM NaF), 0.5% Triton X-
100, 0.5% sodium deoxycholate, and 1� EDTA-free protease inhibi-
tor cocktail (Roche) for 30 min at 4�C, followed by three sonication
pulses of 10 s each. The lysates, clarified by centrifugation, were incu-
bated with HA antibody (at a concentration of 1:100) pre-bound pro-
tein G agarose beads (Invitrogen) or with pre-blocked anti-FLAGM2
beads and rotated overnight at 4�C. Subsequently, the beads were
washed three times with IP buffer (20 mM Tris-HCl [pH 7.5],
150 mM KCl, 5 mM MgCl2, 1 mM DTT, 10 mM sodium
orthovanadate,15 mM NaF). Washed beads were divided into two
equal parts, and each part was analyzed for bound proteins and
RNAs by western blot and qPCR, respectively.
Luciferase assay

miRNA repression was observed by performing a dual-luciferase
assay. 10 ng of RL-con and RL-3xB-let-7a, RL-3xB-122, or RL-
IRAK1 encoding plasmids was co-transfected with 100 ng of firefly
encoding plasmid per well of a 24-well plate to study endogenous
let-7a or exogenous miR-122 repression. Cells were lysed with 1�
passive lysis buffer (PLB, Promega) before being subjected to a
dual-luciferase assay (Promega, Madison, WI, USA) following the
supplier’s protocol on a VICTOR X3 plate reader with injector (Per-
kinElmer, Waltham, MA, USA). RL expression levels for control and
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reporter were normalized with the firefly expression level for each re-
action. All samples were done in triplicates.
Immunoblotting

SDS-polyacrylamide gel electrophoresis was performed with the sam-
ples, which included cell lysates, membrane fractions, and IP proteins,
followed by transfer of the same to polyvinylidene fluoride (PVDF)
nylon membranes. Specific required antibodies were used to probe
the blot for at least 16 h at 4�C. This antibody-associated overnight
incubation was followed by three washes with TBST (Tris buffered sa-
line with Tween 20), after which at room temperature the membranes
were incubated for 1 h with horseradish peroxidase-conjugated sec-
ondary antibodies (1:8,000 dilutions). Images of developed western
blots were taken using an UVP BioImager 600 system equipped
with VisionWorks Life Science software (UVP) v6.80.
Immunofluorescence and confocal imaging

For immunofluorescence studies, primary and C6 glioblastoma cells
were grown on 18-mm coverslips coated with PDL and gelatin,
respectively. Cells were transfected on the coverslips as discussed pre-
viously and fixed for 30 min in the dark with 4% PFA solution after
48 h of transfection. Cells were blocked and permeabilized with 3%
BSA containing 0.1% Triton X-100 for 30 min, followed by overnight
incubation with specific primary antibodies at 4�C. After the incuba-
tion, cells were washed three times with PBS and probed with respec-
tive secondary antibodies (Life Technologies) attached with specific
fluorophores for 1 h at room temperature. For detection of lysosomes,
100 nM of LysoTracker Red DND-99 was added in the growing cells
for 1 h before fixation. Images were captured using a Zeiss LSM800
confocal microscope and analyzed with Imaris7 software. All of the
interactions between organelles were measured by calculating Pear-
son’s and Mander’s coefficient of colocalization using the coloc
plug-in of Imaris7 software.
Passive avoidance test

First, the rats were subjected to passive avoidance (shuttle box)
training. Rodents have a natural tendency to move toward dark.
The passive avoidance device had two identical compartments
comprising 25 � 25 � 20 cm, which were divided by a guillotine
door. One of the chambers was lighted and the other was dark. Elec-
tric shocks were conveyed to the grid floor by an isolated stimulator.
At the beginning of the experiment rats were habituated in the device
for 5 min in the lighted chamber facing away from the entrance to the
dark side. On acquisition day the guillotine door was raised, and the
latency to enter the dark chamber was recorded. When the animals
did not enter the dark compartment within 5 min, they were elimi-
nated from the experiment. Once they entered the dark chamber,
they received a foot shock of 0.8 mA, which forced them to return
to the light chamber. On the next day, defined as the probe day, the
same rats were kept in the light chamber and time taken by them
to enter the dark chamber was noted as the latency time. When the
rats did not enter the dark chamber by 300 s, the successful acquisi-
tion of passive avoidance response was said to occur. The



www.moleculartherapy.org
experimental work and data recording was performed by SHUTA-
VOID software by Panlab.
Novel object recognition (NOR)

The NOR task evaluates the rodents’ ability to recognize a novel object
in the environment. The task procedure consists of three phases: habit-
uation, familiarization, and test phase. In the habituation phase, each
animal is allowed to freely explore the open-field arena in the absence
of any objects. After the familiarization phase, a single animal is placed
in the open-field arena containing two identical sample objects (A &
A),for 5 min. After 24 h, the animal was returned to the open-field
arena with two objects, one of which was identical to the sample and
the other one was novel (A & B). The test was performed for 5 min.
During both the familiarization and the test phase, objects were located
in the opposite and symmetrical corners of the arena, and location of
the novel versus familiar object was counterbalanced. The wait latency
of the animals observed in each of the objects on probe day was calcu-
lated and designated as TN and TF for the novel and familiar objects,
respectively. The discrimination index (DI) and preference index (PI)
were derived according to the following formulae: DI = (TN � TF)/
(TN + TF) and PI = [TN/(TN + TF)] � 100.
Elevated Plus Maze (EPM) test

The EPMwas used for the assessment of memory processes in the an-
imals on the 15th day following the method of that used in rats.89 The
apparatus was made of a wooden plus-shaped maze elevated 60 cm
from the floor having two open arms measuring 50 � 10 cm, crossed
at right angles by two arms of the same dimensions enclosed by 50-
cm-high walls. A 1-cm-high plywood edge surrounding the open
arms was added to prevent the animals from falling off the maze. A
rat was placed on the open arm facing away from the center and
the transfer latency (TL; time in which the rat moves from the
open arm to closed arms) was recorded on the day 1 and again on
the following day. The time taken by the animal on day 1 to move
from open arm to the closed arm was recorded as ITL, and that on
day 2 was recorded as RTL. A duration of 5 min was used for each
subject to record the data.
Statistical analysis

GraphPad Prism 5.00 (GraphPad, San Diego, CA, USA) was used to
analyze the experiments performed in triplicate unless mentioned
otherwise. The p values were obtained with the help of a non-para-
metric Student’s t test. Animal data are represented as means ± SEM
and analyzed by one-way ANOVA followed by a Bonferroni’s test.
Data availability

Information related to antibodies, primers, and miRNA assays are
available as Tables S3–S5.
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