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 1. A. About cancer: 

Cancer is a combination of 100 or more diseases where the abnormal cells divide rapidly and 

migrate to the secondary site from the origin and they form the tumor. 

 1. B. History of Cancer: 

The earliest evidence of cancer (although the term "cancer" was not used) was found in the 

textbook of Egyptian trauma surgery in early 3000 BC where they mentioned about 8 cases of 

tumors or ulcers in the breast. They removed these tumors using a fire drill and mentioned that 

there was no treatment. 

The term cancer was originated by Greek physician Hippocrates (460-370 BC). He was known as 

the 'Father of Medicine’. He described non-ulcer and ulcer forming tumors as carcinos and 

carcinoma. These terms are referred to as crab in Greek. The roman physician Celsus (28-50 BC) 

translated and coined the term cancer, which is the Latin term of crab. 

In Padua Giovanni Morgagni first established the base for cancer study by doing an autopsy to 

discover the clinical pathology of the disease in a dead body in 1761. In the nineteenth century, 

Rudolf Virchow called as founder of cellular pathology, linked microscopic pathology in the 

autopsied body to find out the illness (Faguet, 2015). 

 1. C. Statistics of cancer: 

Cancer is the deadliest disease in the world. The number of new cancer cases is 19.3 million 

whereas 10.0 million cancer deaths 

occurred in 2020. In Asian 

countries, there is the highest 

cancer incidence with death rate 

and prevalence (Fig. 1).  

The most common cancer 

incidence are breast, lung, colon 

and rectum, prostate, skin (non-

melanoma) with the cases of 2.26 

million, 2.21 million, 1.93 million, 

1.41 million, 1.2 million 

respectively (Fig. 2). 
Figure 1:  Worldwide cancer incidence, death rate, and 

prevalence in different continents (Globocon 2020, WHO) 

1. Overview of Cancer 
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Among these, the most common cancer deaths are lung, colon and rectum, liver, stomach, and 

breast with the death cases of 1.80 million, 935 000, 830 000, 769 000, and 685 000 

respectively  (Sung et al., 2021) (Fig. 2).   

 

 1.D. Type of Cancer: 

There are 5 major types of cancer: carcinoma, sarcoma, myeloma, lymphoma, and leukemia. 

i) Carcinoma: In this type of cancer, originate from epithelial tissue that covers the surface of 

the organ. It includes melanoma, basal cell carcinoma, squamous cell skin cancer, Merkel cell 

carcinoma.   

ii) Sarcoma: In sarcoma, cancer originates from connective tissue. There are a few types of 

sarcoma, including soft tissue sarcoma, osteosarcoma, Ewing's sarcoma, chondrosarcoma. 

iii) Lymphoma: In this cancer, cells are proliferating in the lymph gland or node. The types of 

lymphomas are Hodgkin's lymphoma, Non-Hodgkin's lymphoma, and cutaneous lymphoma. 

iv) Leukemia: It is also called blood cancer and it originates in the bone marrow.  It includes 

acute lymphocytic leukemia, agnogenic myeloid leukemia, acute myeloid leukemia, chronic 

myeloid leukemia, chronic lymphocytic leukemia, essential thrombocythemia, myelodysplastic 

syndromes (MDS), hairy cell leukemia. 

v) Myeloma: It arises in plasma cells of bone marrow (https://stanfordhealthcare.org/medical-

conditions/cancer/cancer/cancer-types.html). 

 

Figure 2: Worldwide cancer incidence (%) in both females and males (Globocon 2020, WHO) 
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 1.E. Stages of cancer: 

The stage of cancer is determined using the TNM staging system in most cancer. 

a)"T" denotes the size, location, or migration status. 

TX:- No indication of tumor or it cannot be measurable.                                                                                                       

T0:- No evidence of tumor. 

Tis:- Tumor is 'in situ" i.e it is located in the primary site and does not migrate to peripheral 

tissue. 

T1-4:- It indicates the size and location of the tumor. When the tumor migrates to the deeper 

side of the tissue, the number will increase. 

b) Node (N): N indicates whether the tumor affected the lymph node.  

N0:- No lymph node with cancer. 

N1-3:- More lymph nodes with cancer, the number will larger. 

c) Metastases (M):  

M0:- If cancer does not spread to the other part of the body. 

M1: when tumor metastasizes to other parts of the body. 

Cancer stage classification: 

  Depending upon the TNM staging system, the stage of cancer is classified into 4 groups: 

Stage 0: In this stage, the cancer is located in the primary site where they arise, but does not 

spread to adjacent tissue. 

Stage 1:  In this stage, the tumor does not enter deeper into the adjacent tissue and is not 

found in the lymph node also. This is referred to as the early stage of cancer. 

Stage 2 and Stage 3: In these two stages, tumors migrate deeper into the nearby tissue and 

also metastasize to the lymph node. 

Stage 4: In this stage, tumors are migrated not only to the lymph node, and also to other 

secondary sites of the body. This is called advanced or metastatic cancer 

(https://www.cancer.net/navigating-cancer-care/diagnosing-cancer/stages-cancer, 2021). 
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 2. A. About cancer stem cells (CSCs): 

The first experimental evidence of CSCs was appeared in 1997 in acute myeloid leukemia by the 

identification of CD34+ CD38- leukemic cells which have self-renewal and differentiation 

properties. After the injection of these cells in severe combined immunodeficient mice (SCID), 

they act like stem-like cells and generate acute myeloid leukemia (Yadav and Desai, 2019a). 

Stemness is a phenotype associated with the self-renewal property and dedifferentiation 

capability of a cell. Stem cells (SC) can dedifferentiate into various types of other cells in 

response to multiple environmental factors and stimuli. However, they need a specific niche 

with specific factors and cytokines to survive. In contrast, cancer stem cells (CSC) can sustain in 

the tumor microenvironment (low oxygen, nutrient) to maintain tumor progression (Fig. 3).   

It is known that CSCs are a tiny set of 

cells within the tumor, generated due 

to mutation of somatic stem cells 

during malignancy. These CSCs have 

self-renewal and dedifferentiation 

capacity and they also interact with 

the tumor microenvironment to 

maintain the tumor heterogeneity, 

proliferation, and metastasis (Aponte 

and Caicedo, 2017). 

 

 

 2. B. Origin of CSCs in tumors:  

(a) Alteration in stem cells microenvironment in tissue, 

(b) Due to mutation or epigenetic alteration leads to change the cellular metabolism, signaling 

pathway, and cell cycle progression, 

(c) Proliferation of cells with changed molecular phenotypes leads to generating heterogeneous 

primary tumors and metastases (Klonisch et al., 2008). 

 2. C. Features of Cancer stem cells: 

1. A small number of CSCs can initiate new tumors which indicates that they have tumorigenic 

Jiyou Han et al,. 2020 

Figure 3: Comparison of characteristics among normal 

cell, cancer cells, and cancer stem cells 

2. Cancer stem Cells and chemoresistance 
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properties. 

2. They have the self-renewal and dedifferentiation capability through which they generate 

multiple cancer lineages by symmetric and asymmetric cell division. Due to the high expression 

of SOX2, OCT4, NANOG, these cells gained the property of self-renewal and dedifferentiating. 

3. They have specific surface markers which are membrane proteins. These markers are used to 

isolate the CSCs population through fluorescence-activated cell sorting (FACS). CD44, CD45, 

CD31, CD117 are surface markers for CSCs observed in ovarian cancer and colorectal cancer 

(Yadav and Desai, 2019a). 

CD44:  It is a transmembrane glycoprotein, known as P- glycoprotein. In the cell membrane, 

CD44 acts as a receptor molecule to hyaluronic acid (HA), osteopontin, collagen, and matrix 

metalloprotease (MMP). The binding of CD44 with ligands facilitates cancer progression and 

metastasis. Due to alternative splicing, CD44 has different variants or isoforms and they present 

in various cancer subtypes. The elevated level of cleaved and soluble CD44 acts as the marker in 

gastric and colorectal cancer. Expression of CD44 acts as a marker for CSCs in colorectal, 

ovarian, breast, pancreatic, prostate, and head /neck squamous carcinoma (Burgos-ojeda et al., 

2012; Senbanjo and Chellaiah, 2017).  

CD117: CD117 is phosphorylated by binding of stem cell factors. It plays key roles in cancer 

proliferation, apoptosis, migration, and dedifferentiation. It acts as a marker for CSC in gastric, 

prostate, non-small lung, and ovarian cancer. CD44+ CD117+  were chemoresistant and have the 

potential to initiate new tumors (Harris et al., 2021) 

CD31 and CD45: Erythroid-myeloid progenitor cells expressed CD31 and CD45 markers. They 

are specific for endothelial cell differentiation.  

4. CSCs have high aldehyde 

dehydrogenase activity (ALDH). ALDH 

regulates retinol metabolism and 

signaling which have a great role in 

embryonic development. Retinal is 

converted to retinoic acid (RA). This RA 

enters the nucleus and activates the 

heterodimers of RA receptors (RAR) and 

retinoic X receptors (RXR). These 

heterodimers act as a transcription factor 

to regulate the downstream effectors. 

ALDH enhances chemoresistance by 

Figure 4: Regulation and role of ALDH in cancer 
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oxidizing cytotoxic chemotherapy into 

 non-toxic forms. Chemotherapy and radiotherapy induce oxidative stress which can be 

scavenged by ALDH and thereby protects tumor cells from an oxidative stress injury. They have 

the potential for spheroid formation. ALDH also promotes chemoresistance through regulating 

the RA-mediated signaling pathway  (Fig. 4) (Xu et al., 2015). 

5. The cells have drug resistance or drug effluxing capability. They have enhanced expression of 

active transmembrane ATP–binding cassette (ABC) transporters which pump out various 

cytotoxic drugs and dye at expense of ATP. ABC- family transporters include MRCP, MDR1/ 

ABCB1), BCRP/ABCG2 which helped the cell to efflux DNA –binding dye Hoechst 33342, which 

are depicted as 'side population' (Chen et al., 2013; Klonisch et al., 2008).  

6.  The cells have deregulated signaling in three embryonic pathways: Wnt/β-catenin, Notch, 

and Hedgehog (Hh) pathways. 

7. CSCs have the spheroid forming ability in non-adherent conditions with serum-free media, 

containing growth factors. They are characterized by round in shape with enriched CSCs 

population (Fig. 5) (Shaheen et al., 2016; Yadav and Desai, 2019b). 

 Figure 5: Basic characteristics of cancer stem cells (CSCs) 

Yadav and Desai, 2019b 
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 2.D. Interaction between tumor microenvironment (TME) and CSC: 

 Tumor microenvironment formed with extracellular matrix (ECM), stromal cells (including 

fibroblasts,  adipocyte, mesenchymal, endothelial, and immune cells) (Bighetti-Trevisan et al., 

2019).  ECM is a dynamic structure, comprised of fibrous proteins (collagens), glycoproteins 

(fibronectins, laminins), proteoglycans, and polysaccharides (hyaluronic acid, HA). The 

components of ECM acts as a physical hurdle for the transport of solute, water, and 

chemotherapeutic drug.   

It also acts as a site for the adhesion of CSCs in the TME, for example, CD44 on the CSCs bind to 

HA in the ECM and enhances the expression of stemness markers such as SOX2, NANOG, MDR1 

in breast and ovarian cancer. Linear orientation and distribution of collagen fiber in TME 

facilitated migration and metastasis of CSCs. Tumor ECM is much stiffer than the normal ECM 

due to overexpression of ECM components and ECM-modifying enzymes. ECM stiffness 

regulates CSC's self-renewal and differentiation properties and also mediates the 

mechanotransduction signaling pathway to increase the stemness features (Nallanthighal et al., 

2019). 

 

 3.A. Epithelial-mesenchymal transition (EMT):  

EMT is a multifaceted process through which epithelial cells are converted into the 

mesenchymal type and these phenomena occur in three biological processes as; a) during 

embryonic development, b) adult tissue regeneration and c) cancer progression. Epithelial cells 

have apical-basal polarity and the adjacent cells are connected through gap junction, tight 

junction, and desmosomes whereas mesenchymal cells lose their connection between adjacent 

cells and they separated by extracellular matrix (Ribatti et al., 2020). 

 3.B. Transcription factors involved in EMT: 

EMT is occurred by some EMT-activating transcription factors (EMT-TF) such as Snail, Twist, and 

Zeb. These EMT-TFs regulate all the steps of cancer progression. These transcription factors 

repress the expression of the epithelial marker, E-cadherin, and promote mesenchymal 

phenotype. 

The TFs included in the SNAIL family are Snail1, Snail2 (also known as Slug), and Snail3 which 

are transcriptional repressors. Snail1, Snail2 binds to the E-cadherin promoter and 

downregulates its activity. TGFβ regulates Snail expression in embryonic development and 

cancer progression. The functionality and localization of Snail1 are regulated by its 

phosphorylation. Glycogen Synthase Kinase-3 (GSK3) phosphorylates Snail and promotes its 

3. EMT and metastasis in cancer: 
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export from the nucleus and degradation. Therefore, GSK3 represses EMT processes in multiple 

cancer cells. In contrast, phosphorylation of Snail1 by  p21-activated kinase (PAK1) induces 

nuclear import and activates EMT (Georgakopoulos-Soares et al., 2020). 

TWIST family included Twist1 and Twist2 which act as both transcriptional activators and 

repressors. They directly regulate cancer invasion by repressing E-cadherin expression whereas 

simultaneously they enhance the expression of mesenchymal markers such as Fibronectin, N-

cadherin, Vimentin. The Twist is also involved in the regulation of stemness features in cancer. 

Akt and MAPK can phosphorylate Twist to promote cancer invasion. On contrary, 

phosphorylation by IKKβ induces degradation of Twist. 

ZEB family is comprised of Zeb1 and Zeb2 which are regulated by various signaling molecules. 

TGFβ and wnt-β-catenin pathways regulate Zeb1 expression. Additionally, Snail and Twist also 

regulate their expression. Post-transcriptional modification such as phosphorylation and 

sumoylation modulates the function of Zeb  (Fig 6) (Georgakopoulos-Soares et al., 2020). 

 3. C. The biomarkers OF EMT in cancer: 

Cell Surface markers of EMT:  

Switching between cadherin i.e 

from E-cadherin to N-cadherin 

promotes EMT. Epithelial cells 

express E-cadherin and therefore 

loss of E-cadherin is a feature of 

mesenchymal cells. Integrin 

signaling promotes EMT and 

various integrin molecules are 

present both in epithelial and 

mesenchymal cells. Therefore, 

integrin is a general marker for 

EMT. Another EMT marker that 

expressed EMT-associated ECM 

alteration is DDR2 (discoidin 

domain receptor tyrosine kinase 2) 

(Fig. 6) (Morandi et al., 2017). 

Cytoskeletal marker of EMT: 

One of the members of the Ca2+-binding S100 proteins family, FSP1 is one of the cytoskeletal 

makers for EMT. Intermediate filament protein, Vimentin is another EMT marker and its 

Figure 6: Characteristics of EMT in cancer 
Morandi et al., 2017 
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expression enhances cancer progression. α-SMA (α-Smooth muscle actin) is observed in EMT in 

the breast cancer cell. Localization of β-catenin depicts functional activity. In a normal cell or 

non-invasive tumor cell, β-catenin is localized in the cell membrane, however, during EMT  

progression it is either localized in cytosol or nucleus (Fig. 6) (Georgakopoulos-Soares et al., 

2020). 

Extracellular matrix protein (ECM) in EMT:  

Fibronectin, Collagen 1 and 3, Laminin 5 are ECM proteins involved in EMT progression. 

 

 3.D. EMT and metastasis:  

In the metastasis process, cancer cells migrate from their site of origin to the secondary sites 

through the bloodstream and lymphatic nodes. EMT is an initial step for migration where the 

mesenchymal cells acquire the features for mobility. Metastasis is a complex process with the 

involvement of 5 steps.  

Step 1: Invasion where the cancers cells migrate to the surrounding stroma from the initial site.                          

Step 2: Intravasation where the cancer cells cross the wall of the vessels and enter into the 

circulatory system. 

Step 3: Survival of the cancer cells in the circulatory system. 

Step 4: Extravasation where the cancer cells exit from the blood vessels and enter into the 

secondary organ. 

Figure 7: Steps of metastasis in cancer 
Valastyan and Weinberg, 2011 
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Step 5:  After colonization, the cancer cells develop tumors at the secondary site (Valastyan and 

Weinberg, 2011)  (Fig. 7). 

                                                                                                                                                                                             

TGFβ is a polypeptide secreted by tumor cells and stromal cells, act as a signaling molecule in 

normal and malignant cells. It plays a dual role in cancer progression and in regulating 

stemness. TGFβ is a ligand for TGFβ type I and type II receptors, and activates downstream 

signaling pathways. 

 4. A. Canonical SMAD dependent TGFβ signaling pathway: 

TGFβ is produced as a big latent TGFβ complex, comprised of latency-associated peptides and a 

latent TGF binding protein. Upon activation, they bind to the heterodimeric complex of type I 

and type II receptors. 

 

Then Type II receptor trans-phosphorylate Type I receptor through its cytoplasmic Ser/Thr 

kinase activity and this signal are propagated through recruitment of TGFβ receptor-specific 

SMAD (SMAD2 and SMAD3). This heteromeric complex interacts with co-SMAD (SMAD4) and 

they translocate to the nucleus. This complex is associated with DNA- interacting transcription 

factor to regulate then downstream events, depending upon the type of this transcription 

Figure 8: Canonical and non-canonical SMAD dependent TGFβ signaling 
Akhurst & Hata, 2012 

4. TGFβ signaling in cancer 
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factor. Additionally, SMAD2 regulates miRNA processing in the nucleus (Fig. 8) (Akhurst and 

Hata, 2012).  

 4.B. Non-canonical TGFβ signaling pathway: 

TGFβ receptor complex can propagate the signaling through the activity of various signaling 

molecules, other than SMAD. These signaling molecules include p38 Mitogen-activated protein 

kinases (p38MAPK), Extracellular signal-regulated kinase (ERK), Phosphoinositide 3-kinase 

(PI3K)–AKT,  TNF receptor-associated factor 4 (TRAF4), TRAF6, TGFβ-activated kinase 1 (TAK1), 

and nuclear factor-κβ (NF-κβ). TGFβ signaling can be modulated by other signaling pathways 

such as Hedgehog, Wnt, interferon (IFN), Notch, tumor necrosis factor (TNF), and RAS pathways 

(Fig. 8)  (Akhurst and Hata, 2012). 

 4.C. Role of TGFβ-SMAD complex in tumor suppression and inhibiting stemness: 

In normal and premalignant epithelial cells, TGFβ attenuates cell proliferation, cell cycle and 

promotes apoptosis by upregulating the expression of cyclin-dependent kinase (CDK) inhibitors 

(1A 2B), apoptosis inducer death-

associated protein kinase (DAPK). 

In addition, it suppresses one of the 

key transcriptional activators c-Myc 

to inhibit tumor progression. 

Cancer cells avoid this pathway by 

inactivation of the major 

component of TGFβ signaling. 

However, various cancer types 

have activated the TGFβ signaling 

pathway which does not confer 

tumor-suppressive effect, rather it 

drives the non-canonical oncogenic 

signaling (Yeh et al., 2019a, 2019b).  

TGFβ represses breast cancer progression through two independent pathways: (i) by 

downregulating the early progenitor or CSC pool, (ii) inducing differentiation of committed cells 

or facilitating the transformation of highly proliferative to less proliferative and differentiated 

form. Therefore, CSCs have lost their self-renewal potential and reduced their population in 

breast cancer. By negative regulation of ABCG2, TGFβ reduces CSCs population in gastric cancer 

also (Fig. 9) (Bellomo et al., 2016).  

D. Positive regulation of TGFβ in stemness and metastasis in cancer: 

Figure 9: Negative regulation of TGFβ in cancer progression 

Yeh et al., 2019a 
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In glioblastoma, the autocrine signaling of TGFβ acts on SOX4 and thereby enhances the 

expression of stemness marker SOX2 and OCT4. It also induces self-renewal of glioma initiating 

cells via SMAD-dependent signaling of leukemia inhibitory factor (LIF) to activate the LIF-Janus 

kinase-STAT pathway (Bellomo et al., 2016). In hepatocellular carcinoma (HCC), SMAD- 

dependent transcriptional regulation promotes demethylation of CD133 promoter and thereby 

enhances tumorigenic potential of CD133+ population. In ovarian cancer (OC), TGFβ promotes 

stemness and chemoresistance by enhancing the expression of ZEB1 (Mitra et al., 2018). In non-

small lung cancer, TGFβ treatment promotes EMT and stemness through methylation of CD87 

and Slug promoter region (Kim et al., 2020). It also promotes epirubicin drug resistance through 

regulating EMT, stemness, and apoptosis in triple-negative breast cancer (TNBC) (Xu et al., 

2018).  

 

 5. A. About PITX2:  

PITX2 is a bicoid-like homeodomain transcription factor that regulates the proliferation of cells 

in a tissue-dependent manner and play important role in the development of the embryo. This 

gene is localized in chromosome 4 and it contains 6 exons that encode isoforms by alternative 

splicing. There are four 

isoforms:  PITX2A, PITX2B, 

PITX2C, and PITX2D. Three 

new isoforms have been 

identified i.e PITX2E, PITX2F, 

and PITX2G, which have 2 

new exons upstream of 

known PITX2 exons. These 

isoforms contain identical C-

terminal parts and 

homeodomain but they have 

different N-terminal 

domains (Fig. 10) (Bosenko 

and Semina, 2005; Muncke 

et al., 2005).  

 5. B. Developmental role of PITX2: 

PITX2 plays a great role in left-right asymmetry in embryonic development. It acts as a mediator 

between asymmetric organ morphogenesis and the left lateral plate mesoderm (l-LPM) 

formation (Schweickert et al., 2000). It involves asymmetrical development of the tooth, eye, 

Muncke et al., 2005 

Figure 10: Different splicing isoforms of PITX2 gene 

5. PITX2 (Pituitary homeobox 2) 
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and abdominal organs such as the gut, stomach, spleen, and heart also (Essner et al., 2000). It 

also has a role in limb myogenesis. It acts as an intermediate between Pax3 and MyoD gene and 

binds to MyoD enhancers for enact limb myogenesis  (Honoré et al., 2010).  PITX2 also binds 

the enhancer of cVg1, which is TGFβ like a signal for polarity development in twins (Weeks and 

Melton, 1987). PITX2 has also a role in gonad development in a sexually dimorphic manner 

(Nandi et al., 2011). 

 5.C. Role of PITX2 in cancer: 

PITX2 orchestrates Wnt/ β-catenin pathway and TGFβ signaling to enhance cell proliferation 

and migration respectively in OC (Basu and Roy, 2013; Basu et al., 2015). It also enhances 

cancer progression through Wnt/ β-catenin pathway in lung adenocarcinoma (Luo et al., 2019). 

Wnt/Dvl/CTNNB1 and Hedgehog/TGFβ pathways regulate the progression in colorectal cancer 

(Hirose et al., 2011).  It is also enhanced in thyroid cancer and promotes cell proliferation 

(Huang and Zhu, 2008). PITX2 DNA methylation is a prognostic marker for breast cancer 

progression (Aubele et al., 2017). Hypermethylation of the PITX2 promoter decreased its 

expression and was associated with a poor prognosis in prostate cancer (Vinarskaja et al., 

2013). In renal cancer cells, PITX2 promotes doxorubicin resistance through transcriptional 

activation of ABCB1 (Lee and Chakraborty, 2013). IFNα signaling promotes PITX2 expression 

through which it induces resistance to letrozole in the breast cancer cell (Xu et al., 2019). In 

esophageal squamous cell carcinoma, miR-644a suppressed PITX2  expression by binding to its 

promoter, and downregulation of this miRNA promotes stem-like features through enhancing 

PITX2-Wnt/β-catenin pathway (Zhang et al., 2017).  Paired-related homeobox transcription 

factor 1 (PRRX1) downregulates PITX2-miR-200a and PITX2-miR-200b/429 and deficiency of 

PRRX1 promotes EMT through PITX2 mediated pathway in HCC (Chen et al., 2021). Through 

Wnt/β-catenin pathway, PITX2 promotes chemoresistance in the colorectal cancer cell. In 

addition, it regulates the expression of ABC drug transporters in colon and kidney cancer cells 

(Lee and Thévenod, 2019). 

 

 

Cancer cells alter their metabolic pathway depending upon the environmental condition, the 

requirement of energy, survival strategy to support their proliferation and growth. During the 

progression of cancer, metabolic reprogramming occurs by the interaction of internal and 

external factors (Brandon Faubert, Ashley Solmonson, 2020). Therefore, metabolic 

reprogramming or alteration is an emerging hallmark of cancer cells (Fig. 11) (Hanahan and 

Weinberg, 2011).   

6. Metabolic reprogramming in cancer 
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6.A. Altered glucose metabolism in cancer: 

In contrast to normal cells, cancer cells utilize glucose very rapidly to produce energy through 

glycolysis. The pyruvate produced in this pathway synthesizes lactate in aerobic conditions , 

which is known as the Warburg effect. Glucose metabolism is regulated both positively and 

negatively at three rate-limiting steps in cancer. Hexokinase (HK1, HK2) is the first rate-limiting 

enzyme that produces glucose-6-phosphate (G6P). HK2 binds to mitochondria through a 

voltage-dependent anion channel (VDAC). G6P allosterically inhibits HK2 and causes its 

dissociation from mitochondria. 

In proliferating cancer cells, this inhibition is not abundant as G6P is rapidly converted into 

glucose-1, 6-bisphosphate. Oncogenic KRAS, oncogenic BRAF, hypoxia-inducible factor (HIF1α), 

Akt are enhances the 

expression and 

translocation of glucose 

transporters in the 

membrane and therefore 

glucose uptake is enhanced 

in cancer cells. HK2 

expression and activity are 

increased by oncogene 

Myc, HIF1α, and Akt. 

Phosphorylation by Akt 

induces its association with 

mitochondria and 

intracellular activity. 

 

The second committed step, phosphofructokinase (PFK1) converts fructose-6-phosphate (F6P) 

to fructose-1, 6- bisphosphate (F-1,6-BP). This enzyme is allosterically activated by fructose-2, 6-

bisphosphate (F-2,6-BP) which is produced by 6-phosphofructo 2-kinase/fructose-2, 6-

bisphosphatase (PFK2/F2,6-BPase or PFKFB). Various downstream products of glycolysis such as 

lactate, PEP, citrate, palmitoyl Co-A, and ATP can inhibit PFK1. HIF1α regulate PFKFB3 which is 

enhanced in cancer cells in normoxic condition. Akt also phosphorylates and activates PFKFB3 

followed by upregulation of PFK. Under the oxidative stressed condition, the activity of PFK is 

inhibited to divert them in the pentose phosphate pathway (PPP) which synthesizes NADPH and 

regulates redox homeostasis. Excess palmitoyl-CoA and citrate attenuated PFK and therefore 

flow back F6P to the PPP and produce NADPH for lipogenesis. Therefore, high PFK activity is not 

Figure 11: The emerging hallmarks of cancer 

Hanahan and Weinberg et al, 2000 
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essential for cancer cells. Glycosylation at Ser 529 is also inhibited PFK activity by F-2,6-BP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The third committed step of glycolysis was driven by pyruvate kinase 2 (PKM2) which was 

positively regulated by F-1,6-BP, and serine. A high level of these metabolites drives the 

glycolytic pathway in the forward direction and synthesizes ATP. Independently 

phosphorylation and oxidation of PKM2 at tyrosine 105 and cysteine 358 respectively inhibit its 

activity and thereby channelize substrate to the serine biosynthesis pathway and one-carbon 

Figure 12: Regulation of glucose metabolism in cancer 

Hay , 2016 
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metabolism pathway. In addition, enhances the flow of metabolites towards oxidative PPP and 

maintains the redox balance. 

HIF1α and MYC regulate the expression of LDHA, MCT1 and therefore enhance lactate synthesis 

and its transport from the cancer cell. Tumor suppressor p53 also regulate the expression of a 

glycolysis and apoptosis regulator, TIGAR, which binds to HK2 and enhances its activity under 

hypoxic condition. Gain of function mutation of p53 enhances GLUT1 translocation to the 

membrane (Hay, 2016) (Fig. 12). 

6.B. Alteration in  glutamine metabolism in cancer: 

Among the non-essential amino acids, glutamine is most predominant in human blood. Its 

average concentration ranges from 0.4mM to 0.7mM under normal physiologic conditions 

(Bhutia and Ganapathy, 2016). As it is a non-essential amino acid, the body can synthesize 

glutamine as per its glutamine is taken up by the liver and the liver can itself synthesize it, 

although the liver has more regulatory capability than synthesis glutamine (John, 2003). 

Although glutamine is synthesized endogenously, some of the cells required it to meet their 

normal demand. The most willing accepter of glutamine are intestinal epithelial cells, tubular 

epithelial cells in the kidney, activated immune cells, and proliferating cancer cells (John, 2003; 

Newsholme, 2001; Newsholme et al., 2003; Wise and Thompson, 2010). Therefore, glutamine is 

important to drive to the TCA cycle and produce substrate to synthesize nucleotides, fatty 

acids, and hexosamine (Pavlova and Thompson, 2016).   

 Transport of glutamine in cancer cells: 

a) Cytosolic transport of glutamine in cancer: As glutamine is a neutral charge, polar amino 

acid, it cannot cross the plasma membrane of the cell directly. Therefore, it is transported into 

the cell via various transporters. The most abundant and well-studied glutamine transporter in 

the cancer cell is ASCT2/SLC1A5. Apart from ASCT2, other transporters such as LAT1, ATB0,+, 

SNAT and xCT are responsible for glutamine transport in the cancer cell (Fig. 13).  

b) Mitochondrial transport of glutamine in cancer: Mitochondrial glutamine transport is an 

area that is still under darkness. Recently it is investigated that a novel variant of SLC1A5 has an 

N-terminal mitochondrial localization signal used to transport cytosolic glutamine to 

mitochondria. Hypoxia induces the localization of the SLC1A5 variant to mitochondria by HIF2α 

(Yoo et al., 2020). Some reports also suggested that another transporter GLAST (Glutamate 

aspartate transporter), widely present in the neuronal cell, has transport glutamate in 

mitochondria (Magi et al., 2019). According to the protein atlas database, GLAST is absent in 

normal ovarian cells but it is low expressive in the ovarian cancer cell 

(Https://www.proteinatlas.org/ENSG00000079215-SLC1A3/pathology). SLC25 may have a role 
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in transporting glutamine into mitochondria, though it is not well established yet (Matés et al., 

2020). 

 

 (ii) Glutamine metabolism or glutaminolysis: 

The crucial role of glutamine is to fuel the TCA cycle and produce ATP. In the canonical 

pathway, Glutamine is metabolized into glutamate by glutaminase (GLS). Glutaminase is 

produced from two types of genes: (1) GLS1 or kidney type glutaminase which is expressed 

ubiquitously, (2) GLS2 or liver type glutaminase which is specifically localized to the liver. 

Alternative splicing of GLS1 produced two isoforms: one is full isoform (GLS1) and a truncated 

form known as glutaminase C (GAC). GLS2 transcript produced from the GLS2 gene. Therefore, 

three types of GLSs such as GLS1, GLS2, and GAC have been identified and all of them are 

localized to the mitochondria. GLS1 and GAC are overexpressed in various cancer and they have 

a great role to promote glutamine addiction in cancer cells whereas GLS2 acts as a tumor 

suppressor in some contexts. Recently some reports indicate that GLS2 is pro-tumorigenic and 

it is upregulated in breast cancer (Altman et al., 2016). 

Three types of enzymes can catalyze the conversion of glutamate to a-KG: (1) glutamate 

dehydrogenases (GDH), (2) glutamate pyruvate transaminases (GPTs), and (3) glutamate 

oxaloacetate transaminases (GOTs). GDH produces a-KG and ammonia from glutamate. GPT has 

Tra-Ly Nguyen et al, 2018 

Figure 13: Transport and utilization of glutamine in various metabolic pathways in cancer cell 
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two isoforms, one is cytosolic (GPT1) and another is mitochondrial (GPT2) which produces a-KG 

and alanine. Glutamate oxaloacetate transaminases (GOTs), or aspartate aminotransferase 

(ASP) also has two isoforms: GOT1 (Cytoplasmic isoform) and GOT2 (mitochondrial isoform). It 

also produces α-KG and aspartate (Altman et al., 2016). 

α-KG is a substrate for the TCA cycle and therefore glutamine act as an anaplerotic substrate to 

fuel TCA Cycle. Five carbon of glutamine enter into the TCA cycle as α-KG and it releases from 

the cycle as malate which has four carbon. Therefore, the conversion of α-KG to malate 

produces one CO2, ATP, NADH, and FADH2 also. 

 (iii) Glutamine and redox homeostasis: 

 

ROS can act as a signaling molecule to induce pro-tumorigenic action at its physiological 

concentration, but at higher concentrations, it can damage the cellular machinery and promote 

apoptosis. Mitochondrial ROS can produce from electron leaking in the ETC chain. 

Enhancement of glutamine oxidation produces more ROS. Glutamine can scavenge intracellular 

ROS.  

There are three ways by which glutamine can maintain cellular ROS:  

a) Firstly, glutamine can produce glutathione which is an antioxidant that can neutralize cellular 

ROS and superoxide. It is a tripeptide consisting of glycine-glutamate-cysteine. Glutathione is 

Figure 14: Role of glutamine to maintain redox balance                                                               

Vučetić et al., 2017 
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synthesized by two steps reaction: In the first step glutamate and cystine are condensed by 

glutamate-cysteine ligase (GCL) and in the second step glycine is added by glutathione 

synthetase (GSS), producing tripeptide glutathione.  

b) Secondly, glutamine-derived glutamate regulates the uptake of cysteine coupled with 

glutamate efflux through xCT. xCT functioned to maintain the cellular ROS by transferring 

cysteine to glutathione synthesis. 

c) Thirdly, glutamine-derived NADPH is involved to maintain cellular redox homeostasis. 

Reducing the form of NADPH is involved not only in fatty acid and nucleotide biosynthesis but 

also to oxidize the reduced form of glutathione (GSSG) and thioredoxin. Therefore, the oxidized 

form of GSH and thioredoxin can again scavenge cellular ROS (Fig. 14) (Vučetić et al., 2017). 

 

 (iv) Regulation of glutamine metabolism in cancer cells: 

c-Myc: Myc is the third most prevalent oncogene overexpressed in cancer.  Oncogenic signaling 

pathways such as mTORC1 activates Myc and Myc-transformed cells become glutamine 

dependent by upregulation of glutamine transporter and induce expression of GLS1, GDH, and 

aminotransferase. It also has a role in the production of an oncometabolite, 2-hydroxyglutarate, 

and also synthesizes glutathione in hypoxia conditions. This oncogene enhanced the expression 

of pyrroline5-carboxylate reductase 1 (PYCR1) and pyrroline-5-carboxylate synthetase 

(ALDH18A1)  to drive proline production from glutamine and therefore glu-pro axis confers 

prognosis in luminal breast cancers (Fig. 15)  (Craze et al., 2018).  

KRAS: In Pancreatic ductal adenocarcinoma (PDAC),  upon knockdown of KRAS, the protein and 

gene expression of GDH increase with the reduction of GOT1 which suggests that KRAS is an 

important player for coordinating non-canonical glutamine metabolism to sustain cell growth 

and proliferation (Son et al., 2013). KRAS is responsible for decoupling between glucose and 

glutamine metabolism which in turn leads to channel carbon and nitrogen from glutamine to 

other building blocks of the cell (Gaglio et al., 2011). KRAS mutation and oxidative stress 

blocked this malate dehydrogenase 1 (MDH1) methylation and promote proliferation in 

pancreatic cancer (Fig. 15)  (Wang et al., 2016). 

Hypoxia: In the oxidative cancer cell, glutamine uptake is promoted through lactate signaling 

(Pérez-Escuredo et al., 2016). Along with two glutamine transporter such as SLC7A5 (LAT1) and 

SLC1A1, hypoxia upregulated the expression of SLC38A2 (SNAT2) in a broad range of breast 

cancer cell lines. SNAT2 is induced by ERα but predominantly HIF1α is responsible for its 

induction and its regulation generates endocrine resistance in breast cancer (Morotti et al., 

2019). HIF1α directly regulates GLS1 and thus promotes tumor proliferation, invasion, and 

metastatic colonization in colorectal cancer (Xiang et al., 2019). 
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mTORC1:  Amino acid availability activates mTORC1 and thereby it regulates the biosynthetic 

pathway for the synthesis of amino acid, fatty acid in the proliferating cell and suppresses the 

degradative pathway like autophagy. Arginine and leucine can together activate mTORC1 via 

RAS-related GTPase (RAG) complex on the lysosome. Glutamine can regulate mTORC1 through 

exchange with leucine via LAT1. Lysosomal Transporter SNAT9 which transports glutamine, 

arginine, leucine can also regulate RAG-dependent mTORC1 activation. Glutamine also 

promotes RAG independent mTORC1 lysosomal localization through ADP-ribosylation factor 1 

(ARF1). Glutamine-derived α-KG may also regulate RAGb activity and mTORC1 Activation. 

Following these pathways, mTORC1 can be activated and regulate the downstream effector 

molecules (Fig. 15) (Altman et al., 2016).   

 

 (v) Role of glutamine metabolism in cancer invasion, metastasis, and progression:  

Glutamine is signaled through mTORC1 which in turn regulates the growth of advanced 

estrogen receptor-positive breast cancer cells in glutamine dependent manner (Demas et al., 

2019). In ovarian cancer (OC), glutamine-dependent mtORC1 regulates cell invasion and 

metastasis (Yuan et al., 2015). The glutamate produced in the cytosol is transported to the 

microenvironment using xCT transporter and thereby it binds to the GRM3 receptor which in 

turn facilitates GRM3 driven MT1-MMP trafficking to promote invasiveness in breast cancer 

Figure 15: Regulator of glutamine metabolism in cancer 

Yimin Shen et al, 2021 
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(Dornier et al., 2017). Glutamine deprivation-induced p53 activation which in turn activates p53 

dependent genes. SLC7A3 is an arginine transporter that is induced by p53. Arginine itself 

cannot maintain all the metabolic pathways in the absence of glutamine. However, it can 

activate mTORC1 which regulates cell growth in the absence of glutamine (Lowman et al., 

2019). Various growth factors also regulate glutamine metabolism and promote EMT. TGFβ and 

Wnt can regulate GLS1 expression by regulating a transcription factor DLX2. 

DLX2/GLS1/Glutamine metabolism axis promotes EMT by suppressing the expression of p53 

dependent miRNA (Lee et al., 2016). 

In the absence of glutamine,  exogenous asparagine can also rescue cell survival and 

proliferation by facilitating the expression of glutamine synthetase (GLUL) and maintaining 

protein synthesis (Pavlova et al., 2018). In glutamine-deprived conditions, sarcoma cells are 

adapted to upregulate the expression of glutamine synthetase (GLUL). Therefore GLUL 

maintains the intracellular level of glutamine and thereby they can proliferate (Issaq et al., 

2019).  

Immature myeloid cells (IMC) are generated from hematopoietic stem cells (HPC). This IMC is 

the major contributor to the TME of a solid tumor with high immunosuppressive capacity. 

Differentiated IMC has high glycolytic capacity but they depend upon glutaminolysis in absence 

of glucose. Through the binding of glutamate to glutamate receptor NMDR, T cells are activated 

and proliferated. Therefore, glutamine derived α-KG and glutamate-NMDA receptor axis is 

responsible for the final activation of activated immunosuppressive IMC  in the tumor 

microenvironment (Wu et al., 2019). 

In a highly invasive OC cell, glutamine catabolism is higher compared to their anabolism. 

Therefore, highly aggressive cells are glutamine dependent and they utilize it for their 

proliferation, invasion, and maintaining redox balance. Signal transducer and activator of 

transcription 3 (STAT3) is a cytoplasmic transcription factor that promotes malignant 

transformation and chemoresistance of cancer cells in response to various growth factors and 

cytokines. Glutamine promotes tyrosine 705 phosphorylation on STAT3 in invasive OC which 

regulates its invasiveness by regulating the gene related to invasions such as THBS1, 

SERPINE1/2, COL5A1, THBD, and PLAU (Yang et al., 2014). Extracellular glutamine acts as a 

signaling molecule to activate STAT3 (phosphorylation on Y705) in cervical and breast cancer 

and promote proliferation by maintaining metabolic activities. This glutamine-dependent STAT3 

activation is independent of its metabolism (Cacace et al., 2017).  
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  (vi) Role of glutamine metabolism in promotion of cancer stemness and 

chemoresistance: 

PDAC cells have a non-canonical glutamine metabolism pathway and pancreatic cancer stem 

cells (PCSC) are also dependent on it. Under glutamine-deprived conditions, PCSC lost their 

stemness characteristic, self-renewal capability, and amount of ROS increased which leads to 

apoptosis. These PCSC cells can survive in glutamine-deprived conditions with the addition of 

oxaloacetate but not with the addition of α-KG. Therefore, it suggests that Therapeutic 

targeting of non-canonical glutamine metabolism pathway can enhance the radiosensitivity of 

PCSC (Li et al., 2015). ROS can act as a signaling molecule to phosphorylate β-catenin and 

thereby diminish β-catenin activity and stemness character. Therefore, it can regulate stemness 

in glutamine-dependent non-small lung carcinoma and pancreatic cancer cell (Liao et al., 2017).  

High expression of GLS1 is correlated with the stemness property of hepatocellular carcinoma 

(HCC). GLS1 can regulate the redox balance by producing glutathione. Thioredoxin-related 

protein, nucleoredoxin also inhibits the Wnt/β-catenin pathway in response to ROS. ROS 

inhibits the expression of both β-catenin and stemness marker and therefore, GLS1 regulates 

stemness property through ROS/Wnt/β-catenin pathway and thereby targeting GLS1 Can 

eradicate the stem population in HCC (Li et al., 2019). GLS1 also regulates aldehyde 

dehydrogenase (ALDH) expression in head and neck cancer and glutaminolysis-ALDH axis 

promotes the generation of cell population with high stemness phenotype (Kamarajan et al., 

2017).  

Glutamic pyruvate transaminase (GPT) is a cytosolic biomarker that maintains glutamine 

homeostasis within the cell. This enzyme drives the reversible transamination reaction between 

alanine and a-KG to synthesize glutamate and pyruvate. It is reported that GPT2 is 

overexpressed in breast cancer which in turn reduces α-KG level. In contrast, GPT2 

overexpression leads to enhance the amount of α-KG in cancer-associated fibroblasts (CAF). 

Highly proliferating cancer cells consume α- KG rapidly for anabolic pathway but CAF might not 

need for its anabolic process. The high amount of α-KG can stabilize HIF1α which in turn 

activates the sonic hedgehog signaling pathway leads to stemness. Therefore, GPT2 can be a 

potential target for breast cancer treatment (Cao et al., 2017).  

Again in cholangiocarcinoma, cisplatin treatment in hypoxic conditions drives the cell towards 

chemoresistance through upregulation of c-Myc. However, in the core of the tumor where the 

cells are both nutrient and oxygen-deprived, they can rescue the cells from cisplatin resistance. 

We can conclude that the chemoresistance generated through hypoxia can be counteracted by 

glutamine deficiency (Wappler et al., 2020). Platinum-resistant OC cells show higher 

dependency on glutamine through enhanced expression of glutamine transporter (ASCT2) and 
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glutaminase. Here, also cisplatin treatment increases glutamine metabolism which in turn 

upregulates c-Myc and thereby the cells become resistant to cisplatin (Hudson et al., 2016).  

Glutamine deprivation stimulates Wnt signaling in APC-mutant intestinal organoids derived 

from colorectal cancer through decreasing α-ketoglutarate levels and promoting stemness.  

Supplementation of α-ketoglutarate induces hypomethylation of DNA and histone H3K4me3 

which enhances the expression of differentiation-associated genes and reduces the Wnt 

signaling pathway respectively (Tran et al., 2020). Similarly patient-derived V600EBRAF melanoma 

cells, low glutamine concentration promotes hypermethylation on H3K27 which leads to 

stimulating dedifferentiation of cancer cells. In the intratumoral core region, glutamine 

deficiency creates a low α-ketoglutarate level which is utilized by Jumonji domain-containing 

(JmjC) histone demethylase (HDMs) for their activity. Therefore, glutamine deprivation 

promotes cell dedifferentiation and chemoresistance through attenuated histone 

demethylation (Pan et al., 2016).  

Myeloid-derived suppressor cells (MDSC) promote cancer stemness by inducing the expression 

of miRNA101 in OC. CtBP2 is a co-repressor that has a miRNA101 binding site at its 3'UTR. 

Therefore, suppression of CtBP2 via miRNA101 leads to enhancing the expression of stem 

markers such as SOX2, OCT4, NANOG due to their incapability of CtBP2 to bind to their 

promoter and thereby enhances stemness in OC by MDSC (Cui et al., 2013). Therefore, it can be 

suggested that glutamine availability can promote cancer stem cells via the interaction between 

tumor microenvironment, immunosuppressive IMCs, and cancer cells. 

 

 

Mitochondria are known as the "powerhouse" of the cell as they produce ATP through the 

electron transport chain (ETC). It is a major player regulating cell proliferation, redox balance, 

apoptosis, calcium ion storage, immunity, and inflammation. Due to their highly dynamic 

nature, they undergo fission and fusion rapidly under a metabolic or extracellular stressed 

condition, which drives cancer progression.  

 7. A. Mitochondrial Fission proteins: 

The mitochondrial outer membrane is fragmented by dynamin-related protein 1 (DRP1). The 

site of mitochondrial fragmentation is guided by the endoplasmic reticulum (ER). This ER-

contact site is marked by replicating mtDNA. Several outer membrane protein receptors such as 

Mff, Fis1, Mid49, and Mid51 are involved in the binding of DRP1 and they assemble as an 

oligomeric complex. Oligomeric DRP1 accumulates at the ER marked site and there is a constant 

equilibrium is maintained between cytosol and mitochondria. Constriction of the outer and 

7. Mitochondrial dynamics in cancer 



                                                                                            Review of Literature 
 

24 | P a g e  
 

inner membrane is driven by the GTP hydrolysis of DRP1. Mitochondrial constriction is 

facilitated by actin nucleation and polymerization which is regulated by ER-bound INF2 and 

mitochondrial Spire1C. Post-translational modification such as phosphorylation, sumoylation, 

ubiquitination, S-Nitrosylation, and O-Gluc-N-Acylation regulates DRP1 activity and 

mitochondrial fission. Phosphorylation of DRP1 occurs at 3 major sites: — Ser616, Ser637, and 

Ser693. DRP1 Phosphorylation at Ser616 promotes mitochondrial fission, however, 

phosphorylation Ser637 and Ser693 induce the opposite effect.  Additionally, phosphorylation 

of DRP1 receptor, Mff increased binding of DRP1 and mitochondrial fission. Sumoylation of 

DRP1 occurs at the non-consensus sequence of the B-domain. This sumoylation facilitates the 

signaling crosstalk between mitochondria and ER to induce apoptosis. E3 ubiquitin ligase 

MARCH5/MITOL and parkin are 

involved in the ubiquitination of 

DRP1 and these ubiquitin ligases also 

promote proteasomal degradation of 

Mid49 (Maycotte et al., 2017; 

Tilokani et al., 2018). 

In absence of DRP1, FIS1 regulates 

mitochondrial fission. It regulates 

fission by binding to the fusion 

machinery such as Mfn1, Mfn2, 

Opa1 and inhibiting their GTPase 

activity. 

Other proteins involved in 

mitochondrial fission are ganglioside-

induced differentiation-associated 

protein 1 (GDAP1) and SLC25A46 

(Fig. 16) (Ma et al., 2020). 

 

 

 7. B. Mitochondrial Fusion proteins: 

The fusion proteins involved in the outer mitochondrial membrane and inner mitochondrial 

membrane are Mitofusin (MFN1 and MFN2) and optic atrophy protein 1 (OPA1) respectively. 

Mitochondrial fusion occurred in three steps: the mitochondria are anchored in transposition 

and the membrane is in close contact. Due to the GTP hydrolysis, the conformation changes 

occur which in turn regulates the fusion of two outer mitochondrial membranes.  

Figure 16: Mechanism of mitochondrial fission 

Tilokani et al., 2018 
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MFNs are transmembrane proteins in OMM. These transmembrane domains are separated by 

the N-terminal heptad repeat 1 (HR1) domain and C-terminal heptad repeat 2 (HR2) domain. 

During mitochondrial fusion, two mitochondria in anti-parallel position interact through the 

HR2 domain of MFN which leads to the fusion of two mitochondrial membranes via GTP 

hydrolysis. 

After fusion of the OMM, IMM fusion was mediated by another protein OPA1, and one 

component of a phospholipid, cardiolipin. There are two isoforms of OPA: L-OPA and S-OPA, 

however, only L-OPA is sufficient for the fusion of IMM. MFN1 is involved in OPA- dependent 

mitochondrial fusion (Maycotte et al., 2017). 

 7. C. Role of mitochondrial dynamics in cancer: 

i) Apoptosis and autophagy:  

During apoptosis, there is permeabilization of the mitochondrial outer membrane (MOMP) and 

mitochondrial fission is observed 

at this time. At the site of fission, 

DRP1, MFN1, and OPA1 co-

localize during apoptosis, and also 

knock-down of these proteins or 

overexpression of fusion proteins 

leads to decrease apoptosis. 

Mutant OPA1 can form 

oligomeric forms and block 

cytochrome C release and 

apoptosis. Sumoylation of 

mitochondria is necessary for 

cristae remodeling and apoptosis. 

However, mitochondrial fission 

not always leads to apoptosis, 

sometimes MFN1 and MFN2 

regulate apoptosis by interacting 

with Bax and inducing Ca+2 influx. 

Mitochondrial fission proteins such as FIS1 regulate the accumulation of the SNARE Protein 

Syntaxin 17 (STX17) and promotes mitophagy. In addition, DRP1 and OPA1 interact with 

mammalian mitophagy receptor FUNDC1 and are involved in mitophagy (Fig. 17) (Maycotte et 

al., 2017). 

Figure 17: Mitochondrial dynamics and cellular function 

Maycotte et al., 2017 
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ii) Migration: 

Migration is a crucial step for cancer progression and metastasis. Overexpression of DRP1 and 

low expression of MFN1 promotes metastasis in the breast cancer cell.  Inhibition of DRP1 

suppresses the invasive property of glioma cells.  During metastases, mitochondria localize at 

the end of the microtubule and provide energy to the migrating cancer cells. Alteration of 

mitochondrial dynamics in fission/fusion attenuates lymphocyte polarization and migration (Ma 

et al., 2020).  

iii) ROS generation:  

Several reports suggested that overexpression of DRP1 or silencing of MFN1 leads to producing 

a high amount of ROS in various cancer cells. Mutation in MFN1 and MFN2 produces elevated 

ROS and therefore enhanced fission-induced ROS production.  

ROS has a great role in regulating mitochondrial dynamics. It promotes post-translational 

modification of DRP1 which in turn enhances mitochondrial fission. ROS drive various signaling 

pathways such as, PI3K/ Akt, Ras/MAPK/ERK, and NF-κβ pathways which lead to promote 

cancer proliferation, metastasis, and stemness/chemoresistance (Fig. 17)  (Ma et al., 2020). 

iv) Metabolism: 

Mitochondrial dynamics regulate the metabolic alteration in cancer cells. It is reported that 

fusion enhances oxidative phosphorylation. By shifting the metabolism towards oxidative 

phosphorylation, MFN1 promotes metastasis in hepatocellular carcinoma. However, DRP1 

upregulates the expression of mitochondrial pyruvate carrier in prostate cancer and thereby 

enhances oxidative phosphorylation. In addition, nutrient deprivation also facilitates 

mitochondrial dynamics. It is reported that Serine deprivation attenuates colorectal cancer cell 

proliferation through downregulating ceramide metabolism and mitochondrial fusion. In 

glucose starved conditions, reduction in MFN2 promotes breast cancer cell survival (Fig. 17)  

(Ma et al., 2020). 

 

 

 8.A. About Sirtuins:  

Sirtuins are a class of signaling proteins involved in metabolic regulation. They are evolutionarily 

conserved with various functional characteristics and acquire new functions throughout the 

evolution (Vaquero, 2011). Although they have both histone and non-histone protein target, 

some of them have specific histone deacetylase activity whereas few of them has other non-

8. Sirtuin 4 (SIRT4) 
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histone substrates. They belong to the family of class III histone deacetylase and there are 7 

types of SIRTs included in the mammalian SIRT family. 

SIRTs can be classified into three groups depending on their localization in the cell, i.e (1) 

Nuclear Sirtuins: SIRT1, SIRT6, and SIRT7 are mainly localized in the nucleus, (2) Cytoplasmic  

Sirtuins: SIRT2 is cytoplasmic whereas (3) Mitochondrial Sirtuins: SIRT3, SIRT4 and SIRT5   

located in the mitochondria.  Although SIRT can re-localize within the cell to modulate different 

signaling pathways under various conditions (developmental stage, cell cycle phase, metabolic 

status, tissue type, etc.). Moreover, SIRT1, SIRT2, and SIRT7 are located in both the cytoplasm 

and nucleus (Carafa et al., 2019). 

Sirtuins are involved in major cellular pathways (DNA damage repair, metabolism, 

transcriptional regulation, aging) which are involved in cancer progression. SIRT has a dual role 

as a tumor suppressor and tumor promoter (Oncogenes) depending on the (a) expression level 

in tissue, (b) effect on other tumor suppressors or proto-oncogenes, and  (c) effect on the cell 

cycle, cell growth, and cell death (Carafa et al., 2019). 

 8.B. Role of SIRT4 in metabolism: 

SIRT4 is a mitochondrial protein and acts as a linker between mitochondrial metabolism and 

cancer progression. It has several enzymatic activities which are functional in a context-

dependent manner. Like the most sirtuin family protein, SIRT4 has deacetylase activity and it 

inhibits malonyl CoA decarboxylase (MCD). Therefore, SIRT4 deficient mice show the high 

activity of MCD and it leads to deregulated lipid metabolism with tolerance in exercise and diet-

induced obesity (Chen et al., 2019). MTPα is a mitochondrial protein, involved in fatty acid 

oxidation (FAO). SIRT4 deacetylase MTPα and therefore promotes its ubiquitination and 

proteasomal degradation which leads to inhibit FAO and lipid accumulation in non-alcoholic 

fatty liver disease (Tomaselli et al., 2020). It is responsible for maintaining NAD+/ NADH ratio 

within mitochondria. Through its deacetylation activity, SIRT4 regulates leucine metabolism and 

deficiency of SIRT4 leads to deregulated leucine metabolism and increased insulin secretion. 

Another unique enzymatic activity of SIRT4 is lipoylation. Pyruvate dehydrogenase (PDH) 

enzyme act as a bridge between glycolysis and the TCA cycle and SIRT4 removes the lipoyl 

moiety from the PDH subunit and thereby inhibits its function. In this way, SIRT4 is directly 

involved in regulating glycolysis. 

It is known that through its ADP –ribosylation activity, SIRT4 inhibits glutamate dehydrogenase 

(GDH) in pancreatic β cells. Therefore, by inhibiting GDH, ATP production hampers which leads 

to reduce insulin production (Wang et al., 2020). SIRT4 regulates ATP production by deacylation 

of an uncoupler protein ANT2. Therefore, SIRT4  is involved in regulating oxygen consumption 
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and decreases ATP production through ANT2 –dependent manner (Wang et al., 2020). 

 8.C. Role of SIRT4 in regulating mitochondrial dynamics and ROS: 

Being a mitochondrial resident protein, SIRT4 is also involved in the regulation of mitochondrial 

ROS. SIRT3 deacetylates and activates a ROS scavenging enzyme stearoyl Co-A desaturase 

(MnSOD) and thereby maintains mitochondrial ROS. SIRT4 competes with SIRT3 for the binding 

with MnSOD and therefore inhibits SIRT3 dependent MnSOD activation. 

In the obese patient with non-alcoholic fatty liver disease, SIRT4 expression was low which 

leads to enhance fatty acid oxidation in the liver and skeletal muscle. A high rate of fatty acid 

oxidation produces mitochondrial ROS (Han et al., 2019). High expression of SIRT4 promotes 

mtROS production through its enzymatic activity and also reduces mitophagy by reducing the 

expression of Parkin in HEK293. Upon interaction with OPA-1, SIRT4  reduces mitophagy and 

enhances fusion (Han et al., 2019). SIRT4 inhibits DRP1 phosphorylation and interaction with 

Fis1 in lung cancer 

 8.D. SIRT4 and cancer: 

Most of the studies indicated that SIRT4 is a tumor suppressor, however, in some of the cases it 

acts as an oncoprotein. Low gene expression of SIRT4 is observed in colorectal, lung, ovarian, 

endometrial, breast, gastric, prostate, renal, liver, and hematological cancer. Their reduced 

expression is correlated with a poor prognosis of the disease. 

Besides, mTORC1 can regulate glutamine metabolism in a cell-specific manner. SIRT4 is also 

regulated by mTORC1 in response to nutrient uptake and metabolism. A transcriptional co-

repressor, C-terminal binding protein (CtBP) acts as a sensor for intracellular metabolites such 

as glucose and glutamine. CtBP regulates glutaminolysis by increasing GDH activity through 

repression of SIRT4 at the high level of intracellular glucose concentration. In pancreatic β cells, 

SIRT4 represses GDH activity by ADP-ribosylation (Haigis et al., 2006). In glucose starved 

conditions, CtBP cannot dimerize and therefore it is unable to repress SIRT4 through binding to 

its promoter which leads to decreased GDH activity (Wang et al., 2018). loss of CtBP increased 

intracellular acidification and decreased glutamine consumption, in turn, promotes apoptosis in 

breast cancer (Wang et al., 2015). Therefore, CtBP couples between glucose and glutamine 

metabolism in cancer. Activation of mTORC1 leads to degrading CREB2 (cAMP response 

element) which in turn represses SIRT4. Therefore, mTORC1 regulates glutamine metabolism 

and proliferation via SIRT4 (Csibi et al., 2013). 

The cross-talk between SIRT4 and SIRT1 suppresses tumorigenesis in the breast cancer cell.  

SIRT4 suppresses SIRT1 activity by regulating glutamine metabolism. Low SIRT4 enhances high 
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SIRT1 activity and therefore SIRT1 promotes deacetylation of H4K16ac and BRACA1 to promote 

self-renewal properties in breast cancer (Du et al., 2020). 

UHRF1 is known as ubiquitin-like with plant homeodomain and ring finger domains 1, which is 

an upstream regulator of SIRT4. It binds to the SIRT4 promoter and represses its transcription. 

SIRT4 regulates HIF1α and negatively modulates aerobic glycolysis. Therefore, UHRF1 promotes 

aerobic glycolysis by suppressing SIRT4 expression in pancreatic cancer (Hu et al., 2019). 

SIRT4 can regulate the cell cycle, apoptosis, migration, and metastasis. DNA damage can 

increase SIRT4 expression and thereby prevent cell cycle progression. In colorectal cancer, 

SIRT4 has anti-proliferative activity and also inhibits EMT progression. SIRT4 induces 

mitochondrial fission and therefore, inhibits apoptosis and induces cell proliferation in lung 

cancer (Tomaselli et al., 2020). Also in HCC, SIRT4 promotes cell survival by inhibiting apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

INTRODUCTION TO 

THE PRESENT 

WORK 



                                                                    Introduction to the present work 
 

30 | P a g e  
 

Cancer is the second foremost reason for mortality worldwide after heart disease. The major 

trait of cancer is the fast proliferation of atypical cells that develop beyond their usual 

boundaries and migrate to the new destination of the body after EMT. After completion of 

treatment procedures such as surgical removal of the tumor and systemic chemo/radiotherapy, 

a subset of cancer cells gain the ability to efflux the drug often and therefore they become 

chemoresistant. To survive in a stressful environment, they often become quiescent and 

migrate to the other organs to reinitiate malignancy. Therefore, the main complications 

associated with these diseases due to aggressiveness metastasis, and resistance to 

therapeutics. To combat the scenarios, we have focused and shed a light on the molecular 

mechanism behind these problems in this thesis with proper scientific studies, models, and 

experimental strategies. 

Based on the background studies,  we have three objectives which are discussed below: 

Objective 1: 

In the tumor microenvironment (TME), various growth factors promote proliferation, epithelial-

mesenchymal transition (EMT), and metastasis of cancer cells by activating different signaling 

pathways (Witsch et al., 2010). In ovarian cancer cells, TGFβ1 promotes stemness and 

chemoresistance through EMT (Mitra et al., 2018). There are few reports which suggested that 

multiple homeobox transcription factors are also associated with stemness/chemoresistance. 

One of the homeobox transcription factors PITX2 activates the SMAD2/3 dependent TGFβ 

signaling pathway to promote invasion in ovarian cancer (Basu et al., 2015). In addition, PITX2 

promotes chemoresistance by regulating the expression of efflux transporter ABCB1 and ABCG2 

in the colon, kidney cancer (Lee and Thévenod, 2019).   

Therefore, in Chapter 1, our main objective was: To decipher the signaling cross-talk between 

TGFβ and homeobox transcription factor to induce chemoresistance in ovarian cancer cells.  In 

our reports, we firstly wanted to elucidate whether TGFβ1 promotes PITX2 expression and the 

mechanism associated with PITX2-induced stemness/chemoresistance and metabolic alteration 

in ovarian cancer. 

Objective 2: 

Different nutrients and metabolites also have a role in regulating stem-like properties and 

chemoresistance.  Metabolic reprogramming is an emerging hallmark of cancer cells for their 

survival in nutrient or oxygen-depleted conditions. In this condition, glutamine acts a major role 

to drive the TCA cycle and producing energy. Additionally, it involves the synthesis of other 

amino acids, nucleotides, fatty acids, and hexosamine (Pavlova and Thompson, 2016). In breast 
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cancer cells, glutamine deficiency promotes epigenetic alteration to induce the 

dedifferentiation of cells (Pan et al., 2016). Similarly, the Wnt signaling pathway can be 

activated by deficiency of α-ketoglutarate (α-KG) in pancreatic ductal adenocarcinoma. 

Therefore, indirectly glutamine limitation induces stem-like traits (Tran et al., 2020). 

Mitochondrial morphology and its localization changes to adapt in nutrient limiting conditions 

and promote drug resistance (Jagust et al., 2019). Dynamin-related protein 1 (DRP1) is involved 

in mitochondrial fission and mitochondrial fragmentation is associated with the proliferation of 

cancer stem cells in breast epithelium (De Francesco et al., 2018).  

Therefore, in Chapter 2, the objective was: To explore the mechanism by which glutamine 

deprivation promotes stemness and chemoresistance in cancer. We aimed to focus on the role 

of glutamine in promoting stem-like characteristics and followed by chemoresistance in ovarian 

and colorectal cancer. We also tried to link mitochondrial dynamics and localization with 

glutamine deprivation for induction of stemness. 

Objective 3: 

Glutaminolysis is regulated through various factors in cancer. In glutaminolysis, glutamine is 

converted into glutamate by the enzyme glutaminase (GLS) and glutamate dehydrogenase 

(GDH) catalyzes the conversion of glutamate to α-ketoglutarate. SIRT4, the least characterized 

protein in the Sirtuin family, which has ADP ribosyltransferase activity is involved in ribosylation 

of GDH and therefore represses its activity. GDH maintain cellular redox homeostasis in cell and 

thereby SIRT4 is linked with cellular redox balance (Jin et al., 2015). SIRT4 repress cancer 

progression by regulating glutamine metabolism in colorectal and breast cancer (Du et al., 

2020; Miyo et al., 2015). Being a mitochondrial protein SIRT4 is also a negative controller of 

glycolysis. In pancreatic cancer, UHRF1 is an upstream regulator of SIRT4, and it promotes 

proliferation and aerobic glycolysis by repressing SIRT4 (Hu et al., 2019). It also blocks tumor 

progression by inhibiting the ERK-DRP1 pathway and mitochondrial fusion in non-small lung 

cancer (Fu et al., 2017). Considering these background studies, we wanted to focus on the role 

of SIRT4 in ovarian cancer and the associated mechanism linked with cancer progression. 

Therefore, in Chapter 3, our objective was: To investigate the role of glutamine metabolism 

regulatory factor, SIRT4 in the regulation of EMT in ovarian cancer. We want to decipher 

whether glutaminolysis regulates EMT progression in ovarian cancer and how SIRT4 plays role 

in EMT by regulating glutaminolysis. 
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 Cell lines:   Table 1 

Serial 

no. 

Name Make Catalog Number 

1 PA1 ATCC CRL-1572 

2 SKOV3 ATCC HTB-77 

3 HCT-116 ATCC, A kind gift from Dr. Samit Chattopadhyay, CSIR-

IICB 

CCL-247 

4 IOSE-385 A kind gift from from N. Aueresperg and C. Salamanca, 

Vancouver,Canada 

 

5 IOSE-364 A kind gift from N. Aueresperg and C. Salamanca, 

Vancouver,Canada 

 

6 ID8 MERCK  SCC145 

 

 Cell Culture Media and serum:  Table 2 

Serial 

no. 

Name Make Catalog Number 

1 Minimal essential media  α (MEM α) Himedia AL080A 

2 Minimal essential media  α (MEM α) W/O Gln Himedia AL080 

3 RPMI-1640 Himedia  AL199A 

4 RPMI-1640 W/O Gln Himedia  AL060 

5 Dulbecco’s modified Eagle’s medium(DMEM)  Himedia AL066A 

6 Dulbecco’s modified Eagle’s medium(DMEM)  

W/O Gln 

Himedia AL066 

7 Medium- 199  Gibco 11150059 

Materials 
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Serial 

no. 

Name Make Catalog Number 

8 MCDB-105 Sigma-

Aldrich 

M6395 

6 Opti-MEM Gibco 31985070 

7 Fetal bovine Serum (FBS) Gibco 10082139 

 

 Primary Antibodies:  Table 3 

Serial 

no. 

Name Make Catalog Number 

1 PITX2 Santa Cruz  Biotechnology sc-8748 

2 OCT4 Cell signaling Technology (CST) 2750 

3 SOX2 Cell signaling Technology (CST) 3579 

3 ABCG2 Santa Cruz  Biotechnology sc-58222 

4 HK2 Cell signaling Technology (CST) 2867 

5 SDHA Cell signaling Technology (CST) 5839 

6 OXPHOS COMPLEX Abcam ab110411 

7 p-DRP1 (Ser616) Cell signaling Technology (CST) 3455 

8 MFN1 Cell signaling Technology (CST) 14739BC 

9 MFN2 Cell signaling Technology (CST) 9482 

10 NRF2 Invitrogen PA5-27882 

11 xCT /SLC7A11 Cell signaling Technology (CST) 12691 

13 SIRT4 Santa Cruz  Biotechnology sc-135797 

14 VIMENTIN Cell signaling Technology (CST) 5741T 
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Serial 

no. 

Name Make Catalog Number 

15 N-CADHERIN Cell signaling Technology (CST) 13116T 

16 HIF1α Santa Cruz  Biotechnology sc-53546 

17 E-cadherin Santa Cruz  Biotechnology sc-7870 

18 p-p70s6k (T389) Cell signaling Technology (CST) 9205 

19 p-mTORC1 (S2448) Cell signaling Technology (CST) 2971 

20 α-TUBULIN Cell signaling Technology (CST) 2125 

Fluorophore tagged  Primary antibodies 

21 CD44-PE BD BIOSCIENCES 550989 

22 CD117-APC  BD BIOSCIENCES 341096 

23 CD31-FITC BD BIOSCIENCES 560984 

24 CD45-PE-Cy7 BD BIOSCIENCES 557748 

HRP- tagged secondary antibodies 

25 Anti-Rabbit HRP Tagged 

secondary antibody 

Cell signaling Technology (CST) 7074 

26 Anti-mouse HRP tagged 

secondary antibody 

Cell signaling Technology (CST) 7076 

27 Anti-goat HRP tagged 

secondary antibody 

Santa Cruz  Biotechnology sc-2354 

Fluorophore-tagged  secondary antibodies 

28 Anti- Rabbit alexa fluor 488 Invitrogen A11008 

29 Anti-rabbit alexa fluor 555 Invitrogen A48283 

30 Anti-mouse alexa fluor 488 Invitrogen A32723 

31 Anti-mouse alexa fluor 633 Invitrogen A21052 
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Serial 

no. 

Name Make Catalog Number 

32 Anti-goat alexa fluor 488 Iinvitrogen A11055 

 

siRNAs: Table 4 

Serial 

no. 

Name Make Catalog Number 

1 siPITX2 (h) Santa Cruz  Biotechnology sc-44016 

2 siSMAD2 (h) Santa Cruz  Biotechnology sc-38374 

3 siNRF2 (h) Santa Cruz  Biotechnology sc-37030 

4 siDRP1 (h) Santa Cruz  Biotechnology sc-43732 

5 SixCT (h) Santa Cruz  Biotechnology sc-76933 

6 siSIRT4 (h) Santa Cruz  Biotechnology sc-63024 

7 siSCRAMBELED (h) Santa Cruz  Biotechnology sc-37007 

Clones:  Table 5 

 

Serial 

no. 

Name Make Catalog Number 

1 PITX2A Gene script Customised 

2 PITX2B Gene script Customised 

3 SIRT4-FLAG Addgene 13815 

4 pRL Promega E2231 

6 pGL3-Luc vector Promega E1751 
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Reagents and kit: Table 6 

 

Serial 

no. 

Name Make Catalog Number 

1 TGFβ1 Sigma-Aldrich T7039 

2 U0126 Calbiochem 662005 

3 SB203580 Calbiochem 559389 

4 TGFβ receptor kinase inhibitor Calbiochem 616451 

5 MDiVi-1 Sigma-Aldrich M0199 

6 L-DON (6-Diazo-5-oxo-L-norleucine) Sigma-Aldrich D2141 

7 Sulphasalazine Sigma-Aldrich S0883 

8 Nocodazole Merck 487928 

9 glutathione reduced ethyl ester (GSH) Sigma-Aldrich G1404 

10 N-acetyl cysteine (NAC) Sigma-Aldrich A7250 

11 RNAiso Plus reagent Takara 9109 

12 iScript cDNA synthesis kit Biorad 1708891 

13 Biorad Sybr green Biorad 1725120 

14 ECL reagent Biorad 1705062 

15 MitoTracker  Red CMXRos Invitrogen M7512 

16 Glycostress kit Agilent 103344-100 

17 Mitostress kit Agilent 103015-100 

18 ALDEFLUOR kit Stem cell 

Technologies 

01700 

19 B27 supplement  Gibco 17504044 
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Serial 

no. 

Name Make Catalog Number 

20  rhEGF Sigma-Aldrich F0291 

21 Insulin Sigma-Aldrich I0320000 

22 Rhodamine123 Sigma-Aldrich R302 

23 Propidium Iodide      Invitrogen P1304MP 

24 RNase A  Fermentas ENO531 

25 Annexin-V-FITC/PI assay Kit Invitrogen V13242 

26 Dual-luciferase assay kit Promega E1910 

27 MitosoxTM red  Invitrogen M36008 

28 JC-1 dye Invitrogen T3168 

29 Rhodamine phalloidin Invitrogen R415 

30 Alexa fluor 488 Phalloidin Invitrogen A12379 

31 DAPI Sigma-Aldrich D9542 

32 Hoechst stain Sigma-Aldrich 14533 

33 Lysotracker blue Invitrogen L7525 

34 HIF1α inhibitor Calbiochem 400089 

35 Rapamycin Calbiochem 553210 

36 Glutamine Sigma-Aldrich G7513 

37 L-Glutamic acid dimethyl ester 

hydrochloride 

Sigma-Aldrich 49560 

38 Dimethyl 2-oxoglutarate (DMKG) Sigma-Aldrich 349631 
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Primer sequence: Table 7 

 

Gene name    Forward primer (5′- 3′)                                 Reverse primer (5′- 3′) Tm 

(0C) 

PITX2A CGGCGTGTGTGCAATTAGAG CGCCCACGTCCTCATTCT 60 

PITX2B GGCCGTTGAATGTCTCTTCT 

 

CCTCTTTTCGGCTCTCAGG  60 

OCT4 GCAGCTTAGCTTCAAGAACATGTG TCAGCTTCCTCCACCCACTT 60 

SOX2 TGCGAGCGCTGCACAT GCAGCGTGTACTTATCCTTCTTCA 60 

NANOG GCATCCGACTGTAAAGAATCTTCA CATCTCAGCAGAAGACATTTGCA 60 

ABCG2 GATGTCTAAGCAGGGACGAACAA GGTGAGGCTATCAAACAACTTGAA 60 

ABCB1 GTGTGGTGAGTCAGGCTGTAT TCTCAATCTCATCCATGGTGA  

 
60 

CD44s TCCAACACCTCCCAGTATGACA GGCAGGTCTGTGACTGATGTACA 60 

CD44 

epithelial 

GAAAGGAGCAGCACTTCAGG GAGGTCCTGTCCTGTCCAAA 60 

L19 GCGGATTCTCATGGAACACA GGTCAGCCAGGAGCTTCTTG 59 

 

Primer sequence for cloning ABCB1 Promoter in pGl3 basic vector:   Table 8: 

Gene name    Forward primer (5′- 3′)  Reverse primer (5′- 3′)  

Promoter cloning of ABCB1  ACCCACCCAATCATTTAAA CTTAATCCCAGCCACACCTA  
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Cell culture: 

Human ovarian cancer cell lines PA1 and SKOV3 were grown in Minimal essential media-α 

(MEM α) and RPMI-1640 respectively. Human colorectal carcinoma cell line HCT116 was 

cultured in Dulbecco’s modified Eagle’s medium (DMEM). Human Immortalized Ovarian Surface 

Epithelial cells (IOSE-364 and IOSE-385) were maintained in a 1:1 ratio of Medium-199 and 

MCDB-105 supplemented as previously mentioned (Ray et al., 2017). The media were 

supplemented with 10% FBS and the cells were grown at 37oC in a humidified 5% CO2 

atmosphere. Cells were cultured in a vented T25 flask for maintenance. When the cell 

confluency reached 70-80%, the media was discarded and 0.25% trypsin-EDTA was added for 

2/3 min. Then, the cells are collected in a 15 ml centrifuge tube, containing FBS-supplemented 

media and pelleted down by centrifugation at 500-1000 g for 5 min. The cell pellet was re-

suspended in respective cell culture media and split in T25 flask into 1:3 ratios. 

 

Treatments of cells and transient transfection: 

 

Respective treatments were given when the cells are 60-70% confluent condition. The cells 

were starved for at least 6 h before the glutamine deprivation study. Similar cell starvation was 

done in TGFβ-treated experiments, and these treatments were given in respective incomplete 

media. Glutamine deprivation experiments were performed in the glutamine-free medium of 

respective cells with 10% FBS reconstituted condition. As mentioned, the cells were treated 

with 5 nM/ml of TGFβ, 14 µM of MDiVi-1, 10 µM of U0126, 10 µM of SB203580, 1 mM of L-DON 

(6-Diazo-5-oxo-L-norleucine), 250 µM of Sulphasalazine (SSZ), 1µg/ml of nocodazole (NOCO), 2 

mM of glutathione reduced ethyl ester (GSH), 10 mM of N-acetyl cysteine (NAC), 20 ng/ml of 

TGFβ receptor kinase inhibitor (TGFRI), 300 nM of HIF1α inhibitor, 100 ng/ml of rapamycin 

(Rapa). For the experiments with overexpression or silencing of genes, transfection was done at 

70-80% confluent condition of the cells. Overexpression plasmids of PITX2A, PITX2B, SIRT4 were 

used. 1 µg/ml of plasmid DNA was transfected in the cell with 3 µl of lipofectamine in Opti-

MEM media. The siRNA against PITX2, SMAD2, DRP1, NRF2, xCT, SIRT4 (Santa Cruz 

Biotechnology, Dallas, TX) were used at 20 nM/well-using lipofectamine 2000 (Invitrogen) in the 

cells. 

 

RNA isolation and quantitative real-time PCR (q-PCR):  

 

The cells were mixed with RNAiso Plus reagent and incubated at room temperature for 15 min 

for dissolving the nucleoprotein complex. Then chloroform was added and the mixture was 

shaken vigorously and the mixture was kept at room temperature for 15 min to allow phase 

Methods 
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separation. After that, the mixture was centrifuged at 12,000 g for 15 min at 4oC. Then the 

upper aqueous layer was collected and mixed with 2.5 times Isopropanol. Again the mixture 

was kept at room temperature for 20 min and then centrifuged at 12000 g for 15 min at 4oC. 

The supernatant was discarded and the pellet was washed with 75% ethanol. The RNA pellet 

was air-dried and then re-suspended in DEPC-treated water for further cDNA preparation and 

q-PCR. 

The quality of the isolated RNA was checked by RNA gel electrophoresis and 260 nm/280 nm 

absorbance ratio. The concentration of the total RNA was calculated from absorbance at 260 

nm. 

For the cDNA preparation, 0.5 µg RNA was used and cDNA was synthesized using iScript cDNA 

synthesis kit.  For the 20 µl reaction mixture, 4 µl cDNA synthesis buffers and 0.5 µl of reverse 

transcriptase enzyme were added and volume was made up with nuclease-free water. The 

thermal cycle was as follows: a) Priming: 5 min at 25o C, b) Reverse transcription: 20 min at 46o 

C, c) RT inactivation: 1 min at 95oC, d) Hold at 4oC. 

Q-PCR was performed with Biorad SYBR green on the ABI 7500 Real-Time PCR system (Applied 

Biosystems, Foster City, CA). For each well of 96-well PCR plate, the components are added as 

follows: 0.25 µl of cDNA, 1.25 µl of Biorad SYBR green, 0.5 µl of primer (5 µM), and 3 µl of 

nuclease-free H2O. The cycle of PCR is as follows: (a) initial denaturation: 95oC for 5 min, (b) the 

cycling steps: 94oC for 15 s, annealing for the 30 s at a particular temperature (primer specific), 

extension at 72oC for 30 s, (c) melting curve stage: 45oC-90oC. For endogenous control, L19 (60 s 

ribosomal protein) primer was used, and fold change was calculated by the CT value method. 

The formula used for fold change calculation is 2-[∆∆CT (sample) - ∆∆CT (Treated)]. 

The primers were designed by using Primer Express 3.0 software and validated by NCBI primer 

blast. All the primers were obtained from Integrated DNA technology. 

 

Sub-cellular fractionation procedure: 

 

Cells were scraped out from the culture plate with fractionation buffer and incubated in ice for 

15 min. For lysed cells, they were passed through a 1 ml syringe containing 27 gauge needles 10 

times, and the lysate was kept on ice for 20 min. Then the lysate was centrifuged at 720 g for 5 

min at 4oC. The pellet contains nuclei and the supernatant contains cytoplasm, membrane, and 

mitochondria. The supernatant was transferred to a new tube and kept on ice.   The nuclear 

pellet was re-suspended with fractionation buffer and again passed through a 27 gauge needle 

10 times followed by centrifugation at 720 g for 10 min at 4oC. This pellet contains the nucleus 

and further protein was isolated from this pellet. Similarly, mitochondria were isolated from the 

previously collected supernatant. The supernatant was centrifuged at 10,000 g for 5 min at 4oC 

and the pellet contained mitochondria. The cytoplasm was present in this supernatant. Protein 

was isolated from mitochondria and cytosol by the following procedure.    
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Protein isolation and western blot analysis: 

 

The cells were scraped out using phosphate buffer saline (PBS) and then pelleted down by 

centrifugation at 3000 g for 5 min. The cells pellet was lysed using RIPA buffer containing DTT, 

PMSF, and protease inhibitor cocktail. Then, the mixture was kept on ice for 20 min and then 

sonicated 5 times with 30 s pulse with 10 s interval. Then the lysate was centrifuged at 10,000 g 

for 10 min at 4oC and the supernatant was collected.  The concentration of protein was 

estimated by the Lowry-Folin method and the protein sample was prepared for western blot 

analysis. An equal amount of protein sample was loaded in SDS-PAGE and followed by western 

blot was performed. After transferring the proteins on the PVDF membrane, blocking was done 

with 3% BSA in TBST buffer. The primary antibodies used are p-DRP1 (S616), HK2, SDHA, MFN1, 

MFN2, OCT4, SOX2, total OXPHOS complex, ABCG2, SIRT4, VIimentin, N-cadherin, p-p70S6K 

(T289), α-Tubulin. HRP-tagged secondary antibody was used for the respective primary 

antibody. α-Tubulin was used as an endogenous control to normalize the expression of other 

proteins. ECL detection reagent was used to detect the chemiluminescence band in the blot. 

 

Extracellular flux analysis: 

 

Agilent seahorse extracellular flux analyzer was used to measure extracellular acidification rate 

(ECAR) and Oxygen consumption rate (OCR) as mentioned previously (Ray et al., 2017).  3000 

cells/well were seeded for PA1 and HCT116 cells whereas 6000 cells/well were plated for 

SKOV3. Each treatment was given in triplicate well.  For ECAR measurement, cells were starved 

with glucose-free basal DMEM media for 1 h. After that, the glycostress kit was used with three 

consecutive injections of glucose, oligomycin, and 2-DG in each well. In the case of measuring 

OCR, cells were starved with basal DMEM media containing glucose, glutamine, and pyruvate. 

Mitostress kit was used with three consecutive injections of oligomycin, FCCP, and antimycin/ 

Rotenone in each well. 

The ECAR and OCR value was normalized by estimating protein concentration in each well. 

Analysis was done by WAVE (Agilent-Seahorse Bioscience) software. 

 

Immuno-fluorescence Confocal microscopy: 

 

For immunofluorescence microscopy, cells were grown on cover-slip and respective treatment 

was given on this cover-slip. After completion of the respective treated condition, cells were 

washed with 1X PBS 2 times. Then, cells were fixed with 4% paraformaldehyde for 20 min at 

room temperature and again washed with 1X PBS 2 times with 5 min intervals. For 

permeabilization, 0.1% triton-X was added to cover the surface of the cover-slips and kept for 

20 min. After that, the cells were washed again with 1X PBS and then 3% BSA in PBS was added 
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for blocking for 2 h. Then, the respective primary antibody was given in 1:200 dilutions in 

blocking buffer overnight at 4oC. The next day, the cells were washed 3 times with PBS at 15 

min intervals. Fluorescence-tagged secondary antibody was given in these cells in 1:400 ratios 

for 2 h at room temperature. Again, the cells were washed with 1X PBS 3 times and then DAPI 

(0.25 µg/ml) was added to stain the nucleus. Lastly, cells are washed with 1X PBS and mounted 

on the glass slides with mounting media. The images were captured by Leica confocal 

microscope (TCS SP8, Buffalo Grove, IL, USA) with x63 oil immersion objective lens. 

MitoTracker Red CMXRos staining was performed for visualization of mitochondrial 

morphology. This stain was added in 50 nM into the cell media and incubated for 20 min at 

37OC. After mitochondrial staining, the cells were washed and the next procedure was 

performed from the fixation step as discussed above. 

For phalloidin staining, the cells were prepared up to the addition of a secondary antibody. 

Then, the stain was added before the addition of DAPI in 1:400 dilution for 20 min at room 

temperature and then washed with 1X PBS and the next procedures were performed as 

mentioned above. 

 

 Immunohistochemistry (IHC) microscopy: 

 

Human ovarian cancer tissue and normal ovarian tissue samples were obtained from SGCCRI 

with proper ethical approval. These tissue slides were de-parafinised by incubating in xylene 2 

times with 2 min each. Then the samples were hydrated with 100% ethanol by placing twice for 

3 min and followed by kept in 90%, 80%, 70%, 50%, and then water for 2 min each. For retrieval 

of antigen, the slides were kept in sodium citrate (pH=6) in coupling jars and put in a heating 

chamber for 20 min.  After that, cells were blocked with 3% BSA in PBS for 2 h at room 

temperature. Then the slides were incubated with the primary antibody in a humidified 

chamber overnight at 40C. The next day, the cells were washed with PBST 3 times, and the 

respective secondary antibody was given in those slides for 2 h. Nuclei were stained with DAPI 

for 5 min and again these slides were washed with PBST.  Slides were mounted with mounting 

media and images were acquired using Leica confocal microscope (TCS SP8, Buffalo Grove, IL, 

USA) with a 20x oil immersion objective lens. 

 

Intracellular and extracellular antigen staining and measurement by Flow cytometry: 

 

For staining the intracellular protein, firstly cells were scrapped out from a 60 mm dish and 

washed with 1X PBS. Then the cells were fixed with 4% formaldehyde by adding drop-wise in 

gentle vortexing condition and incubated at 370C for 10 min. After that, cells were kept on ice 

for 1 min and pelleted down. The supernatant was discarded and these cells were then 

permeabilized by the addition of 90% chilled methanol drop-wise in gentle vortexing 
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conditions. Cells were kept at -20oC for overnight and on the day of the experiment, cells were 

pelleted down and washed twice with PBST. After that, the cells were blocked with incubation 

buffer containing 0.5% BSA in PBS. Then the cells were incubated with the primary antibody in 

1:400 dilutions for 1 h at 37oC. Moreover, the cells were washed with PBST and secondary 

antibody was given in 1:800 dilutions for 30 min at 37oC.  The fluorescent intensity was 

measured through the LSR Fortessa cell analyzer (BD Bioscience). 

Live cells were stained for checking extracellular antigen. After scrapping out the cells with PBS, 

they were pelleted down and incubated with Fluorophore-tagged primary antibody (CD44-PE, 

CD117-APC, CD31-FITC, CD45-PE-Cy7) in 1:400 dilutions for 30 min at 37oC. After completion of 

the staining procedure, cells were washed 3 times with PBS and then analyzed using a flow 

cytometer as mentioned earlier. 

 

Aldehyde dehydrogenase (ALDH) activity assay: 

 

Aldehyde dehydrogenase (ALDH) assay was performed using the ALDEFLUOR kit.  For each 

sample, cells tubes were labeled as ‘test’ and ‘control’.  First, ALDEFLUOR DEAB Reagent was 

added to the empty control tube.  Diethylaminobenzaldehyde (DEAB) is a specific inhibitor for 

ALDH and it was used for correcting background fluorescence. In another ‘test’ tube substrate 

BODIPY-amino acetaldehyde was added and then mixed. From this tube, half volume was 

transferred to the 'control' tube. Both ‘control’ and ‘test’ tubes were incubated at 37oC for 1 h. 

After staining was done, cells were washed with PBS and fluorescence intensity was measured 

by flow cytometry as previously mentioned using the FACS Diva software (Mitra et al., 2018).  

 

Spheroid formation study: 

 

For the spheroid formation study, 5X103 cells were seeded in a low attachment 6-well plate 

(Corning) and allowed to grow in the serum-free media (SFM) containing B27 supplement, 

rhEGF, and insulin for 1-4 days following the previous standard protocol (Mitra et al., 2018). For 

the secondary generation of the spheroid, previous spheroids were collected and centrifuged at 

1000 g for 5 min. Then, the pellet was re-suspended in spheroid growing media and re-plated in 

another low attachment 6 well plates. Again, the spheroids were allowed to grow for the next 4 

days. The spheroids were visualized, counted, and their images were acquired under a phase-

contrast microscope (EVOS, Invitrogen) and their size was measured using the ImageJ software. 

 

Rhodamine 123 efflux assay: 

 

After completion of the treatment regiment, Rhodamine 123 (Rh123, 200 ng/ml) was treated in 

the serum-free media and kept at 37oC for 1 h in a humidified CO2  incubator. Then the cells 
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were washed and again replenished with respective media. In this condition, cells were kept at 

37oC overnight in a humidified CO2 incubator. Before performing the assay, these cells were 

washed with PBS and analyzed through a flow cytometer as mentioned previously (Mitra et al., 

2018). The dye effluxing population and retaining population were observed and % population 

was calculated from flow cytometric data. 

 

Cell cycle analysis: 

 

After trypsinization, the cells were washed with PBS and fixed with 70% ethanol by drop-wise 

addition in with gentle vortexing condition and then kept overnight at -20oC. After 

centrifugation, the cells were washed again with PBS and re-suspended the pellet with 1X PBS 

containing PI (1.5 mM) and RNaseA (1 mg/ml). The cell suspension was incubated for 10-15 min 

at room temperature and analyzed by flow cytometer. 

 

Annexin-V-FITC/Propidium Iodide (PI) Apoptosis assay: 

 

Annexin-V-FITC/PI Apoptosis assay was performed following manufacturer protocol 

(Invitrogen).  Cells were trypsinized and washed with 1X binding buffer. Then the cell pellet was 

re-suspended with binding buffer containing FITC-tagged annexin-V and PI followed by 

incubation at room temperature for 15 min. Flow cytometric analysis was done and the results 

have been represented in a dot plot. 

 

Estimation of mitochondrial ROS and total cellular ROS: 

 

Mitochondrial ROS generation was determined by using the Mitosox red mitochondrial 

superoxide indicator.  The cells were treated with this indicator for 20 min at 37oC. Then the 

amount of ROS generation was determined using a flow cytometer. 

Similarly, total cellular ROS was measured by DCFDA staining. The cells were treated with 

DCFDA and incubated for 20 min at 37oC. Then the total cellular ROS has measured through 

flow cytometric analysis. 

 

Co-immunoprecipitation assay: 

 

Cells were scraped out from the cell plate and pelleted down by centrifugation at 3000 g for 5 

mins. This cell pellet was re-suspended with IP lysis buffer and kept for 5 mins in ice. Then the 

tubes were spun at 13000 g for 10 mins. The supernatant was collected and protein was 

estimated by the lowry method. 
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Agarose-A beads were conjugated with one of the primary antibodies by incubating for 1 h at 

room temperature with a vertical mixing process. This mixture was centrifuged for 2 min at 

3000 g at 4oC and the supernatant was discarded. These samples were washed with washing 

buffer for 2times. In these beads, 200 µg of protein was added and incubated overnight at 4oC. 

The immunoprecipitated complex was collected by centrifugation at 3000 g for 2 min at 4oC. 

The supernatant was discarded and the pellet was washed with washing buffer 2 times. By 

adding sample buffer, a protein sample was prepared for western blot analysis. In western blot, 

the blot was probed with another primary antibody that interacts with the initial one. 

 

Luciferase promoter activity assay: 

 

Genomic DNA was isolated from ovarian cancer cells and this DNA was used as the template for 

PCR to clone the 1.6 kb promoter region of ABCB1. This clone was inserted into the pGL3-Luc 

vector to obtain the ABCB1-pGL3 clone. pRL-CMV clone which expressed Renilla-luciferase was 

used for normalization.  

For this luciferase promoter activity assay, cells were seeded in a 12-well plate. 4 sets of 

transfection were done such as pRL-CMV, pRL-CMV+ ABCB1-pGL3, pRL-CMV+ ABCB1-pGL3+ 

PITX2A/B. In another set of experiments, transfected sets were only pRL-CMV, pRL-CMV+ 

ABCB1-pGL3, pRL-CMV+ ABCB1-pGL3+ siPITX2. Transfection was done with lipofectamine 2000 

reagent for 6 h in Opti-MEM. After completion of the transfection period, the transfecting 

media was changed with respective cell culture media.  This assay was performed with a dual-

luciferase reporter assay system. After lysing the cells with lysis buffer, firefly and renilla 

luciferase activity was measured in Glomax 96-well microplate luminometer following 

manufacturer protocol (Bhattacharya et al., 2018). 

 

Measurement of mitochondrial membrane potential by JC-1 staining: 

 

After harvesting the cells with PBS, JC-1 stain was added into PBS and incubated for 20 min.  

Then the cells were washed with PBS and analyzed through flow cytometry. The mitochondrial 

membrane potential was measured by the transition from green (529 nm) monomeric of JC1 to 

red JC-1 aggregates form (590 nm). A decrease in the red/green fluorescence intensity ratio 

indicated mitochondrial depolarization. 

 

Animal model: 

 

All animal experiments were performed with proper approval from the Institutional Ethical 

committee.  Tumors were grown in C57BL/6 female mice (3-4 weeks old) by injecting ID8 cells. 

ID8 cells were grown in DMEM containing 10% FBS in vitro condition. C57BL/6 mice were 
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subcutaneously injected in their lower right quadrant with the mixture of 3X107 cells and 

Matrigel (19 mg/ml) in a 1:1 ratio. Detectable tumors were observed after 4 days of injection 

and they were included in the study. These mice were randomly divided into control and 

treated groups when they reached about 100 mm3. 125 µl PBS was injected in the control mice 

and there were three treatment groups which were injected through a tail vein as follows: (i) 

125 μl L-DON solution (0.6 mg/kg body weight), (ii) 125 μl MDiVi-1 (5 mg/Kg body weight), (iii) 

125 μl MDiVi-1 (5 mg/Kg body weight). This treatment was continued for 4 days. Within this 

treatment regimen of these mice, weight and tumor size were measured every day. After 

completion of this period, mice were dissected and tumors were isolated for further 

experiments. The final weight and volume of the tumor were measured after isolation. For 

histological analysis, the tumors were fixed with 10% formalin and paraffin blocks were 

prepared. Hematoxylin and Eosin staining and IHC were performed with these tissue sections. 
 

 Image analysis 

 

The distance between mitochondria and nucleus was measured using ImageJ software. First, 

the red channel (MitoTracker red) images were converted into 8-bit images, and then a straight 

line is drawn from the center of the nucleus up to the region of mitochondrial fluorescence 

within the cell boundary. The fluorescent intensity throughout the line was extracted. 

The mitochondrial length analysis and co-localization analysis were done with LAS X software 

(Leica Microsystems) and co-localization was analyzed with ImageJ (NIH) software. 

 

 Statistical analysis: 

 

All statistical analyses were performed using Microsoft Excel and GraphPad Prism-5 software. 

The data were represented as ± SEM. A two-tailed paired t-test was performed when the 

number of samples was two and the one-way ANOVA (followed by Bonferroni post-test 

analysis, Dunnet test analysis) was done, where the sample size is >2. P values <0.05 were 

considered to be statistically significant. All the experiments were performed three times unless 

otherwise stated. 
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In recent years, difficulties arise in cancer due to metastasis and recurrence after 

chemotherapy. Tiny populations of cancer cells can efflux the drug and they are known as 

cancer stem cells (CSC). Somatic cells are genetically transformed into CSCs during cancer 

progression. Along with their self-renewal and dedifferentiation capacity, these cells have the 

adaptability to sustain in a stressful environment and reinitiate malignancy. 

In the tumor microenvironment (TME), various growth factors such as transforming growth 

factor β (TGFβ), epidermal growth factor (EGF), fibroblast growth factor (FGF), vascular 

endothelial growth factor (VEGF), insulin-like growth factor (IGF) which promote proliferation, 

epithelial-mesenchymal transition (EMT) and metastasis of cancer cells by activating different 

signaling pathway (Witsch et al., 2010). In ovarian cancer cells, TGFβ1 promotes stemness and 

chemoresistance through EMT. Here, it regulates transcription of ZEB1 which is in turn involved 

in EMT-mediated stemness (Mitra et al., 2018). TGFβ1 is a ligand for TGFβ receptor II (TGFβRII) 

and activated TGFβRII phosphorylate TGFβ receptor I (TGFβRI). Activated phosphorylated 

TGFβRI then activate downstream signaling pathway by regulatory SMAD. SMAD-dependent 

TGFβ1 signaling pathway alters the gene expression of various transcription factors involved in 

cancer progression (Lu et al., 2017).  

DLX2, a bicoid/paired-like homeobox transcription factor is regulated by TGFβ1 and induces 

EMT through metabolic reprogramming (Lee et al., 2016). TGFβ1 signaling regulates another 

homeobox transcription factor, PITX2 expression in left-right asymmetry development. There 

are few reports which suggested that PITX2 activates the SMAD2/3 dependent TGFβ signaling 

pathway to promote invasion in ovarian cancer (Basu et al., 2015). In addition, PITX2 also 

promotes ovarian cancer cell proliferation through the Wnt/β-catenin pathway (Basu and Roy, 

2013). Contrastingly, TGFβ and Wnt signaling pathways regulate EMT by their co-activation in 

ovarian cancer (Mitra and Roy, 2017). PITX2 also has a role in the generation of stemness and 

chemoresistance features in the colon, kidney, and squamous cell carcinoma (Lee and 

Thévenod, 2019). Therefore, we tried to link between TGFβ1 and PITX2 to decipher the 

mechanism through which chemoresistance occurs in ovarian cancer. 

 

  

 

  

 

Introduction: 
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TGFβ1 regulates PITX2 expression in ovarian cancer cell line: 

 Considering the previous background, we have tried to relate TGFβ1 signaling and PITX2 

expression in ovarian cancer. We have found that PITX2A/2B gene expression enhances upon 

both 24 h and 48 h of TGFβ1 treatment in PA1 in both gene and protein levels (Fig. 1A, B, D, E). 

However, these expressions were enhanced only at 48 h of TGFβ1 treatment in SKOV3 (Fig. 1C). 

A similar result was obtained in confocal microscopy (Fig. 1F). TGFβ1 cannot restore the 

expression of PITX2A/B when TGFβ receptor kinase inhibitor (TGFβRKI) was used in both PA1 

and SKOV3 (Fig. 1G, H). Based on these results, it indicated that TGFβ1 treatment for a long 

duration can upregulate the expression of PITX2 isoforms in the ovarian cancer cell. 

Results: 
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Figure 1: PITX2A/B expression enhanced by TGFβ1 signaling: (A, B) PITX2A/B gene expression was 
enhanced upon 24 h and 48 h of TGFβ1 treatment in PA1. (C) At 48 h of TGFβ1 treatment upregulates 
PITX2A/B gene expression in SKOV3. (D, E) PITX2A/B protein expression was checked at both 24 h and 
48 h of TGFβ1 treatment in PA1. (F) Microscopic images depicted that PITX2A/B expression enhanced 
upon TGFβ1 treatment in SKOV3. (G, H) TGFβ1 receptor kinase inhibitor downregulates PITX2A/B gene 
expression in presence of TGFβ1 in both PA1 and SKOV3. The statistical significance was analysed and 
represented as NS for non-significant,*p<0.05, **p<0.01, ***p<0.001. Scale bar 10 µm (F). 

 

TGFβ1 mediated PITX2A/B expression orchestrated through both SMAD and ERK-dependent 

pathway independently in OC:  

To check the signaling pathway associated with TGFβ1 induced PITX2A/B expression, we have 

blocked both the SMAD pathway and non-SMAD pathway. When we blocked the SMAD 

pathway by silencing, found that PITX2A/B expression was hampered and it was not restored 

upon TGFβ1 treatment. These results indicate that PITX2A/B expression was SMAD-dependent 

(Fig. 2A, C). Similar results were obtained in protein expression also through flow cytometry 

(Fig. 2E, F). For checking the association of the non-SMAD pathway, we have inhibited the MEK-

ERK signaling pathway by U0126 and the p38MAPK pathway by SB23580. It has been observed 

that upon blocking the MEK-ERK pathway, PITX2A/B expression was reduced and it was not 

increased upon TGFβ1 treatment, though we did not find significant change using SB23580 (Fig. 

2B, D). Therefore, we concluded that PITX2 expression was regulated by TGFβ1 through both 

SMAD-dependent and ERK-dependent pathways.  
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Figure 2: Both SMAD and ERK signaling pathways were involved in regulating TGFβ1 mediated PITX2 
Expression:  qPCR analysis was performed using siSMAD, ERK Inhibitor (U0126), and p38MAPK inhibitor 
(SB203580) treated condition to check the alteration of PITX2A/B gene expression in both PA1 (A, B) and 
SKOV3 (C, D). Protein expression of PITX2 was checked by silencing SMAD2 in the presence or absence 
of TGFβ1 in both PA1 (E) and SKOV3 (F) cell lines. The statistical significance was analyzed and 
represented as NS for non-significant,*p<0.05, **p<0.01, ***p<0.001. 

 

PITX2A/B promotes stem-like characteristics in epithelial ovarian cancer (EOC) cells: 

PITX2 can promote EMT and invasion by activating TGFβ1 and activin in ovarian cancer. Again, 

TGFβ1 signaling can induce stemness followed by EMT. Therefore, we hypothesized that PITX2 

may have the ability to promote stem-like characteristics in epithelial ovarian cancer cells.  

First, we have observed that the transient transfection of PITX2A/B isoforms can enhance the 

gene expression level of stemness markers such as OCT4a, SOX2, and NANOG with time points. 

In both SKOV3 and PA1 cell lines, the expression of OCT4a, SOX2 was not significantly enhanced 

at 24 h of PITX2A/B overexpression (Fig. 3A-B). However, these markers were increased at 48 h 

of PITX2A/B overexpression in PA1, SKOV3, and IOSE-364 (Fig. 3C-E). Similar results were 

obtained in their protein expression also (Fig. 3F-G). Cancer stem cells have the property to 

form tumor spheroids in non-adherent conditions. It has been found that PITX2A/B can also 

induce to form of spheroids and increase the size and number with generation and time in PA1 

(Fig. 3H-I). 



                                                                                                                 Chapter 1 
 

52 | P a g e  
 

 



                                                                                                                 Chapter 1 
 

53 | P a g e  
 

 



                                                                                                                 Chapter 1 
 

54 | P a g e  
 

Figure 3: PITX2A/B induces stem-like features in ovarian cancer:  At 24 h of PITX2A/B overexpression 
OCT4 and SOX2 were not enhanced in PA1 (A) and SKOV3 (B). At 48 h, PITX2A/B overexpression 
enhanced the expression of OCT4a, SOX2, and NANOG in IOSE-364 (C), PA1 (D), and SKOV3 (E). Protein 
expression of OCT4 (F) and SOX2 (G) was enhanced when PITX2A/B was overexpressed. (H, I) Bright-field 
microscopy of spheroids formed in PA1 and the size was measured and plotted. PITX2 silencing reduces 
the expression of CD44 in PA1 (J) and SKOV3 (K)  and are represented both in histogram and bar 
diagram. (L) Aldehyde dehydrogenase activity assay depicted that the ALDH-positive  population 
increased in SKOV3. (M-N) protein expression of OCT4 and PITX2 enhanced in high-grade ovarian cancer 
tissue compared to the normal ovarian tissue and quantitative data represented in bar diagram. The 
statistical significance was analyzed and represented as NS for non-significant,*p<0.05, **p<0.01, 
***p<0.001. Scale bar  400 µm (H), 100 µm (M). 

By knocking down PITX2 using siRNA, CD44 was reduced in PA1 and SKOV3 (Fig. 3J-K). In the 

ALDH activity assay, ALDH-positive cells were enhanced upon PITX2A/B induction, whereas the 

opposite result was found upon its silencing (Fig. 3L). Expression and co-localization of OCT4 

and PITX2 were enhanced in high-grade ovarian cancer tissue as compared to normal ovarian 

tissue (Fig. 3M-N). Therefore, it is indicated that PITX2A/B has a role in the promotion of stem-

like traits in ovarian cancer. 

Metabolic phenotype in the cancer stem cells which are induced by PITX2A/B: 

We then proceed to determine the metabolic parameters and phenotype of cancer stem cells 

induced by PITX2. Firstly, we have focused on the glycolytic phenomenon of PITX2 induced 

stem cells. At 48 h of PITX2 overexpression, enhances extracellular acidification rate, glycolysis, 

and glycolytic capacity in both PA1 and SKOV3 (Fig. 4A, C) whereas ECAR, glycolysis, glycolytic 

capacity decreases upon 72 h of PITX2 overexpression in PA1 (Fig. 4B). In addition, we did not 

find any change in the glycolytic phenomenon in SKOV3 at 72 h (Fig. 4D). This indicates that, 
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Figure 4: Metabolic reprogramming upon PITX2A/B overexpression in OC cells: ECAR, glycolysis, and 
glycolytic capacity was measured upon overexpressing PITX2A/B at 48 h and 72 h both in PA1 (A-B) and 
SKOV3 (C-D). OCR, maximal and basal respiration was decreased upon 72 h of PITX2 overexpression in 
PA1 (E, G, I) and SKOV3 (F, H, J). (K) Protein level of HK2 increased upon PITX2A/B overexpression in PA1 
at 48 h. (L) OXPHOS complex proteins were reduced when PITX2A/B was overexpressed, however, 
opposite results were obtained due to its silencing in SKOV3. (M) SDHA expression was reduced in PA1 
and enhanced upon its silencing in SKOV3.  The statistical significance was analysed and represented as 
NS for non-significant,*p<0.05, **p<0.01, ***p<0.001.  
 

CSCs are less dependent on glycolysis. We then examined the parameters of mitochondrial 

respiration by extracellular flux analysis and found that PITX2A/B attenuates both basal and 

maximal oxygen consumption rate and ATP production in both SKOV3 and PA1 at 72 h (Fig. 4E-
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J). We have also checked the expression of various proteins involved in glycolysis and oxidative 

phosphorylation. Hexokinase 2 (HK2) was enhanced at 48 h of PITX2A/B overexpression in PA1 

whereas OXPHOS complex proteins were reduced in SKOV3 at 72 h. In contrast, these proteins 

were enhanced upon silencing of PITX2 in SKOV3 (Fig. 4K, L). Another mitochondrial protein 

Succinate dehydrogenase A (SDHA) was reduced at 48 h of PITX2A/B overexpression in PA1 and 

increased upon its silencing in SKOV3 at 72 h (Fig. 4M). Altogether, these data highlighted that 

PITX2A/B induced stem cells become metabolically inactive. 

 

TFGβ1-PITX2A/B signaling also regulates chemoresistance through ABCB1 in ovarian cancer: 

We have already observed that PITX2A/B promotes stem-like features in ovarian cancer and 

chemoresistance is a marker for cancer stem cells. Keeping this in mind, we wanted to decipher 

the mechanism of PITX2A/B regulated chemoresistance. At first, PITX2A/B upregulates the gene 

expression of drug efflux transporters such as ABCB1 and ABCG2 in IOSE-364, PA1, and SKOV3 

(Fig. 5A-C) and found a similar expression pattern of ABCG2 protein (Fig. 5D-E). In rhodamine 
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Figure 5:  PITX2A/B promotes chemoresistance by enhancing ABCB1 expression in OC: Gene 
expression of ABCG2 and ABCB1 were represented in bar diagram after overexpressing PITX2A/2B in 
IOSE-364 (A), PA1 (B), and SKOV3 (C). The protein level of ABCG2 was enhanced after 48 h and 72 h of 
PITX2A/B overexpression in PA1 (D) and SKOV3 (E). Rhodamine efflux assay was performed and 
represented in both histogram and bar diagram in PA1 (F) and SKOV3 (G, H). (I) Expression of ABCG2 and 
PITX2 in human ovarian cancer tissue samples were checked through IHC and (J-M) quantified data was 
represented in the bar diagram. (O-S)  IHC study depicted that ABCB1 expression was enhanced with 
PITX2 in high-grade ovarian cancer tissue and represented in bar diagram. (T, U) ABCB1 promoter 
binding assay was depicted in the bar diagram in both SKOV3 and PA1.  ABCB1 promoter activity was 
enhanced upon TGFβ1 treatment whereas it was decreased upon PITX2 silencing in both PA1 (V) and 
SKOV3 (W). (X) The schematic diagram depicted that TGFβ1- PITX2A/B signaling enhances 

X 
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chemoresistance in OC cells. The statistical significance was analyzed and represented as NS for non-
significant,*p<0.05, **p<0.01, ***p<0.001. Scale bar 100 µm (I, O). 

123 efflux assay, the drug effluxing population increases after 72 h of PITX2A/B overexpression 

(Fig. 5F-G). Contrasting results were observed when PITX2 was silenced in SKOV3 (Fig. 5H). In 

high-grade ovarian cancer tissue samples, expression of ABCG2 and ABCB1 was enhanced 

compared to normal ovarian tissue as quantified through intensity correlation analysis (ICA) 

(Fig. 5I, O). Pearson coefficient, overlap co-efficient, co-localisation rate (%), and co-localisation 

area for ABCG2 and ABCB1 expression with PITX2 were enhanced in high-grade cancer tissue 

(Fig. 5J-M, P-S). In an in-silico study, we observed that the ABCB1 promoter has a PITX2 binding 

site. To confirm this observation, we did a luciferase promoter binding assay and confirmed 

that PITX2A/B binds to the promoter of the ABCB1 gene and enhances its transcription in both 

PA1 and SKOV3 (Fig. 5T, U). To establish the TGFβ1-PITX2A/B signaling axis promotes ABCB1 

expression, we have treated TGFβ1 in PITX2 silenced condition and found that ABCB1 

expression remained less as compared to normal condition (Fig. 5V, W). Altogether, we 

suggested that TGFβ1- PITX2 signaling axis promotes ABCB1 expression in OC cells. 

 

 

The tumor microenvironment is comprised of various stromal cells, immune cells, and vascular 

cells which are associated with cancer prognosis by secreting growth factors, cytokines, and 

chemokines (Yuan et al., 2016). Transforming growth factor (TGFβ) is one of the growth factors, 

secreted from the stromal cells which promotes cancer invasion, metastasis, and 

chemoresistance in ovarian cancer (Gao et al., 2014; Mitra and Roy, 2017; Mitra et al., 2018; 

Yeung TL, Leung CS, Wong KK, 2013).  In contrast, in normal cells and early stages of cancer, 

TGFβ signaling attenuates cancer progression. It is reported that TGFβ1 promotes stem-like 

characteristics through ZEB1-mediated EMT in ovarian cancer. Cancer upregulated gene (CUG)2 

also mediates TGFβ signaling to enhance stem-like phenotype in breast cancer (Kaowinn et al., 

2019).  Again, TGFβ induces tissue transglutaminase (TG2) expression which in turn promotes 

EMT and enhances cancer stem cells in ovarian cancer (Cao et al., 2012). TGFβ signaling and 

sonic hedgehog induces PITX2 expression in embryonic development of left-right asymmetry in 

vertebrate (Shiratori and Hamada, 2014). We have also found that PITX2A/B is regulated by 

TGFβ1 in OC. The activated TGFβ receptor activates the downstream signaling pathway by 

regulatory SMAD. SMAD-dependent TGFβ1 signaling pathway alters the gene expression of 

various transcription factors involved in cancer progression (Lu et al., 2017). TGFβ also functions 

through ERK, p38MAPK, JNK, and PI3K-Akt signaling pathways in SMAD independent manner 

(Zhang, 2017). In our case, TGFβ1 driven PITX2A/B expression occurred through both SMAD-

Discussion 
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dependent manner and ERK pathway. Therefore, we indicated that TGFβ1 has driven both 

SMAD and ERK-dependent signaling promotes PITX2A/B expression in OC cells. 

Along with its function in embryonic development, PITX2 has a major role in EMT and cancer 

progression. PITX2A promotes invasion through activation of activin and TGFβ in ovarian cancer 

and also mediates progression through the Wnt/β-catenin pathway in lung and ovarian cancer 

(Basu and Roy, 2013; Basu et al., 2015; Luo et al., 2019).  On the contrary, hypermethylation of 

PITX2 promoter is also linked with poor prognosis in hormone receptor-positive breast cancer 

patients (Maier et al., 2007). Similarly, Its expression is correlated with survival in colorectal 

cancer (Hirose et al., 2011). Therefore, we deciphered the importance of PITX2A/B on the 

promotion of stem-like features and chemoresistance in OC. We found that PITX2A/B enhances 

the stemness properties. Moreover, PITX2A/B binds on ABCB1 and promotes chemoresistance 

in OC.  

The term ‘metabostemness' indicates that metabolism is involved in the regulation of genes 

associated with stemness and self-renewal (Menendez and Alarco´n, 2014). Several reports 

suggested that glycolysis enhances in CSCs of glioblastoma, breast cancer, lung cancer, liver 

cancer, ovarian cancer, colon cancer, and osteosarcoma whereas some of the reports this CSCs 

less rely on glycolysis due to their quiescent nature (Chae and Kim, 2018; El Hout et al., 2020). 

These contradictory results indicate that the metabolic phenotype of the same CSCs varies due 

to environmental factors, regulating players, and signaling pathways. In our case, glycolysis 

decreases in PA1 at the late stage of PITX2 overexpression, but it remains high in SKOV3 at 72 h. 

Then, changes arise in glycolysis due to the enhancement of the stem population with time. 

Similarly, CSCs in glioma depend upon OXPHOS for their survival and they have high 

mitochondrial reserve capacity (De Francesco et al., 2018). CSCs in breast cancer produce more 

ATP compared to the differentiated form. We observed that mitochondrial respiration is 

hampered due to PITX2 overexpression at 72 h in both PA1 and SKOV3. As both the glycolysis 

and mitochondrial oxidation attenuated during PITX2A/B overexpression, we concluded that 

PITX2A/B induced stem cells are metabolically inactive. 

Chemoresistance is a trait of CSCs and therefore we wanted to decipher the role of PITX2A/B in 

promoting chemoresistance in cancer. It is reported that PITX2A/B binds to the promoter of 

ABCB1, a drug efflux transporter, and thereby cancer cells can survive after chemotherapy in 

colon cancer and kidney cancer (Lee and Thévenod, 2019). In breast cancer, PITX2 promotes 

resistance for letrozole via IF1TM1 signaling (Xu et al., 2019). We investigated that PITX2 binds 

to the ABCB1 promoter and enhances its expression. It has been also found that TGFβ signaling 

is involved in regulating PITX2 mediated chemoresistance in OC. Besides regulating PITX2 in 

left-right asymmetry in embryos, TGFβ1-PITX2A/B signaling promotes stemness and 

chemoresistance by enhancing ABCB1 expression in OC. 
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Metabolic reprogramming or alteration is an emerging hallmark of cancer cells due to survival 

in nutrient or oxygen stressed conditions. Therefore, glucose produces energy through 

glycolysis and then the pyruvate produces lactate instead of entering into the TCA cycle oxygen 

limiting condition. In this condition, glutamine plays a major role to fuel the TCA cycle and 

producing energy. Additionally, it involves the synthesis of other amino acids, nucleotides, fatty 

acids, and hexosamines (Pavlova and Thompson, 2016). The average physiological 

concentration of glutamine in the blood is 0.6-0.9 mM but it reduces in cancer patients (Jiang et 

al., 2019; Souba et al.,1993). Most of the cancer cells do not have glutaminase synthetase (GS) 

for de novo synthesis, therefore they depend upon exogenous glutamine (Cluntun et al., 2017). 

Some reports suggested that cancer-associated fibroblast (CAF) and adipocyte in the tumor 

microenvironment can supply glutamine to ovarian cancer and pancreatic ductal carcinoma 

respectively (Meyer et al., 2016; Yang et al., 2016). 

Glutamine enters into the cell through various transporters such ASCT2 (SLC1A5), LAT1 

(SLC7A5), SNAT (SLC38), ATB0,+ (SLC6A14) which are overexpressed in cancer (Scalise et al., 

2017). There are some mitochondrial glutamine transporters for example SLC1A5 variant, 

GLAST, SLC25 which are involved in the import of glutamine for glutaminolysis (Kandasamy et 

al., 2018; Scalise et al., 2017; Yoo et al., 2020).  Glutaminolysis is a two-step process:  in the first 

step glutamine is converted into glutamate by glutaminase (GLS) and glutamate dehydrogenase 

(GDH) catalyzes the conversion of glutamate into α-ketoglutarate (α-KG).  This α-KG enters into 

the TCA cycle to produce ATP and therefore glutamine acts as an anaplerotic substrate to drive 

the TCA cycle (Zhang et al., 2017b). Different oncogenic factors, signaling pathways such as 

MYC, KRAS, mTORC1 signaling enhances the expression of these enzymes and promotes cancer 

invasion, migration, and metastasis  (Altman et al., 2016).  

In contrast, some of the cancer cells survive in a glutamine-deprived environment by their 

adaptive mechanism.  Depending upon specific cell type, origin, oncogenic mutation, and TME, 

glutamine deprivation also promotes the alteration in their metabolic pathway (Jiang et al., 

2019). The cells in the core of a solid tumor survive in nutrient and oxygen limiting conditions. 

In breast cancer, glutamine deficiency promotes epigenetic alteration to induce the 

dedifferentiation of cells (Pan et al., 2016). Similarly, the Wnt signaling pathway can be 

activated by deficiency of α-ketoglutarate (α-KG) in pancreatic ductal adenocarcinoma. 

Therefore, indirectly glutamine limitation enhances stem-like traits and chemoresistance (Tran 

et al., 2020). 

Cancer stem cells are generated by the genetic alteration or mutation of somatic cells during 

tumorigenesis. These small populations of cells have self-renewal and differentiation properties 

and they survive in stressed conditions and maintain their population by interacting with TME 

Introduction 
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(Aponte and Caicedo, 2017). Most of the CSC are glycolysis dependent and some of them have 

a high oxygen consumption rate (OCR), though the metabolic phenotype of CSCs are not only 

dependent upon the origin of cancer but also on other associated factors such as involved 

signaling pathway and TME (El Hout et al., 2020). Mitochondrial dynamics are also linked with 

CSCs. Mitochondrial morphology and its localization changes to adapt in nutrient limiting 

conditions and promote drug resistance (Jagust et al.,2019). Dynamin-related protein 1 (DRP1) 

is involved in mitochondrial fission and it is overexpressed in tumor-initiating cells in the brain 

and mitochondrial fragmentation is associated with the propagation of stem-like cells in breast 

epithelium (De Francesco et al., 2018). It is also reported that perinuclear localization of 

mitochondria is one of the features of CSCs and it regulates transcription of stemness factors by 

creating ROS enriched nucleus (Al-Mehdi et al., 2012).  

In this study, we aimed to focus on the role of glutamine in promoting stem-like characteristics 

and followed by chemoresistance in ovarian and colorectal cancer. We also tried to link 

mitochondrial dynamics and localization with glutamine deprivation for induction of stemness. 

In addition, we analyzed and examined the fate of stemness to regulate redox balance. 

 

Cancer stemness markers are enhanced upon glutamine deprivation in cancer cell 

Cancer stem cells (CSC) can survive in nutrient and oxygen limiting conditions within the tumor 

and they have the capability of self-renewal and dedifferentiation (Aponte and Caicedo, 2017). 

It is already reported that glutamine deprivation promotes stem-like features by attenuation of 

histone demethylation in breast and colorectal cancer (Pan et al., 2016; Tran et al., 2020). At 

first, we performed cell cycle analysis by continuously culturing PA1 cells in glutamine depleted 

condition up to passage 8. Cells were arrested in the G0/G1 phase of the cell cycle upon 

glutamine deprivation which is independent of passage number (Fig. 1A-B). It suggested that 

cells underwent a non-proliferating quiescent stage like CSCs in absence of glutamine. To 

revalidate these results, we checked the expression level of pluripotent stem cell markers like 

SOX2, OCT4, NANOG and found that their expression was enhanced in both mRNA and protein 

levels upon glutamine deprivation (Fig, 1C-D). We observed that nuclear localization of OCT4 

enhanced in this condition in PA1 (Fig. 1E).  Moreover, SOX2 expression also increased upon 

glutamine deprivation in HCT116 as observed in confocal microscopy (Fig. 1F). 

 

 

Results: 
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Figure 1: Glutamine deprivation enhanced the stemness associated genes: (A) Upon glutamine 
deprivation cells were arrested in G0/G1 phase as depicted in the histogram and (B)  cell cycle analysis 
data was represented in the bar diagram in PA1. (C) The gene expression of OCT4, SOX2, and NANOG 
were elevated in glutamine-deprived conditions in PA1 after 24 h. (D) Protein expression of SOX2 was 
enhanced upon 24 h of glutamine starvation in both PA1 and HCT116 and OCT4 expression also 
increased in HCT116. (E) Confocal microscopic images of OCT4 in PA1 and (F) SOX2 in HCT116 upon 24 h 
of glutamine deprivation. The statistical significance was analyzed and represented as NS for non-
significant,*p<0.05, **p<0.01, ***p<0.001. Scale bar 10 µm (E, F). 
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 Cell surface markers  of cancer stem cells are upregulated upon glutamine deprivation 

In addition, we observed the expression of cell surface antigens of cancer stem cells such as 

CD44 and CD117 are upregulated after both 24 h and 48 h of glutamine starvation in PA1 

whereas expression of CD44 and CD45 were increased in HCT116 at 48 h (Fig. 2A, C, E, H-J). In 

contrast, we have not found any significant changes in the expression level of CD31 and CD45 

after 24 h incubation in glutamine limiting condition, however, at 48 h, CD45 level was 

increased significantly in PA1 cells (Fig. 2B, D, F). Deregulation in the alternative splicing of 

CD44 promotes stemness in tumors (Bhattacharya et al., 2018). We have also found that the 

mRNA level of CD44 standard (CD44s) isoform was upregulated, along with the reduction in the 

epithelial variant (CD44e) under glutamine limiting conditions in PA1 cells (Fig. 2K). 
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Figure 2: CD markers are enhanced in glutamine deprived condition: (A-H) CD44, CD31, CD117 and, 
CD45 levels were checked in PA1 upon 24 h and 48 h of glutamine deprivation and represented in bar 
diagram. (I-J) CD44 and CD45 levels were enhanced upon 48 h of glutamine deprivation in HCT116. (K) 
Gene expression of CD44s and CD44epi were represented in the bar diagram in glutamine-deprived 
conditions at 24 h in PA1. The statistical significance was analysed and represented as NS for non-
significant,*p<0.05, **p<0.01, ***p<0.001.  

Glutamine deprivation is solely responsible for inducing stem-like features and promotes 

chemoresistance in cancer 

To establish the role of glutamine deprivation for promoting stem-like characteristics, we added 

glutamine after 24 h of glutamine starvation and noticed that glutamine addition normalized 

the level of SOX2 in PA1 (Fig. 3A). This indicates that glutamine deprivation is exclusively 

responsible for inducing the expression of stem-markers. In consistent with our prior 

observation, aldehyde dehydrogenase (ALDH) activity which is a marker of CSC, was also 

enhanced upon 24 h of glutamine-starvation (Fig. 3B). Collectively these data indicated that 

glutamine deprivation enhances stem-like features in cancer. 

Chemoresistance is associated with stemness and it becomes a character of CSCs. 

Chemoresistance in CSC is linked with the overexpression of drug efflux pumps which are 

mainly ATP binding cassette (ABC) family transporters, such as ABCG2, ABCB1. Glutamine 

deprivation promotes the upregulation of ABCG2 expression in both gene and protein levels 

(Fig. 3C-D). To examine the drug efflux capability of these cancer cells, we performed 

Rhodamine 123 (Rh123) efflux assay and it showed that glutamine starved cells exported out 

Rh123 more effectively compared to control cells in extracellular space. Additionally, flow 



                                                                                                                 Chapter 2 
 

67 | P a g e  
 

cytometric analysis depicted that Rh123 retaining cell population decreases upon glutamine 

deprivation (Fig. 3E-F). 

Figure 3: Glutamine deprivation promotes chemoresistance in cancer: (A) Re-supplementation of 
glutamine after its deprivation restored SOX2 protein expression in PA1. (B) Aldehyde dehydrogenase 
assay was performed and represented in the dot plot. (C) Gene expression of ABCG2 was represented in 
the bar diagram. (D) Protein expression of ABCG2 is also enhanced in OAW42 upon glutamine 
deprivation. Rhodamine 123 dye efflux assay was performed in HCT116 (E) and PA1 (F) upon glutamine 
deprivation and represented in both histogram and bar diagram. The statistical significance was  
analyzed and represented as NS for non-significant,*p<0.05, **p<0.01, ***p<0.001.  
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 Glutamine deprivation promotes perinuclear localization of fragmented mitochondria in 

cancer 

In cancer cells, glutamine is the main source for fueling the TCA cycle in mitochondria, and 

Figure 4: DRP1 promotes mitochondrial fission in glutamine deprived condition: (A-B) Under 24 h of 
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glutamine deprived condition, confocal microscopy of PA1 have shown fragmented mitochondria and % 
distribution of fragmented mitochondria is represented bar diagram. (C) The distribution of 
mitochondria around the nucleus was calculated and represented in line scan graph. (D-E) Expression of 
p-DRP1 (S616) at 12 h, 18 h, and 24 h of glutamine starvation was determined and quantitative data was 
represented in the bar diagram. (F) Protein levels of MFN1 and MFN2 remain unaltered after 24 h of 
glutamine deprivation. The statistical significance was analyzed and represented as NS for non-
significant,*p<0.05, **p<0.01, ***p<0.001. Scale bar 10 µm (A). 

mitochondrial dynamics regulate the fate of cancer cells. Depending upon these background 

informations, we hypothesized that mitochondrial dynamics may have a role in promoting In 

cancer cells, glutamine is the main source for fueling the TCA cycle in mitochondria and stem-

like features upon glutamine deprivation. Interestingly, we found that mitochondrial fission 

occurs due to glutamine deficiency and observed perinuclear localization of fragmented 

mitochondria which is another feature of CSCs (Fig. 4A-C). The percent of short mitochondria 

enhanced with a concomitant decrease in elongated one upon glutamine deficiency. To look 

upon the responsible factors involved in mitochondrial fission, we observed that 

phosphorylation of DRP1 at S616 is elevated in absence of glutamine (Fig. 4D-E). We did not 

find any change in the expression of mitochondrial fusion protein MFN1 and MFN2 (Fig. 4F). 

Therefore, it is suggested that glutamine deprivation may promote mitochondrial 

fragmentation through phosphorylation of DRP1.  

 Mitochondrial fission protein, DRP1 is responsible for promoting stem-like traits and 

chemoresistance in glutamine limiting conditions 

Both the DRP1 inhibitor (MDiVi-1) and siDRP1 can reduce the expression level of CD44 in 

glutamine-free conditions in PA1 and HCT116 respectively (Fig. 5A-B). Stem cells can form 3D 

spheroids in non-adherent conditions, which is another remarkable feature of CSCs. Glutamine 

deprivation promotes larger spheroid formation whereas  MDiVi-1 treatment rescues the cells 

from spheroid formation in glutamine-free medium and therefore the size of the spheroid 

remains the same as control (Fig. 5C-D). In confocal microscopy, fragmented mitochondria 

were observed in the spheroid formed in glutamine restricted conditions (Fig. 5E-F). 

Colocalization of CD44 and p-DRP1 elevated in ovarian cancer tissue compared to the normal 

ovarian tissue section which was presented using intensity correlation analysis (ICA). This ICA 

data indicated that colocalization rate, Pearson's correlation, colocalization area, and overlap 

coefficient were enhanced in cancerous tissue (Fig. 5G-H). The above results convincingly 

depicted that glutamine starvation can increase stem-like traits through DRP1 signaling in 

cancer. 

Following the previous data, we aimed to determine whether this DRP1 signaling is associated 

with chemoresistance along with stemness. Disrupting the DRP1 phosphorylation using MDiVi-1 

and siDRP1 pronouncedly increases Rh123 dye retaining population upon glutamine starvation 
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in Rh123 efflux assay (Fig. 5I-J). These experiments thus unraveled DRP1 as the potential factor 

for promoting stem-like traits and chemoresistance in cancer.  
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Figure 5: DRP1 promotes stemness and chemoresistance in glutamine limiting condition: (A, B) CD44 
expression reduced upon silencing and inhibiting DRP1 in glutamine restricted condition in HCT116 and 
PA1 respectively. (C-D) Size and the number of spheroids were represented in phase-contrast 
microscopy and presented in a dot plot. (E-F) Mitochondrial fragmentation was visualized in spheroids 
formed upon glutamine deprived condition in PA1 and  the distribution of mitochondria represented in 
bar diagram. (G-H) Co-expression of CD44 and DRP1 were enhanced in high-grade ovarian cancer tissue 
compared to the normal ovary and ICA data represented in the plot. (I-J) Rhodamine 123 efflux assay 
was performed using inhibitor- and siRNA against DRP1 in glutamine deprived conditions in HCT116 and 
PA1 cells respectively. The statistical significance was analysed and represented as NS for non-
significant,*p<0.05, **p<0.01, ***p<0.001. Scale bar 400 µm (C), 100 µm (D, F), 10 µm (Enlarged images 
of D). 

DRP1 promotes stemness and chemoresistance by redox regulation 

Though DRP1 is responsible for promoting stemness and chemoresistance in cancer, the 

mechanism behind it remains unknown. Therefore, we tried to focus on how mitochondrial 

fragmentation and their localization promote stem-like characteristics. Previously, we obtained 

that CD44 is upregulated upon glutamine deprivation and the various report suggested that 

CD44 localizes with xCT in the cell membrane. xCT is an antiporter that transports glutamate in 

exchange for cysteine into the cytosol and maintains the redox balance by synthesizing 

glutathione. We found that xCT expression enhances in glutamine deprived conditions and 

consistently therefore colocalization with CD44 also increases in cancer (Fig. 6A-D). In contrast, 

we did not find a significant change in mitochondrial ROS amount in the glutamine limiting 

condition. In addition, Inhibiting or silencing of xCT, no significant change was observed in ROS 

amount (Fig. 6E-G). In confocal microscopy using DCFDA, we observed that ROS accumulate in 

the nucleus in absence of glutamine (Fig. 6H). As mitochondria are localized around the nucleus 
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Figure 6: Mitochondrial redox homeostasis regulates chemoresistance in glutamine deprived 
condition: (A-B) Confocal microscopic images depicted that colocalization of CD44 and xCT enhanced 
upon glutamine deprivation in PA1 and quantitative data represented in bar diagram. (C-D) Expression 
of xCT increased and they interact with CD44 upon glutamine limitation in PA1 as observed through co-
immunoprecipitation. (E) Sulphasalazine (SSZ) treatment did not reduce mitochondrial ROS in 
glutamine-deprived conditions in PA1. (F-G) sixCT was unable to control mitochondrial and total cellular 
ROS in glutamine-deprived conditions in PA1 as evidenced in flow cytometric data and represented in 
both histogram and bar diagram. (H) Cellular ROS localization was observed through confocal 
microscopy using DCFDA staining in PA1. (I) GSH and NOCO treatment independently can able to 
decrease the ABCG2 expression in glutamine limiting conditions in PA1. The statistical significance was 
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analyzed and represented as  NS for non-significant,*p<0.05, **p<0.01, ***p<0.001. Scale bar 10 µm (A, 
H).  

in the CSCs, they may generate ROS in the nucleus.  When we have used GSH, found that 

ABCG2 expression decreased in absence of glutamine (Fig. 6I). In addition, blocking 

mitochondrial mobility using nocodazole (NOCO), attenuated ABCG2 expression in glutamine 

deficient conditions in PA1 (Fig. 6I). Altogether, these data suggested that mitochondrial ROS 

may regulate chemoresistance upon glutamine deprivation in cancer. 

NRF2 is involved in the induction of chemoresistance in glutamine limiting conditions 

Some reports indicate that nuclear ROS can activate various transcription factors such as NRF2 

which in turn promote stemness and chemoresistance. In addition, from the interactome study, 

we found that xCT, ABCG2 interact with NRF2 in string analysis (Fig. 7A).  Confocal microscopic 

images depicted that NRF2 bind to DNA in glutamine limiting condition in HCT116 (Fig. 7B). 

Glutamine deprivation promotes nuclear translocation of NRF2 as we found that its expression 

enhances in nuclear fraction compared to the cytosolic part (Fig. 7C). In silico study suggested 

that the ABCG2 promoter has an NRF2 binding site. Silencing of NRF2, we have found 

decreased expression of ABCG2 in protein level (Fig. 7D) and drug effluxing population in 

glutamine  
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Figure 7: NRF2 mediates chemoresistance in glutamine limiting condition: (A) String analysis revealed 
the interaction among NRF2, xCT, and ABCG2. (B) Confocal microscopic images depicted the 
accumulation of NRF2 in the nucleus under glutamine deprivation. (C) NRF2 increased in the nuclear 
fraction of HCT116 upon glutamine deprivation. (D) siNRF2 prevents the enhancement of ABCG2 
expression in glutamine-deprived conditions in PA1. (E) Rhodamine dye efflux assay depicted that 
siNRF2 reduced drug effluxing population in PA1. The statistical significance was analyzed and 
represented as NS for non-significant,*p<0.05, **p<0.01, ***p<0.001. Scale bar 10 µm (B). 

restricted condition (Fig. 7E). These data suggested that NRF2 is another factor regulating 

stemness and chemoresistance in glutamine-free conditions. 

 A small molecule pharmacological inhibitor of glutaminase, L-DON can exert similar effects 

like glutamine starvation  

In the recent era, glutaminase is one of the promising targets to block cancer progression. 

Various glutaminase inhibitors like L-DON, BPTES, Compound 968, CB-839 are used to inhibit 

glutamine usage by the cells. Therefore, these inhibitors imitate a situation of glutamine 

starvation in cancer cells. We found that phosphorylation of DRP1 (S616) was significantly 

enhanced by L-DON treatment (Fig. 8A). Similarly, it increases mitochondrial fragmentation 

(Fig. 8B). We have also checked the extracellular acidification rate (ECAR) after L-DON 

treatment and found that it is elevated like glutamine starved condition (Fig. 8C-D). In addition, 



                                                                                                                 Chapter 2 
 

78 | P a g e  
 

it can also enhance the expression of SOX2 in PA1 (Fig. 8E). Altogether, our study reveals that L-

DON promotes a similar effect to glutamine deprivation in cancer. 

Figure 8: L-DON exerts a similar effect like glutamine deprivation in cancer: (A) p-DRP1 enhanced upon 
L-DON treatment in control media in PA1. (B) Mitochondrial fragmentation occurred in L-DON treated 
conditions in PA1. (C-D) ECAR and glycolysis were also enhanced upon L-DON treatment as happened in 
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glutamine deprivation. (E) L-DON promotes the elevation of SOX2 in PA1. The statistical significance was 
analyzed and represented as NS for non-significant,*p<0.05, **p<0.01, ***p<0.001. Scale bar 10 µm (B).  

Combination therapy of L-DON and MDiVi-1 together can combat stemness and 

chemoresistance in cancer 

As L-DON enhances the CSC population in tumors and MDiVi-1 can reduce this population, 

therefore, we tried the combination therapy of L-DON and MDiVi-1 to rescue tumor cells from 

becoming chemoresistant. Most interestingly, we observed that dual treatment of L-DON and 

MDiVi-1 promotes apoptosis in the cancer cell (PA1), while the minimal effect was found in 

normal cells (IOSE-385) (Fig. 9A). Further, to establish the results in in-vivo, we investigated in 

syngeneic mice model (C57BL/6) using ID8 (mouse ovarian epithelial cancer cell) cells. To 

validate the effect of MDiVi-1 in glutamine starved condition, we injected it with or without  
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Figure 9: Dual treatment of L-DON and MDiVi-1 reduce the burden of cancer stem cells. (A) Annexin-V/ 
PI assay depicted that dual treatment of L-DON and MDiVi-1 can kill the cancer cells without affecting 
normal ovarian cells. (B) Tumor volume remained unchanged in L-DON treated and L-DON+MDiVi-1 
treated condition in mice model and represented in the line graph. (C) Hematoxylin and eosin staining 
was done in tumor sections.  (D) Expression of cleaved caspase3 remained unaltered in different 
treatments and represented in bar diagram. (E-G) SOX2, OCT4, and ABCG2 were enhanced in L-DON 
treated conditions whereas L-DON+MDiVi-1 reduces those expressions in the tumor. (H-J) p-DRP1 and 
CD44 expression and colocalization were enhanced upon L-DON treatment with concomitant decrease 
in L-DON+MDiVi-1 treated condition in the tumor. (K) The schematic diagram depicted that glutamine 
deprivation promotes stemness and chemoresistance by regulating DRP1 phosphorylation in cancer. The 
statistical significance was analysed and represented as NS for non-significant,*p<0.05, **p<0.01, 
***p<0.001. Scale bar 400 µm (C), 100 µm (D,E, F, G, H). 
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L-DON in 100 mm3 tumor-bearing mice consecutively for 3 days, whereas the animals of the 

control set were injected with an equal volume of PBS (Fig. 9B). L-DON treatment even in 

presence of MDiVi-1 significantly inhibitor tumor growth, however, MDiVi-1 was alone unable 

to stall cancer cell proliferation. A similar result was observed in histological sections with 

hematoxylin and eosin staining, which depicted that lower number of cells are present in tumor 

core in both L-DON treatment and L-DON +MDiVI-1 treatment (Fig. 9C). We did not observe any 

change in the expression of caspase-9, which suggested that L-DON+MDiVi-1 treatment cannot 

promote apoptosis in the mice (Fig. 9D). There was increased expression of OCT4, SOX2, and 

ABCG2 after L-DON treatment that was significantly reduced by MDiVi-1 in the in-vivo model 

(Fig. 9E-G). L-DON-treated tumors showed increased DRP1 phosphorylation (S616) and CD44 

expression along with increased co-localization of these proteins, while dual treatment of L-

DON and MDiVi-1 significantly reduced the CD44 expression (Fig. 9H-J). These data give us a 

sneak that pharmacological inhibition of GLS1 and mitochondrial fission simultaneously inhibit 

tumor growth with a reduction in the CSC population (Fig. 9K). 

 

 

Addiction to glutamine is one of the features of growing tumor cells and this incident is utilized 

for diagnosis purposes using 18F-Gln in PET scanning (Venneti et al., 2015). It is well reported 

that tumor core regions are glutamine deficient and glutamine deficiency causes 

dedifferentiation of tumor cells (Pan et al., 2016; Vaupel et al., 1989). We have depicted that 

stemness and chemoresistance property imparted through phosphorylation of DRP1 in 

glutamine deprived conditions in cancer.  

Deregulated mitochondrial dynamics is associated with cancer and we found that glutamine 

deficiency enhances stemness properties along with mitochondrial fragmentation. The level of 

p-DRP1 (S616) was increased with enrichment of shorter mitochondria (<2µm) upon glutamine 

deprivation. A similar result was observed in the spheroids formed in glutamine deficiency. 

DRP1 is responsible for promoting stemness features in various cancer (Cai et al., 2016; Peiris-

Pagès et al., 2018). Considering these reports, we have also found that phosphorylation of DRP1 

induces mitochondrial fragmentation and stemness property under glutamine deprivation. 

Fragmented mitochondria are localized around the nucleus and this perinuclear localization is 

one of the attributes of CSCs. DRP1 inhibition using MDiVi-1 blocked retrograde transport of 

mitochondria and also inhibits stemness properties. Additionally, we found reduced expression 

of ABCG2 upon inhibition of mitochondrial movement by microtubule inhibitor, nocodazole in 

glutamine starvation in cancer. Therefore, we suggested mitochondrial fragmentation and its 

localization is important to regulate stem-like features in cancer.  

Discussion 
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ROS is an important factor in mitochondrial fragmentation and the generation of stemness in 

cancer (Hu et al., 2019). It is designated as a ‘double-edged sward’ as it promotes tumorigenesis 

and stemness (Chatterjee and Chatterjee, 2020). xCT is responsible for maintaining ROS in 

cancer cells and it colocalizes with CD44 (Guo et al., 2011). As we found enhanced expression 

and colocalization of CD44 and xCT, therefore we hypothesized that xCT may be responsible for 

regulating ROS, mitochondrial fragmentation, and stemness in glutamine-deprived conditions. 

However, we did not get any change in total and mitochondrial ROS upon silencing xCT in 

glutamine starved condition. These results indicated that xCT is not involved in regulating ROS 

under glutamine-limiting conditions. By confocal microscopy, we observed that ROS 

accumulation occurs in the nucleus. We suggested that the perinuclear localization of 

mitochondria is responsible for nuclear ROS accumulation. It is reported that nuclear ROS 

accumulation triggered the various gene expression of transcription factors through guanidine 

oxidation (Al-Mehdi et al., 2012). In string analysis, we analyzed that CD44, xCT, ABCG2 has 

interaction with one of the transcription factor NRF2. Various reports suggested that NRF2 has 

a role in regulating chemoresistance through ABCG2 (No et al., 2014).  We have also found that 

there is enhanced NRF2 level in nuclease in glutamine deprived condition and upon its 

silencing, the level of ABCG2 and drug effluxing population decreased. Therefore, we can 

conclude that DRP1 driven mitochondrial fragmentation and localization promote stemness and 

chemoresistance through activation of NRF2 in cancer. 

Recently, glutaminolysis is targeted therapeutically to reduce tumor growth and combat cancer. 

Combination therapy of glutaminase inhibitor along with inhibitor for specific signaling pathway 

reduces tumor proliferation (Jin et al., 2016; Matés et al., 2020). We found that glutaminase 

inhibitor, L-DON imitated glutamine deprived condition in cancer cell line and mice tumor 

model. Though it kills cancer cells in in vitro cell line , however, it inhibits tumor growth without 

altering cell survival in mice tumor model. However, L-DON increased the expression of 

stemness markers SOX2, OCT4, NANOG in tumors which is significantly reduced by combination 

treatment of L-DON and MDiVi-1. It is already reported that MDiVi-1 has been used to reduce 

CSCs population (Peiris-Pagès et al., 2018). Therefore, dual treatment of L-DON and  MDiVi-1 

can reduce CSCs burden and halt tumor growth, which can be a promising approach for 

diagnostic purposes. 
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Besides stemness and chemoresistance, EMT and metastasis are other major problems 

associated with ovarian cancer progression. Through EMT, epithelial cells lose their apical-basal 

polarity and they become mesenchymal which facilitates cancer cells migration to the 

secondary organ (Valastyan and Weinberg, 2011).   

Metabolic reprogramming is involved in the regulation of EMT and cancer progression (Sun and 

Yang, 2020). Glutamine dependency increases with cancer aggressiveness. In contrast, 

glutamine depletion facilitates EMT in pancreatic cancer cells (Recouvreux et al., 2020). 

Glutamate is produced through glutaminolysis and it acts as a signaling molecule to promote 

invasion in the breast cancer cell (Dornier et al., 2017). Glutaminolysis is facilitated by two 

enzymatic steps: in Step1, glutaminase (GLS) converts glutamine to glutamate and in Step2, 

glutamate is converted into α-ketoglutarate through glutamate dehydrogenase (GDH). Highly 

invasive ovarian cancer cells are glutamine-dependent through STAT3 signaling (Yang et al., 

2014). Glutamine metabolism is regulated through various factors in cancer. mTORC1 is the 

master regulator of glutamine metabolism or glutaminolysis. Glutamine can activate mTORC1 

whereas it can regulate glutaminolysis. Therefore, its activity depends on the nutrient 

availability and status of accessory factors. In an exchange with leucine and glutamine, mTORC1 

is activated on the lysosome (Altman et al., 2016). On the contrary, mTORC1 regulates 

glutaminolysis through repressing the activity of SIRT4 (Csibi et al., 2013a). 

SIRT4, the least characterized protein in the SIRT family, which has ADP-ribosyltransferase 

activity is involved in ribosylation of glutamate dehydrogenase (GDH) and therefore represses 

its activity. GDH maintain cellular redox homeostasis in cell and thereby SIRT4 is linked with 

cellular redox balance (Jin et al., 2015). SIRT4 represses cancer progression by regulating 

glutamine metabolism in colorectal and breast cancer (Du et al., 2020; Miyo et al., 2015). Being 

a mitochondrial protein SIRT4 is also a negative controller of glycolysis. In pancreatic cancer, 

UHRF1 is an upstream regulator of SIRT4, and its promotes proliferation and aerobic glycolysis 

by repressing SIRT4 (Hu et al., 2019). It also blocks tumor progression by inhibiting the ERK-

DRP1 pathway and mitochondrial fusion in non-small lung cancer (Fu et al., 2017).  

Considering these background studies, firstly, we focused on the role of glutaminolysis in 

regulating EMT in ovarian cancer cells. Secondly, we wanted to decipher the function of the 

regulator of glutaminolysis such as mTORC1 and SIRT4 in glutamine-deprived conditions. 

Moreover, we investigated the effect of SIRT4 in the progression of EMT and deciphered the 

mechanism behind it in OC. 

 

 

Introduction: 
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RESULTS: 

 Glutaminolysis regulates  the EMT process in ovarian cancer cells 

It is reported that glutamine deprivation regulates EMT  and migration in ovarian cancer cells 

(Prasad and Roy, 2021). We want to decipher whether solely glutamine is responsible for this 

regulation or the by-product of glutaminolysis may have a role in facilitating EMT in OC. Firstly, 

we observed that the expression of a mesenchymal marker, N-cadherin was decreased upon 

glutamine deprivation, however, supplementation of the by-product of glutaminolysis such as 

glutamate (GLU) and α-ketoglutarate (α-KG) can restore the expression of this protein in PA1 

cells (Fig. 1A). The opposite result was observed in the expression level of the epithelial marker, 

E-cadherin (Fig. 1B). Similarly, in western blot analysis, the expression of vimentin and N-

cadherin were downregulated in glutamine starved conditions. Again, the addition of glutamate  

Results: 
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Figure 1: EMT is regulated by glutaminolysis in OC cells. (A, B) Expression of N-cadherin and E-cadherin 
was checked through flow cytometric analysis and data was represented in both histogram and bar 
diagram in PA1 cells at 48 h. (C) Expression of vimentin and N-cadherin was decreased upon glutamine 
deprivation as observed in western blot analysis in SKOV3 at 48 h. The statistical significance was 
calculated and represented as NS for non-significant,*p<0.05, **p<0.01, ***p<0.001. 

and α-ketoglutarate in glutamine-deprived media enhanced those proteins’ expression in 

SKOV3 cells (Fig. 1C). These results depicted that not only glutamine but also by-product of 

glutaminolysis are responsible for promoting EMT in OC cells. 

 Glutamine deprivation regulates the mTORC1-p70S6K signaling axis  in ovarian cancer 

The cross-talk between glutamine and mTORC1 is bidirectional. In absence of glutamine, cancer 

cells depend upon arginine through p53-associated transcriptional regulation and increased cell 

proliferation by activation of mTORC1 (Lowman et al., 2019). In contrast, it is reported that 

mTORC1  also regulates glutaminolysis through SIRT4 in cancer (Csibi et al., 2013). Considering 

these, we focused on the link between glutamine and mTORC1 signaling in OC. In confocal 

microscopy, upon glutamine deprivation, we did not find a significant change in the expression 

of p-mTORC1 (S2448) which localizes on the lysosome upon activation in PA1 cells (Fig. 2A). 

However, the expression of p-p70S6K (T389) was decreased in glutamine starved 
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Figure 2: Glutaminolysis regulates mTORC1 and SIRT4 in OC. (A) In immunofluorescence confocal 
microscopy, expression of p- mTORC1 was checked along with lysosome in PA1 under 48 h of glutamine 
deprived condition along with the addition of glutamate and α-ketoglutarate. (B) p-p70S6K (T389) was 
downregulated upon glutamine staved state and the effect was reverted upon supplementation of 
glutamate and α-ketoglutarate in PA1 at 48 h. (C) Rapamycin (RAPA) treatment in glutamine deprived 
condition, expression of p-p70S6K (T389) again decreased compared to without Rapa treated condition 
in PA1. (D) In flow cytometric analysis, also depicted the expression of p-p70S6K (T389) in PA1. (E) 
Expression of SIRT4 was checked upon glutamine deprived condition along with RAPA in PA1. The 
statistical significance was calculated and represented as NS for non-significant, *p<0.05, **p<0.01, 
***p<0.001. Scale bar 10 µm (A). 

condition and this effect was again back to normal upon glutamate and α-ketoglutarate 

treatment (Fig. 2B). Additionally, rapamycin (RAPA) treatment in glutamine-deprived conditions 

again downregulates the expression of p-p70S6K (Thr389) compare to only glutamine-deprived 

cells (Fig. 2C). Similar results were observed in flow cytometric analysis (Fig. 2D). Therefore, it 

indicated that glutamine deprivation downregulates mTORC1 signaling and glutaminolysis is 

responsible for regulating this activation in OC cells. It is already mentioned that mTORC1 

regulates glutaminolysis through repressing SIRT4  expression in cancer (Csibi et al., 2013). We 

checked the expression of SIRT4 and found that it was increased upon glutamine limiting 

condition in PA1 (Fig. 2E). These results indicated that the by-products of glutaminolysis have 

role in promoting mTORC1-SIRT4 signaling in OC.  
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 Role of SIRT4 in repressing EMT in ovarian cancer 

Glutaminolysis is regulated by SIRT4 as it repressed the activity of GDH by ADP-ribosylation 

activity (Haigis et al., 2006). It is already reported that SIRT4 acts as a tumor suppressor in 

pancreatic, colon, and breast cancer (Jeong et al., 2013). Human protein atlas reports also 

suggested that SIRT4 expression is very low in ovarian cancer. Therefore, we wanted to validate 

the expression of SIRT4 and focused on the role of glutaminolysis regulating factor to promote 

EMT in OC.  We checked this result through IHC and observed that SIRT4 expression is very less 

in ovarian cancer tissue compared to normal ovarian tissue (Fig. 3A). SIRT4 is upregulated when 

it was transiently transfected in PA1 but the expression of vimentin was significantly reduced 

(Fig. 3B). In both confocal microscopy and flow cytometric analysis, the expression of N-

cadherin was decreased in PA1, whereas, the concomitant increase was observed in the 

expression of E-cadherin upon overexpression of SIRT4 (Fig. 3C, D). A similar result was 

obtained in  the expression of N-cadherin through flow cytometric analysis (Fig. 3E). Phalloidin-

labeled F-actin was predominantly organized in control cells compared to SIRT4 overexpressed 

PA1 cells  (Fig. 3F). Altogether, it was observed that SIRT4 acts as an antagonist in PA1 cells. 
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Figure 3: SIRT4 regulates EMT in OC. (A) Expression of SIRT4 in the human ovarian cancer tissue sample.  
(B) Transient transfection of SIRT4  leads to its overexpression and expression of Vimentin was observed 
through western blot analysis in PA1. (C, D) Expression of N-cadherin and E-cadherin were observed in 
PA1 through immunofluorescence microscopy. (E) Expression of N-cadherin was observed through flow 
cytometric analysis in PA1. (F)  Phalloidin-stained F-actin was visualized through confocal microscopy in 
PA1. The statistical significance was analyzed and represented as NS for non-significant,*p<0.05, 
**p<0.01, ***p<0.001. Scale bar 100 µm (A), 10 µm (C, D, F). 

Mitochondrial ROS regulates EMT via HIF1α expression upon SIRT4 overexpression  in ovarian 

cancer 

As SIRT4 is a mitochondrial resident protein, we, therefore, focused on the effect of SIRT4 on 

mitochondrial function and dynamics. We found that mitochondrial membrane potential 

decreased in SIRT4 overexpressed cells and increased during its silencing in PA1 (Fig. 4A). SIRT4 

inhibits GDH activity and therefore regulates cellular redox balance. Therefore, we investigated 

the mitochondrial ROS amount using mitosoxRed dye. It has been found that mitochondrial 

ROS was reduced upon SIRT4 overexpression and the opposite effect was observed upon its 

silencing (Fig. 4B). Altogether, from these results, it was evident that SIRT4 regulates 

mitochondrial activity in ovarian cancer cells. 

ROS is an important factor for promoting cell migration and EMT. ROS-mediated EMT occurs 

through the activation of HIF1α (Tam et al., 2020). To establish the pathway, we observed that 

HIF1α was decreased in SIRT4 overexpressed condition as observed through flow cytometry in 

PA1 (Fig. 4C). Similar result was observed in confocal microscopic images (Fig. 4D). Again 

inhibiting HIF1α, expression of N-cadherin was reduced compared to only SIRT4 overexpressed 

cells (Fig. 4E). In addition, the HIF1α inhibitor reduced the expression of Vimentin in the SIRT4 

silenced condition in PA1 (Fig. 4F). Therefore, SIRT4 attenuates EMT through repressing HIF1α 

expression in OC. 
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 Figure 4: SIRT4 regulates mitochondrial function and EMT in cancer. (A) JC-1 dye was used to check 
membrane potential in PA1 upon SIRT4 overexpression and silencing. (B) The amount of mitochondrial 
ROS was measured using mitosox Red dye through flow cytometry in PA1 after overexpressing and 
silencing SIRT4. (C) Expression of HIF1α decreased upon SIRT4 overexpression as observed through flow 
cytometric analysis in PA1. (D) In confocal microscopy, nuclear translocation of HIF1α was not observed 
in PA1, however, treatment of HIF1α inhibitor reduces the expression of N-cadherin for the only SIRT4 
transfected cells in PA1 (E). (F) Vimentin expression was checked in western blot analysis in PA1. The 
statistical significance was calculated and represented as NS for non-significant,*p<0.05, **p<0.01, 
***p<0.001. Scale bar 10 µm (D). 

 

Discussion: 

Glutamine can promote EMT through the regulation of a transcription factor ETS1 in ovarian 

cancer. Under glutamine-deprived conditions, ETS1 was translocated into the nucleus through 

which it orchestrated signaling to promote the migration of OC cells (Prasad and Roy, 2021). 

However, we found that glutamine is not only responsible for EMT progression, but also the by-

product of glutaminolysis is involved to promote EMT. Under the glutamine-deprived condition, 

EMT markers were reduced, but supplementation of glutamate and α-KG can rescue the cells 

and facilitate EMT in OC. It suggested that glutamine along with glutamate and α-KG are 

involved in promoting EMT in OC. 

To find out the main regulator of glutaminolysis-induced EMT, we focused on the status of 

mTORC1 and its downstream effectors. It is reported that glutamine promotes proliferation 

through mTOR/S6K signaling in OC (Yuan et al., 2015). Additionally, glutamine deprivation also 

induced cancer cells proliferation by enhancing arginine uptake and enhancing mTORC1 

signaling (Lowman et al., 2019). However, we found that glutamine deprivation downregulates 

phosphorylation of p70S6K at Thr389, which is a downstream target of mTORC1. Glutamate and 

α-KG can again abrogate the expression of p- p70S6K and inhibiting mTORC1 by rapamycin alter 

the expression of p- p70S6K.  

Discussion: 
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Therefore, glutamine deprivation represses mTORC1 activation in OC whereas glutaminolysis 

stimulates its activation. Reports suggested that mTORC1 regulates GDH activity through SIRT4- 

associated ADP-ribosylation and promotes cancer cell proliferation through mTORC1 activation. 

We found that SIRT4 increased upon glutamine deprivation which suggested that as mTORC1 

activation was hampered, therefore it cannot repress the expression of SIRT4. As SIRT4 

regulates glutamine metabolism by inhibiting GDH activity, therefore under glutamine-deprived 

conditions, SIRT4 again reduces the utilization of glutamine in the TCA cycle. Therefore, it may 

be an adaptive feature of cancer cells in glutamine starved conditions. 

To link glutaminolysis, SIRT4 and EMT, we focused on the role of SIRT4 in promoting EMT in OC. 

In most cancer cells, SIRT4 acts as a tumor suppresser. In ovarian cancer tissue, it is low 

expressive compared to the normal ovarian tissue. Therefore, ovarian cancer has a tumor-

suppressive function. Under the glutamine-deprived condition, SIRT4 may enhance to reduce 

cancer cell proliferation, although we have not elucidated this function. SIRT4 attenuated EMT 

progression in PA1. The effect on PA1 has supported the result observed in human ovarian 

cancer tissue. 

To find out the mechanism behind SIRT4 regulated EMT, we targeted mitochondrial function as 

SIRT4 is a mitochondrial protein. In non-small lung cancer, SIRT4 inhibits cancer progression by 

regulating mitochondrial dynamics (Fu et al., 2017). SIRT4 reduced the mitochondrial 

membrane potential and amount of ROS in PA1. There is a positive co-relation present between 

mitochondrial membrane potential and mitochondrial ROS generation which was revalidated 

by our results (Suski et al., 2012). ROS has a role in regulating EMT in various cancer (Wang et 

al., 2010). ROS regulates various transcription factors to promote EMT and HIF1α is one of 

them, which facilitate the expression of EMT markers in cancer (Tam et al., 2020). It was 

observed that ROS regulates HIF1α expression and mediates EMT upon silencing SIRT4 in OC. 

Altogether, we suggested that under glutamine-deprived conditions, glutamine deprivation 

promotes SIRT4  expression and it reduces EMT in OC. Moreover, SIRT4 inhibits ROS  production 

and inhibits ROS-mediated HIF1α expression. Therefore, SIRT4 overexpression hampers the 

ROS- HIF1α signaling axis to represse EMT in ovarian cancer. Therefore, this mechanism is 

important for controlling OC promotion. 
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Tumor microenvironment (TME) formed with extracellular matrix (ECM), stromal cells 

(including fibroblasts, adipocyte, mesenchymal, endothelial, and immune cells) (Bighetti-

Trevisan et al., 2019). These cells secrete growth factors and metabolites which promote cancer 

cell proliferation. Chemoresistance property is imparted in the cancer cells through the 

signaling of various growth factors and metabolites. CSCs acquired some strategies to get rid of 

the therapeutic condition. Normally, chemotherapeutics reach their target organelle, mostly 

the nucleus through the bloodstream and kill the cells. However, due to the low pH of the 

extracellular space of cancer cells, these drugs become charged and cannot enter through 

diffusion into the nucleus. Additionally, numerous drug-metabolizing enzymes such as 

cytochrome P450 system (CYP), glutathione-S-transferase (GSH) superfamily, or uridine 

diphospho-glucuronosyltransferase (UGT), aldehyde dehydrogenase (ALDH) inactivated the 

chemotherapeutic drugs.  CSCs have a high expression of ATP binding cassette (ABC) 

transporters which efflux out drugs. Therefore, CSCs become chemoresistant (Yeldag and 

Alistair Rice, 2018). 

 Epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet-derived growth factor 

(PDGF), transforming growth factor β (TGFβ) are the main growth factors abundant in the TME 

and they facilitate cancer progression. EGF promotes chemoresistance to gefitinib through 

activation of the AKT pathway (Jeannot et al., 2014). Likewise, FGF signaling induces resistance 

to cytarabine in acute myeloid leukemia cells (Karajannis et al., 2006). Among these growth 

factors, TGFβ plays a dual role as in some cancer. It acts as a pro-survival factor whereas in 

several cases it is pro-apoptotic. Its functional activity depends upon the activated signaling 

pathway, type of cancer cell, and various other factors in TME. In pancreatic cancer, TGF-βRII 

induces sensitivity to the chemotherapeutic drug, gemcitabine (Xelwa et al., 2021). It also 

suppresses the early stage of cancer progression. In contrast, TGFβ promotes chemoresistance 

through activation of pyruvate dehydrogenase kinase 4 (PDK4) in colorectal cancer (Yeldag and 

Alistair Rice, 2018).  

Cancer-associated fibroblasts (CAF) are the main source of TGFβ1, which mediates stemness 

and chemoresistance. Cancer-associated mesothelial cells also have a role in regulating 

chemoresistance properties through TGFβ1 signaling in ovarian cancer (Qian et al., 2021). In 

this cancer, TGFβ1 augments stem-like characteristics through ZEB1-mediated EMT and by 

regulating the expression of transglutaminase (TG2)  (Cao et al., 2012; Mitra et al., 2018). TGFβ 

promoter hypermethylation also promotes resistance to paclitaxel (Wang et al., 2012).  Besides 

its role in cancer, TGFβ signaling and sonic hedgehog induces PITX2 expression in left-right 

asymmetry during embryonic development of vertebrate (Shiratori and Hamada, 2014). We 

have first deciphered the connection between TGFβ1 signaling and PITX2 expression in ovarian 

cancer and also investigated the mechanism through which PITX2 induces stemness and 
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chemoresistance. We observed that prolonged incubation with TGFβ1 enhanced the expression 

of PITX2A/B and to decipher the molecular signaling, we observed that knocking down of 

SMAD2 downregulates PITX2A/B signaling in TGFβ1-induced condition. Additionally, ERK 

inhibitors also attenuate TGFβ1 induced PITX2A/B signaling in ovarian cancer. Therefore, 

TGFβ1-mediated PITX2A/B signaling occurs through SMAD-dependent and ERK-dependent 

pathways. 

Among various bicoid-like homeodomain transcription factors, PITX2A/B is involved both in 

embryonic development and cancer progression. It plays a significant role in gonadal 

development in a sexually dimorphic manner (Nandi et al., 2011). It links between asymmetric 

organ morphogenesis and transient nodal signaling in the left lateral plate mesoderm (l-LPM) 

(Schweickert et al., 2000). Through the Wnt/β-catenin pathway, PITX2 promotes cancer 

progression and chemoresistance in different cancer (Hirose et al., 2011; Lee and Thévenod, 

2019; Luo et al., 2019).  PITX2 also promotes resistance to letrozole via IFNα signaling in breast 

cancer and it becomes a prognostic marker for breast cancer progression (Aubele et al., 2017; 

Xu et al., 2019). 

 In our study, we observed that PITX2 overexpression upregulated the stemness markers and 

drug efflux transporter such as ABCG2, ABCB1 in OC. It is reported that PITX2 enhances ABCB1, 

ABCG2 activity through its binding to ABCB1 promoter in colon and kidney cancer cells (Lee and 

Thévenod, 2019). We depicted that, PITX2A/B also binds to the ABCB1 promoter and 

augmented its activity in ovarian cancer. We have also focused on metabolic alteration upon 

PITX2 induction in these cells and found that cells become metabolically less active. Therefore, 

we suggested that the PITX2 induced change in the metabolic phenomenon may depend upon 

its stem-like properties in ovarian cancer. Altogether, we highlighted that TGFβ1 induces PITX2 

expression via SMAD and ERK-dependent signaling pathways and thereby promotes stemness 

and chemoresistance properties in ovarian cancer. 

Besides deciphering the role of the growth factor to impart stemness and chemoresistance 

properties, we further studied the role of metabolites in promoting these features in cancer.   

Among the various metabolic alterations, glutamine dependency is a prominent feature in most 

cancer cells.  Depending upon these features, 18F-FGln is used to diagnose different types of 

cancer and showed glutamine avidity varies with the differential mutation status (Dunphy et al., 

2018). However, there is some limitation in using 18F-FGln due to its availability to targeted 

organs and the small size of the sample (Venneti et al., 2015).  In addition, glutamine 

metabolism is therapeutically targeted to combat the burden of cancer cells. There are various 

small molecule inhibitors such as 6-Diazo-5-oxo-L-norleucine (L-DON), Bis-2-(5-

phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES), glutaminase inhibitor compound 

968, CB-839 which block glutaminolysis  (Grinde et al., 2019; Jin et al., 2016). 
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Tumor cells choose an adaptive mechanism to sustain glutamine limiting conditions. The 

adaptive mechanism includes de novo glutamine synthesis, utilization of other nutrients, signal-

mediated cell fate decision, and proteolytic scavenging. Glutamine deprivation in pancreatic 

ductal adenocarcinoma (PDAC) enhances expression of GOT2 and branched-chain amino acid 

transaminase (BCAT) which supply other amino acids and nucleotides. Altered amino acid 

metabolism and nucleotide synthesis are coupled with mTORC1 activation and stabilize GLUL in 

glutamine limiting conditions (Pei-Yun Tsai et al., 2021). Targeting glutamine metabolism can 

block both glycolytic and oxidative metabolism in tumor cells, but the effector T cells show high 

oxidative metabolism. These T cells have enhanced acetate metabolism which fuels the TCA 

cycle and channel glucose into the PPP pathway and maintain NADPH homeostasis (Leone et 

al., 2019). Upon glutamine deprivation, p53 is activated by phosphorylation at Ser18, and 

activated p53 binds to the promoter of the SLC7A3 gene, which is an arginine transporter. p53 

induces arginine uptake in glutamine limiting condition and thereby maintain the mTORC1 

signaling pathway (Lowman et al., 2019). Asparagine is another amino acid that helps the 

cancer cell to survive in glutamine-restricted conditions (Jiang et al., 2018). IκB kinase β (IKKβ) is 

a master regulator of the NF-kβ signaling pathway in cell survival and inflammatory response. In 

absence of glutamine, IKKβ is activated independently of NF-kβ signaling. It suppresses aerobic 

glycolysis and lactate production by phosphorylation of 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase isoform 3 (PFKFB3) at Ser269 in glutamine deprived conditions (Reid et al., 

2016). PDAC cells uptake extracellular protein by macropinocytosis and degrade by 

phagocytosis in the lysosome, producing glutamine and other essential amino acids (Kamphorst 

et al., 2015). The glutamine produced in lysosome is supplied by SNAT7 to cancer to sustain in 

glutamine deprived conditions (Verdon et al., 2017).   

In the tumor core region, there is a deficiency of glutamine and it is reported that regional 

glutamine deficiency promotes dedifferentiation of cancer (Pan et al., 2016). In our study, we 

investigated the mechanism through which stemness and chemoresistance properties imparted 

in glutamine deprived conditions in cancer. We found that glutamine deficiency attenuates 

cancer cell proliferation and induces stem-like traits and chemoresistance. To find out the 

mechanism behind these phenomena, we observed that DRP1 is phosphorylated at S616 and 

this leads to mitochondrial fragmentation in glutamine deprived condition.  It is reported that 

DRP1 phosphorylation promotes chemoresistance properties in cancer  (Cai et al., 2016; Peiris-

Pagès et al., 2018). Therefore, inhibiting DRP1 by its inhibitor and knocking down by siDRP1, the 

stem-like properties and drug effluxing capability were decreased in our case also. The 

perinuclear localization of mitochondria was observed which was one of the features of CSCs. 

By blocking mitochondrial movement by using microtubule inhibitors, nocodazole, the 

expression of drug efflux transporter ABCG2 was decreased in glutamine-deprived conditions. 
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Therefore, we suggest mitochondrial fragmentation and its localization is important to regulate 

stem-like features in cancer. 

ROS play a major role in cancer progression and stemness and also regulate mitochondrial 

fragmentation in various cancer (Chatterjee and Chatterjee, 2020; Hu et al., 2019)  Glutathione 

is responsible for scavenging intracellular ROS and xCT is responsible for glutathione synthesis 

as it transports cysteine into the cell. Therefore, xCT is linked with cellular ROS and its 

colocalization is observed with CD44 (Guo et al., 2011). We observed that colocalization of 

CD44 and xCT enhanced glutamine deprivation in cancer. However, total cellular and 

mitochondrial ROS remain unchanged upon silencing xCT in glutamine-deprived conditions. In 

contrast, ROS accumulated in the nucleus in glutamine limiting conditions. This nuclear ROS 

accumulation occurred due to the perinuclear localization of mitochondria. Nuclear ROS can 

activate various transcription factors through guanidine oxidation (Al-Mehdi et al., 2012). One 

of the transcription factors, NRF2 is responsible for regulating ROS and is enhanced in the 

nucleus in glutamine starved conditions. NRF2 has also a role in promoting chemoresistance via 

upregulating the expression of ABCG2 (No et al., 2014).  We have also found that the 

expression of ABCG2 and the drug effluxing population were reduced upon silencing NRF2 in 

glutamine-limiting conditions. Therefore, we can conclude that DRP1 driven mitochondrial 

fragmentation and localization promote stemness and chemoresistance. In addition, NRF2 also 

play role in promoting stemness and chemoresistance upon glutamine deprivation. 

We then focused on the strategy to reduce these stem cell populations generated in the 

glutamine-deprived condition. As monotherapy is not enough to combat cancer cells, dual 

targeting or combinatorial therapy is gaining interest that includes the metabolic pathway 

modulators. Alone CB-839 can reduce OXPHOS and has a synergistic effect with the BCL2 

inhibitor ABT-199, showing high anti-proliferative activity in acute myeloid leukemia (Jacque et 

al., 2015). Combination therapy of BPTES and NOTCH1 inhibitor can impair the growth of T-cell 

acute lymphoblastic leukemia cells (Herranz et al., 2015). Similarly, BPTES along with metformin 

can significantly suppress tumor growth compared to monotherapy of BPTES or metformin 

(Elgogary et al., 2016). In the mouse non-small cell lung carcinoma (NSCLC) xenograft model, 

dual targeting using CB-839 and erlotinib induces autophagy to suppress cancer proliferation 

(Momcilovic et al., 2017). Similarly, CB-839 along with paclitaxel exhibit higher antiproliferative 

activity in xenograft models of triple-negative breast cancer (TNBC) cell lines. Metformin has 

GLS1 inhibiting activity and accumulates ammonium in hepatic encephalopathy in type 2 

diabetic patients.  The efficacy of the neo-adjuvant chemotherapeutic drug, cisplatin can be 

increased with the association of metformin in cancer (Matés et al., 2020). 
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We investigated that glutaminase inhibitor, L-DON imitated glutamine deprived condition in 

cancer cell line and mice tumor model. Though it kills cancer cells in in vitro system, in mice 

tumor model it inhibits tumor growth without altering cell survival. However, L-DON increased 

the expression of stemness markers SOX2, OCT4, NANOG in the tumor which is significantly 

reduced by the combination treatment of L-DON and MDiVi-1. It is already reported that MDiVi-

1 has been used to reduce CSCs population (Peiris-Pagès et al., 2018). Therefore, dual 

treatment of L-DON and MDiVi-1 can reduce CSCs burden and halt tumor growth, which can be 

a promising approach for diagnostic purposes. 

Figure 1: Schematic diagram depicted the three mechanistic pathways which regulate EMT, 

stemness and chemoresistance in cancer. 

Along with the development of stemness and chemoresistance, glutamine deprivation also 

inhibits EMT and cancer metastasis (Prasad and Roy, 2021). Glutaminolysis is required for EMT 

in OC cells. As glutaminolysis is regulated by various factors such as c-MYC, KRAS, HIF1α, p53, 

SIRT4 in cancer. We observed that EMT was attenuated under glutamine depleted conditions 

and the addition of glutamate and α-KG can counteract the inhibition. Therefore we wanted to 
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decipher the mechanism and relation between glutaminolysis and EMT in OC. Upon glutamine 

deprivation, phosphorylation of mTORC1 at S2448 was hampered which in turn enhances the 

expression of SIRT4. As it is already reported that mTORC1 represses SIRT4 function, followed 

by enhanced GDH activity. Therefore, our study revalidated that glutamine deprivation 

suppresses EMT by regulating mTORC1 mediated SIRT4 expression. Moreover, we have 

investigated the sole function of SIRT4 in regulating EMT in ovarian cancer. Silencing of SIRT4 

promotes mitochondrial ROS in OC. It is reported that ROS regulates HIF1α to promote EMT 

and by inhibiting HIF1α in SIRT4 silenced condition stalls EMT progression in OC. Therefore, we 

deciphered that glutamine deprivation inhibits EMT progression through regulating mTORC1 

and SIRT4 expression in OC. Moreover, SIRT4 attenuates EMT through ROS-dependent 

regulation of HIF1α in OC.  

 Therefore, we concluded that two pathways were identified through which stemness and 

chemoresistance induce cancer cells. One of the pathways is TGFβ1-induced PITX2 signaling 

that enhances ABCB1 expression, followed by chemoresistance in the ovarian cancer cell. In the 

second pathway, we showed that chemoresistance was driven by glutamine depletion in the 

tumor cell. Glutamine deficiency enhances DRP1 phosphorylation through which fragmented 

mitochondria are localized in a perinuclear fashion. This mitochondrial localization enhances 

nuclear ROS that activates NRF2 which induces chemoresistance in cancer. Further, glutamine 

metabolism is regulated through SIRT4 which inhibits GDH activity. SIRT4 regulates EMT 

through maintaining redox balance and metabolism in ovarian cancer.  

The major problem of ovarian cancers is the recurrence where the acquisition of 

chemoresistance by the tumor cells. In the present study, the role of various factors of the TME 

is associated with metabolic alteration in cancer cells and the mechanism of stemness/ 

chemoresistance induction has been investigated. We have highlighted the association of 

metabolic alteration by different factors with the induction of stemness properties in tumor 

cells. Considering the importance of the issues, the present study would help in understanding 

the disease and the information might help in identifying metabolic modulators as therapeutics 

in the future. 
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The major problem associated with cancer is chemoresistance and metastasis; and we have 

focused on the molecular mechanism behind these problems. Therefore, the key findings 

associated with our study are: 

1. TGFβ1 promotes PITX2A/B expression in ovarian cancer cells, besides their role in embryonic 

development. 

2. The TGFβ1-PITX2 signaling axis occurs through SMAD and ERK activation in OC cells. 

3. PITX2A/B enhances the expression of stemness markers and promotes chemoresistance in 

OC. 

4. PITX2A/B overexpression downregulates glycolysis and oxidative phosphorylation, moreover 

cells become metabolically inactive. 

5. TGFβ1-PITX2 promotes chemoresistance by binding of PITX2A/B to the ABCB1 promoter and 

enhances its expression in OC. 

6. Tumor core regions are deprived of glutamine and stem cells are abundant in this region. We 

have found that glutamine deprivation promotes stemness and chemoresistance in OC cells and 

colorectal cancer cells. 

7. Under glutamine deprived condition, p-DRP1 (S616) is responsible for mitochondrial 

fragmentation and  fragmented mitochondria localized around nucleaus. The perinuclear 

localization is observed in cancer stem cells. 

8. Perinuclear localization of fragmented mitochondria induces nuclear ROS accumulation in 

glutamine-deprived conditions. Though, total cellular and mitochondrial ROS remain unaltered 

in this condition. This ROS may be responsible for promoting stemness and chemoresistance in 

cancer. 

9. NRF2 is enriched in the nucleus and enhances the expression of ABCG2 and drug effluxing 

capacity upon glutamine deprivation. Altogether, glutamine deprivation promotes stem-like 

features and chemoresistance through DRP1 phosphorylation at Ser616 and NRF2 activation in 

cancer. 

10. Glutaminease inhibitor, L-DON treatment blocks cancer cell proliferation, but enhances the 

stem-like properties. It mimics the glutamine-deprived condition in cancer. 

11. To reduce both tumor proliferation and stem-like properties, combined treatment of L-DON 

and DRP1 Inhibitor, MDiVi-1 effectively function in this scenario in vivo mice model. Therefore, 
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targeting both glutaminolysis and DRP1 phosphorylation can reduce the burden of cancer stem 

cells in the tumor. 

12. Glutaminolysis also regulates EMT and cell migration in ovarian cancer. EMT markers are 

reduced upon glutamine deprivation; however, the addition of the product of glutaminolysis 

can restore this phenomenon in OC. 

13. Glutamine deprivation leads to reduce mTORC1 which represses SIRT4 expression . 

Therefore, SIRT4 was enhanced in glutamine limiting condition. 

14. SIRT4 reduces mitochondrial membrane potential and mitochondrial ROS in PA1. By 

regulating ROS production, SIRT4 represses EMT progression through ROS-HIF1α signaling in 

OC. 

Altogether, we identified glutamine as a regulator of cancer stemness and attenuated EMT in 

ovarian cancer. In addition, the TGFβ-PITX2 signaling axis is also involved in the regulation of 

stem-like features and chemoresistance. Moreover, we proposed a therapeutic strategy to 

rescue cancer cell proliferation and reduce the stem cell population. 
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Abstract
Glutamine is essential for maintaining the TCA cycle in cancer cells yet they undergo glutamine starvation in the core of 
tumors. Cancer stem cells (CSCs), responsible for tumor recurrence are often found in the nutrient limiting cores. Our study 
uncovers the molecular basis and cellular links between glutamine deprivation and stemness in the cancer cells. We showed 
that glutamine is dispensable for the survival of ovarian and colon cancer cells while it is required for their proliferation. 
Glutamine starvation leads to the metabolic reprogramming in tumor cells with enhanced glycolysis and unaltered oxida-
tive phosphorylation. Production of reactive oxygen species (ROS) in glutamine limiting condition induces MAPK-ERK1/2 
signaling pathway to phosphorylate dynamin-related protein-1(DRP1) at Ser616. Moreover, p-DRP1 promotes mitochondrial 
fragmentation and enhances numbers of CD44 and CD117/CD45 positive CSCs. Besides the established features of cancer 
stem cells, glutamine deprivation induces perinuclear localization of fragmented mitochondria and reduction in proliferation 
rate which are usually observed in CSCs. Treatment with glutaminase inhibitor (L-DON) mimics the effects of glutamine 
starvation without altering cell survival in in vitro as well as in in vivo model. Interestingly, the combinatorial treatment of 
L-DON with DRP1 inhibitor (MDiVi-1) reduces the stem cell population in tumor tissue in mouse model. Collectively our 
data suggest that glutamine deficiency in the core of tumors can increase the cancer stem cell population and the combina-
tion therapy with MDiVi-1 and L-DON is a useful approach to reduce CSCs population in tumor.

Keywords Glutaminase · Glutamine metabolism · ROS · Tumor growth · Mitochondrial fission

Introduction

The most prominent feature of cancer is the rapid prolifera-
tion of abnormal cells that grow beyond their usual bounda-
ries and metastasize to other parts of the body. In the cur-
rent scenario, cancer metastasis and its recurrence are the 
main clinical problems for the scientific community. The 
recurrence occurs after a short break of treatment due to the 
chemoresistance property acquired in the tumor cells. A tiny 

population of CSCs within the tumor is responsible for this 
chemoresistance [1].

One of the emerging hallmarks of cancer is metabolic 
reprogramming or plasticity, which is generated in the can-
cer cells to acclimatize in the nutrient-deprived and hypoxic 
environment. For their survival and proliferation, cancer 
cells depend upon two important nutrients glucose and glu-
tamine. In tumor cells, glucose can supply rapid energy and 
produce lactate from pyruvate under the aerobic condition, 
known as the “Warburg effect” [2]. This pyruvate cannot 
enter into the TCA cycle as pyruvate dehydrogenase (PDH) 
remains inactive due to its phosphorylation by pyruvate 
dehydrogenase kinase (PDK). In such cells, glutamine plays 
a crucial role to fuel the TCA cycle and act as an anaplerot-
ics agent to synthesize lipids, nucleotides, and hexosamines 
[3]. The normal physiological concentration of glutamine in 
blood is 0.6–0.9 mM and the level may reach up to 20 mM 
in some tissues [4]; however, in tumor tissue the glutamine 
level is reduced drastically. This is due to the fact that the 
tumor cells are highly glutamine-dependent and they utilize 
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the glutamine rigorously leading to its reduction in the tumor 
microenvironment (TME). To meet the high demand for 
glutamine in tumor cells, its synthesis increases in cancer-
associated fibroblasts (CAF) in TME [5]. In mammalian cell, 
de novo glutamine synthesis occurs through the glutamine 
synthetase (GS). However, GS does not express significantly 
in all tumor cells and hence they mostly depend on the 
extracellular sources [6]. In addition, glutamine transport-
ers, such as ASCT2 (SLC1A5), LAT1 (SLC7A5),  ATB0,+ 
(SLC6A14), are overexpressed in tumor cells which help in 
glutamine uptake [7].

Glutaminase (GLS) is involved in the conversion of glu-
tamine to glutamate and ammonium [8] and the glutamate is 
converted into α-ketoglutarate by glutamate dehydrogenase 
(GDH), which acts as a substrate for TCA cycle. Glutamine 
is also a constituent of the tripeptide glutathione (GSH), an 
antioxidant and there by maintains oxidative stress within 
the cell. Glutamine derived glutamate is exported out of the 
cell in exchange for cysteine through xCT(SLC7A11), where 
cysteine is the rate-limiting amino acid for GSH [3].

Mitochondria are the prime site for TCA cycle and glu-
tamine metabolism. ROS also has been reported to be ben-
eficial for cancer progression [9]. Moreover, mitochondrial 
dynamics and their specific localization inside the cell play 
an important role in oncogenesis. Recent reports suggest 
that mitochondrial fragmentation is increased in cancer cells 
to support actin polymerization and cell migration [10]. In 
some cells, after fragmentation, perinuclear localization of 
mitochondria increases regional ROS level in the vicinity 
of the nucleus and induces stem-like properties [11]. The 
cellular requirement of glutamine varies extensively among 
different cancer types as some are glutamine-dependent, 
whereas some cells can survive and proliferate in its absence 
[12]. Glutamine itself acts as a signaling molecule to acti-
vate STAT3 and mTORC1 for cancer proliferation, which is 
independent of glutamine metabolism. Some reports suggest 
that glutamine dependency increases with their aggressive-
ness [12–14]. Hence, the modulation of glutamine metabo-
lism is associated with tumor progression, and regulation 
of this might be important from the therapeutic point of 
view. Various small molecules such as BPTES, compound 
968, CB-839 that target GLS are presently in clinical trial. 
Though BPTES specifically targets GLS, it happens to be a 
poor drug candidate owing to its solubility and bioavailabil-
ity. EGCG and R162, inhibitors of GDH have been shown to 
attenuate tumor growth in preclinical trial [15]. It is evident 
that the tumor core contains a population of CSCs and has 
limited nutrient supply. This regional glutamine deprivation 
leads to the de-differentiation of the cancer cells followed 
by chemoresistance [16, 31]. These stem-like cells can be 
identified by the expression of various cell surface antigens 
(CDs) and pluripotent stemness markers like Sox2, Oct4, 

Nanog, and high aldehyde dehydrogenase (ALDH) activity 
[1].

Considering this background information, we aimed 
to study the mechanism of survival of cancer cells in glu-
tamine-deprived environment. We have mainly used epi-
thelial ovarian cancer cell line, PA1 and OAW42 and the 
colorectal cancer cell line HCT116. Our study indicated 
that glutamine deprivation promotes mitochondrial frag-
mentation, which in turn enhances stem-like characteristics 
and chemoresistance. We also found that GLS1 inhibition 
enhances the expression of the stemness markers. Therefore, 
inhibitors of both GLS1 and DRP1 might be effective as 
promising therapeutic agent to treat the tumor growth and 
disease recurrence.

Materials and methods

Cell culture and glutamine deprivation

Human ovarian cancer cell lines PA1 (ATCC;Manassas, Vir-
ginia, United State; Cat# CRL-1572, RRID:CVCL_0479) 
and OAW42 (SIGMA-ALDRICH;St. Louis, Missouri, 
United States; Cat# 85073102, RRID:CVCL_1615) were 
grown in Minimal essential media alpha (MEM α, Gibco) 
and Dulbecco’s modified Eagle’s medium (DMEM, Gibco), 
respectively. Another ovarian carcinoma cell line OVCAR3 
(RRID:CVCL_0465, a gift from Dr. Asima Mukhopad-
hyay, CNCI, Kolkata, India) was grown in RPMI-1640 
media (Gibco). Human colorectal carcinoma cell line 
HCT116 (ATCC Cat# CCL-247, RRID:CVCL_0291), ID8 
(MERCK Cat# SCC145,RRID:CVCL_IU14) and human 
non-small cell lung carcinoma H1299 (RRID: CVCL_0060, 
a gift from Prof. Samit Chattopadhyay, CSIR-IICB, Kol-
kata, India) were cultured in DMEM. Human cervical car-
cinoma cell lines, HeLa (RRID:CVCL_0058) and SiHa 
(RRID:CVCL_0032) (were gifts from Dr. Chinmay Kumar 
Panda, CNCI, Kolkata, India) were maintained in DMEM 
and MEM α respectively. All the media were supplemented 
with 10% FBS (Cat #16000–044, Gibco) and the cells were 
grown at 37 °C in a humified 5%  CO2 incubator. Glutamine 
deprivation studies were performed in glutamine-free 
medium (MEM α, Cat#AL080, DMEM, Cat#AL066, RPMI-
1640, Cat#AL060, HIMEDIA) for respective cell lines with 
10% FBS reconstitution. The cells were starved for at least 
6 h prior to the glutamine deprivation.

Treatments of cells and siRNA transfection

The cells were starved for at least 6  h and the respec-
tive treatments were given. As mentioned, the cells were 
treated with 14  µM of MDiVi-1(Cat#M0199, Sigma-
Aldrich), 2 mM of glutathione reduced ethyl ester (GSH, 
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Cat#G1404, Sigma-Aldrich), 0.5 mM, 1 mM, 3 mM and 
5  mM of N-acetyl cysteine (NAC, Cat#A7250, Sigma-
Aldrich), 10 µM of ERK inhibitor (Cat#328006, Calbio-
chem), 10 µM of U0126 (Cat#662005, Calbiochem), 30 µM 
of  H2O2 (Cat#107209, Merck), 20 µM, 40 µM, 100 µM of 
L-DON (Cat#D2141, 6-Diazo-5-oxo-L-norleucine, Sigma-
Aldrich), 250  µM of SSZ (Sulphasalazine, Cat#S0883, 
Sigma-Aldrich). The siRNA against DRP1 (Cat#sc-43732), 
xCT (Cat#sc-76933) and PDHE1α (Cat#sc-91064) (Santa 
Cruz Biotechnology; Dallas, Texas,United State) were used 
at 20 nM concentration along with lipofectamine 2000 
(Cat#11668019, Invitrogen) in the cell lines. Scrambled 
(SCR) siRNA (Cat#sc-37007, Santa Cruz Biotechnology) 
was used as control for knockdown studies. The transfec-
tion was done at 50–60% confluency and the transfection 
reagents were added in Opti-MEM (Cat#31985062, Gibco) 
medium and after 4 h of transfection the media was changed 
to respective media of treatment (either glutamine contain-
ing or glutamine free medium).

Quantitative real‑time PCR

Total RNA was isolated from the cells using RNAiso Plus 
reagent (Cat#9109, Takarabio; Kyoto, Japan) following the 
standard protocol. iScript cDNA synthesis kit (Cat#1708891, 
Bio-Rad; Hercules, California, United States) was used for 
synthesizing cDNA. Quantitative real time-PCR (Q-PCR) 
was performed with iTaq universal SYBR green supermix 
(Cat#1725120, Bio-Rad) on the ABI 7500 Fast Real-Time 
PCR system (Applied Biosystems; Waltham, Massachusetts, 
USA; 7500 Real-Time PCR Software, RRID:SCR_014596). 
Fold change in gene expression was calculated against 
60S ribosomal protein L19 mRNA expression (consid-
ered as endogenous control). The primers were designed 
using Primer Express software (Primer Express Software, 
RRID:SCR_017376) and verified using Primer-Blast 
(Primer-BLAST, RRID:SCR_003095). Custom oligos were 
obtained from IDT (Integrated Technology Enterprise Inc, 
RRID:SCR_012186) and the sequences are given in Table 1.

Western blot analysis

The cells were lysed using radioimmunoprecipitation assay 
(RIPA) buffer and the protein was extracted. All the pro-
teins were then subjected to western blot analysis using the 
standard protocol [17]. Each blot was stripped with stripping 
buffer (Cat#T7135A, TAKARA) and re-probed for check-
ing corresponding α-tubulin as endogenous control (Cell 
signaling Technology (CST); Danvers, Massachusetts; Cat# 
2125, RRID:AB_2619646). The primary antibodies such as 
p-DRP1 (Ser616) (CST Cat# 3455, RRID:AB_2085352), 
DRP1 (CST Cat# 8570, RRID:AB_10950498), HK2 
(CST Cat# 2867, RRID:AB_2232946), SDHA (CST 
Cat# 5839, RRID:AB_10707493), VDAC (CST 
Cat# 4661, RRID:AB_10557420), MFN1 (CST Cat# 
14739BC), MFN2 (CST Cat# 9482), p-AKT (CST 
Cat# 4060, RRID:AB_2315049), AKT (CST Cat# 
4691, RRID:AB_915783), p38MAPK (CST Cat# 9218, 
RRID:AB_10694846), p-p38MAPK (T180/Y182) 
(CST Cat# 4631, RRID:AB_331765), p-p44/42MAPK 
(CST Cat# 9101, RRID:AB_331646), OCT4 (CST Cat# 
2750, RRID:AB_823583), SOX2 (CST Cat# 3579, 
RRID:AB_2195767), xCT/SLC7A11 (CST Cat# 12691, 
RRID:AB_2687474), α-tubulin (CST Cat# 2125) were 
purchased from CST and used at 1:2000 dilution. Anti-
bodies of PDHE1α (Santa Cruz Biotechnology Cat# 
sc-377092, RRID:AB_2716767), ABCG2 (Santa Cruz 
Biotechnology Cat# sc-58222, RRID:AB_630828) were 
obtained from Santa Cruz Technology and used at 1:1000 
dilution. Antibodies against p-PDHE1α (Ser2193) (Mil-
lipore; Burlington, Massachusetts, United States; Cat# 
ABS204, RRID:AB_11213668) and total OXPHOS 
(Abcam; Cambridge, United Kingdom; Cat# ab110411, 
RRID:AB_2756818) complex were procured from Merck 
(1:10,000 dilution) and Abcam (1:3000 dilution), respec-
tively. The chemiluminescent bands were detected in the 
blot using ECL detection reagent (Cat# 1705062, Bio-Rad).

Table 1  Primer details used for checking the respective mRNA expression

Gene name Forward primer (5′–3′) Reverse primer (5′–3′) Amplicon size

OCT4 GCA GCT TAG CTT CAA GAA CAT GTG TCA GCT TCC TCC ACC CAC TT 66
SOX2 TGC GAG CGC TGC ACAT GCA GCG TGT ACT TAT CCT TCT TCA 93
NANOG GCA TCC GAC TGT AAA GAA TCT TCA CAT CTC AGC AGA AGA CAT TTGCA 90
ABCG2 GAT GTC TAA GCA GGG ACG AACAA GGT GAG GCT ATC AAA CAA CTT GAA 82
CD44s TCC AAC ACC TCC CAG TAT GACA GGC AGG TCT GTG ACT GAT GTACA 83
CD44 epithelial GAA AGG AGC AGC ACT TCA GG GAG GTC CTG TCC TGT CCA AA 202
L19 GCG GAT TCT CAT GGA ACA CA GGT CAG CCA GGA GCT TCT TG 68
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Extracellular flux analysis

Extracellular acidification rate (ECAR) was measured using 
Agilent seahorse extracellular flux analyzer  (XFe24) as 
described earlier [17]. Briefly, PA1 and HCT116 cells were 
seeded at 3000 cells/well and 10,000 cells/well were plated 
for OAW42. Each treatment was given in triplicates. Primar-
ily basal oxygen consumption rate (OCR) and ECAR were 
measured under glucose-free condition. After that, ECAR 
was measured using Glycostress assay kit with three con-
secutive injections of glucose, oligomycin and 2-deoxyglu-
cose (2-DG) (Agilent; Santa Clara, CA; Cat#103344-100). 
Mitostress assay kit (Agilent, Cat# 103015-100) was used 
for analyzing mitochondrial bioenergetics using three con-
secutive injections of oligomycin, FCCP (Carbonyl cyanide 
4-(trifluoromethoxy) phenylhydrazone) and antimycin/
rotenone. The ECAR and OCR values were normalized by 
estimating protein concentration and cell concentration in 
each well. Analysis was done by WAVE (Seahorse Wave, 
RRID:SCR_014526) software.

Lactate assay

Amount of lactate was measured in both the condition media 
of glutamine-deprived condition and control media using 
lactate assay kit (Sigma-Aldrich, Cat# MAK064) following 
manufacturer’s protocol. Lactate production was normalized 
using cell numbers and represented as ’fold change’ with 
respect to control.

Analysis of metabolites using NMR

After completion of the treatment the media was aspirated, 
centrifuged in 12000 g for 5 min at 4 °C for the isolation 
of cell debris. From here, 1 ml media was withdrawn and 
mixed thoroughly with 300 μl of methanol-chloroform mix-
ture (2:1) and centrifuged at 12000g for 10 min at 4 °C. 
Then the upper aqueous layer was extracted, mixed with 
five times of HPLC grade water and freezed at  − 80 °C. 
Then it was lyophilized and re-suspended in 600 μl of  D2O 
(Sigma-Aldrich, Cat#151882) mixture (10%  D2O, 90% 
 H2O). TSP (Cat #269913, Sigma-Aldrich) was used as a 
control for reference peak. The samples were analyzed in 
600 MHz proton NMR instrument (Brucker; Billerica, Mas-
sachusetts, US). The.fid file was uploaded in MetaboAnalyst 
3 (MetaboAnalyst, RRID:SCR_015539) web application and 
output data was exported in.xlsx format. ClustVis (ClustVis, 
RRID:SCR_017133) was used to create a heatmap of the 
acquired metabolites after PCA analysis.

Confocal microscopy and live‑cell video microscopy

To visualize the mitochondrial morphology and the fission, 
MitoTracker Red CMXRos (50 nM, Invitrogen; Waltham, 
Massachusetts, USA; Cat#M7512) was used for 20 min at 
37 °C. Immunofluorescence microscopy was performed with 
DRP1 Antibody (CST Cat# 8570, RRID:AB_10950498), 
followed by Alexa flour 488 conjugated secondary anti-
body (Thermo Fisher Scientific; Waltham, Massachusetts, 
US; Cat# A32731, RRID:AB_2633280) as described pre-
viously [18]. The nuclei were stained with DAPI (0.25 µg/
ml) for 5 min. The images were visualized and acquired by 
Leica confocal microscope SP8 (Leica Microsystems; Wet-
zlar, Germany; RRID:SCR_008960) with 63X oil immer-
sion objective lens, Zeiss LSM 800 microscope (Zeiss; 
acquisition software: LAS X; Oberkochen, Germany) with 
63X oil immersion objective lens (NA 1.4) and Olympus 
BX51 microscope (Olympus; acquisition software: cellS-
ens; Shinjuku, Tokyo, Japan; RRID:SCR_017564) with 40X 
(NA 0.75) objective lens. 3D reconstruction of the images 
was done by LAS X software (LAS X, RRID:SCR_013673). 
Images were taken in room temperature.

For time-lapse video microscopy, the cells were grown 
in 35  mm cover glass-bottom dish (SPL Lifesciences; 
Korea), and the treatment was done for glutamine-deprived 
conditions. After completion of the treatment, the cells 
were incubated with MitoTracker Red (50 nM, Invitrogen, 
Cat#M7512) and Hoechst stain (5 µg/ml, Sigma-Aldrich, 
cat#14533) for 20  min at 37  °C in 5%  CO2 incubator. 
Then the images were taken in every 13.75 s for 7 min 6 s 
in case of control cells. The images were taken in every 
5.061 s for 3 min 7.25 s for the cells grown in glutamine-
deprived condition with 63X objective lens (NA 1.4). The 
video reconstruction was done by LAS X software (LAS X, 
RRID:SCR_013673).

Cellular ROS localization study using DCFDA 
and Mitotracker Red

The cells were grown in 35 mm cover glass-bottom dish 
and treated with respective glutamine-containing media 
and glutamine-deprived media. At 24  h the cells were 
stained with 2 μM DCFDA (CM-H2DCFDA, Invitrogen, 
Cat# C6827) and MitoTracker Red CMXRos (50 nM, Inv-
itrogen, Cat#M7512) in the respective culture medium for 
30 min in humified 37 °C incubator (5%  CO2). After that, 
the cells were washed with PBS and observed under Leica 
SP8 microscope (Leica Microsystems, RRID:SCR_008960) 
under 63X oil immersion objective [11].
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Intracellular and extracellular antigen staining 
and measurement by flow cytometry

For intracellular antigen staining, the cells were grown in 
60 mm dish. After the completion of the treatment, the 
media was discarded and cells were scraped with phosphate 
buffered saline (PBS). Then the cells were fixed with 4% 
formaldehyde, which was added drop-wise with vigorous 
mixing in vortex and kept at 37 °C for 10 min followed 
by a brief incubation in ice for 1 min. Then the cells were 
centrifuged at 3000g for 5 min and the supernatant was 
discarded. The cells were then resuspended in PBS and 
permeabilized by adding drop-wise 90% chilled methanol 
under stirring condition and incubated in ice and then kept 
it overnight at − 20 °C. Next day, the cells were washed 
with PBS and incubated with anti–GSH antibody (Cloud 
clone Corp. Cat# PAA294Ge01) at 37 °C for 2 h followed 
by washing with PBS and then incubated with FITC-tagged 
secondary antibody (Thermo Fisher Scientific Cat# A32731, 
RRID:AB_2633280) for 1 h. Flow cytometric analysis was 
performed using LSR Fortessa cell analyzer (BD Bio-
sciences, RRID:SCR_013311).

Extracellular antigen staining was done in live cells. Cells 
from 60 mm dish were scrapped with PBS and incubated 
with Fluorophore tagged primary antibody CD44-PE (BD 
Biosciences Cat# 555479, RRID:AB_395871), CD117-APC 
(BD Biosciences; Franklin Lakes, New Jersey, U.S.; Cat# 
550412, RRID:AB_398461), CD31-FITC (BD Biosciences 
Cat# 555445, RRID:AB_395838) and CD45-PE-Cy7 (BD 
Biosciences Cat# 557748, RRID:AB_396854) (used in 
1:400 dilution) at 37 °C for 30 min followed by washing 
and analysis by flowcytometry [1]. Unstained control cells 
were used as experimental control.

Aldehyde dehydrogenase (ALDH) activity assay

Aldehyde dehydrogenase (ALDH) assay was done using 
the ALDEFLUOR kit (Stem Cell Technologies; Vancouver, 
British Columbia, Canada; Cat# 01700) following the manu-
facturer’s protocol. Fluorescence intensity was measured by 
flow cytometer using FACSDiva (BD FACSDiva Software, 
RRID:SCR_001456). In the dot plot, gating was done on 
stained ‘CONTROL + DEAB’ tube keeping 1% cells in P3 
gate.

Spheroid formation

Initially cells were culture in 35 mm dish and treated as 
mentioned. From these dishes, cells were trypsinized and 
5×103 cells/well were seeded in low attachment 6-well 
plates (Cat#CLS3471, Corning, New York, NY). They were 
allowed to grow in serum-free media (SFM) supplemented 
with B27 supplement (Cat#17504044, Invitrogen), rhEGF 

(Cat# F0291, Sigma-Aldrich) and insulin (Cat#I0320000, 
Sigma-Aldrich) up to 4 days following the previous standard 
protocol [1]. The spheroids were visualized, counted, and 
their images were acquired using a phase-contrast micro-
scope with 20X objective (EVOS, Invitrogen). The ImageJ 
(ImageJ, RRID:SCR_003070) software was used for meas-
uring the size of the spheroids. The scale length of acquired 
images was fed to the software and after thresholding the 
image, the volume of every spheroid was acquired.

Rhodamine efflux assay

Cells were grown in 6-well plate. After treatment is over, 
Rh123 (200 ng/ml, Cat# R302, Invitrogen), a substrate for 
efflux transporter, was given in the medium and incubated in 
37 °C  CO2 incubator for 1 h [1]. Then the cells were washed 
and again replenished with respective media under the opti-
mum condition for 24 h. The cells that refluxed or retained 
drug, were measured through FACS analysis on the basis of 
unstained control cells.

Cell cycle analysis

The cells were grown in 6-well plate and after completion 
of the treatment, cells were trypsinized and washed with 
PBS. Fixation was done with 70% ethanol with gentle vor-
texing and were kept overnight at − 20 °C. Next day, after 
centrifugation, the cells were washed again with PBS and 
re-suspended in PBS containing Propidium Iodide (PI) 
(1.5 mM, Cat# P1304MP, Invitrogen), RNaseA (1 mg/ml, 
Cat# EN0531, Fermentas; Waltham, Massachusetts, USA). 
They were incubated for 15 min at room temperature and 
analyzed by flow cytometer with BD FACSDiva Software, 
(RRID:SCR_001456) (493/636 nm). Gating of flow cyto-
metric data were done using unstained control cells. Histo-
gram overlay were prepared using FlowJo software (FlowJo, 
RRID:SCR_008520).

Cell proliferation study

3000 cells were seeded per well in a 12-well plate. The cell 
count was taken at 24 h, 48 h, and 72 h of glutamine dep-
rivation. The media was discarded and then the cells were 
trypsinized with 100 μl of trypsin-ETDA and mixed with 
100 μl of complete medium. From this cell solution, 10 μl 
was added to the TC-10 cell counting slide and cell concen-
tration was measured using TC-10 automated cell counter 
(Bio-Rad, USA).

Annexin‑V‑FITC/PI apoptosis assay

Annexin-V-FITC/PI assay was done to check the apopto-
sis in glutamine-deprived condition by flow cytometric 



 P. Prasad et al.

1 3

analysis following the manufacturer’s protocol (Invitro-
gen). The results have been represented as dot plot using 
BD FACSDiva Software ( RRID: SCR_001456) [18]. Using 
unstained control cells, gating was done in dot plot data of 
flow cytometry.

Estimation of mitochondrial ROS generation

1X106 cells were scraped and washed with PBS. To deter-
mine the mitochondrial ROS generation, cells were resus-
pended with 100  μl of PBS containing  MitosoxTMred 
(5 µM) mitochondrial superoxide indicator (Invitrogen, 
Cat#M36008) and incubated for 20 min at 37 °C. Then the 
cells were washed with PBS and the amount of ROS genera-
tion was determined using flow cytometer (510/580 nm) (BD 
FACSDiva Software, RRID:SCR_001456) [17].

Estimation of mitochondrial membrane potential

Approximately, 1×106 cells were scraped and washed 
with PBS. They were resuspended in PBS containing JC-1 
(5 μg/ml, Invitrogen) followed by incubation for 15 min at 
37 °C. The ratio of cells showing red/green (485/535 nm)/
(514/529 nm) fluorescence was calculated from the dot plot 
of the flow cytometric data using BD FACSDiva Software 
(RRID:SCR_001456) [18].

Glucose oxidation

The cells were kept in serum-starved condition for 2 h prior 
to the addition of 0.5 µCi of U-C14-glucose (BRIT) to the 
media and incubated at 37 °C for 2 h. During incubation, 
Whatman chromatography paper soaked with 3 M NaOH 
was placed on the lid of the plate, such that each well is 
covered. After incubation, 500 µL of perchloric acid was 
added to release the dissolved  CO2, which was then trapped 
in Whatman paper for 1 h. The filter paper was dried over-
night and then put in the cocktail-T solution. The levels of 
 C14 were measured using the scintillation counter (Tri-Carb 
2810TR, Perkin Elmer) and the CPM value was normalized 
with the cell numbers [19].

Glucose uptake assay

0.5 µCi of 2-DG  (C14, BRIT; Navi Mumbai, India) was 
added to each well of a 6-well plate following 30 min of 
incubation in 37 °C. Then the media was discarded and the 
cells were trypsinized with 200 µl of trypsin–EDTA solution 
(0.25%). 10 µl cell solution was used to count the cells and 
the rest was pelleted down. After discarding the superna-
tant, the pellet was re-suspended and incubated for 20 min at 
room temperature in 10% NP40 for cell lysis. This lysed cell 
solution was then mixed with 5 ml of cocktail-T solution and 

the scintillation count was taken in Tri-Carb 2810TR counter 
(Perkin Elmer; Waltham, Massachusetts, US).

Determination of mitochondrial load using 
MitoTracker green and nonyle acridine orange

MitoTracker green (100 nM, Invitrogen, Cat# M7514) was 
added in the cell suspension in 1X PBS and incubated at 
37 °C for 10–15 min. The green fluorescence (490⁄516 nm) 
intensity of the cells was determined using flow cytometer 
using BD FACSDiva Software (RRID:SCR_001456). Simi-
larly 1 μM NOA (Nonyle acridine orange, Invitrogen, Cat# 
A1372) staining was performed where the incubation period 
is 30 min [20].

Analysis of mitochondrial morphology using Atomic 
force microscope (AFM)

Mitochondria were isolated from the treated cells using 
mitochondrial isolation kit (QIAGEN; Venlo, Netherlands; 
Cat#37612) following the manufacturer’s protocol. The 
mitochondrial pellet was washed with PBS for two times 
and the suspension in PBS was fixed with 4% paraformalde-
hyde with gentle shaking. The fixed cells were washed twice 
with 1×PBS and then with deionized water and the pellet 
was resuspended in deionized water. 5 μl of the mitochon-
drial sample was deposited onto Ruby mica sheet (ASTM 
V1 Grade Ruby Mica from MICAFAB; Chennai, India) or 
coverslips for 5–10 min. Then the sample was gently washed 
with 0.5 ml Milli-Q water to remove the loosely attached 
molecule.

Contact mode AFM was performed using a Pico plus 
5500 AFM (Agilent Technologies USA) with a piezo scan-
ner having a maximum range of 100 μm. Image processing 
has been done through Pico Image Advanced version soft-
ware (Agilent Technologies, USA).

Pyruvate dehydrogenase (PDH) activity assay

PDH activity was measured using the PDH assay kit (Sigma-
Aldrich, Cat#MAK183) as instructed in the manufacturer’s 
protocol. Briefly, mitochondria were isolated from both con-
trol and glutamine-deprived cells using mitochondria isola-
tion kit (QIAGEN, Cat#37612) and the protein concentration 
was estimated in each sample. Using the NADH standard, 
the PDH activity of the unknown sample was measured.

Immunohistochemistry

Primary ovarian tumor tissue samples were collected from 
the Saroj Gupta Cancer Centre & Research Institute, Kolkata 
after appropriate approval from the Institutional Ethics Com-
mittee (approval number-IEC SGCCRI REF NO.-16/2/2018/
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Non-Reg/SSR/3) and informed written consent from the 
patients in accordance with the 1964 Helsinki declaration. 
The nature of the tissue and stage of the disease was vali-
dated by the concerned clinician and respective histology 
experts of the source institute. Tissue sections were pro-
cessed and fluorescently stained against CD44 (PE tagged) 
(BD Biosciences Cat# 555479, RRID:AB_395871) and 
p-DRP1 (S616) (CST Cat# 3455,RRID:AB_2085352) 
(stained with Alexa-fluor 488 secondary antibody, Thermo 
Fisher Scientific Cat# A32731, RRID:AB_2633280). 
Mouse tumor tissue sections of 5 μm thickness were stained 
with Cleaved Caspase 3 (Cell Signaling Technology Cat# 
9661, RRID:AB_2341188), Ki67 (Abcam Cat# ab15580, 
RRID:AB_443209), ABCG2 antibody, p-DRP1 (Ser616), 
OCT4 (CST Cat# 2750, RRID:AB_823583), SOX2 (CST 
Cat# 3579, RRID:AB_2195767), and PE tagged CD44 anti-
body. Anti-mouse AF555 tagged antibody (Thermo Fisher 
Scientific Cat# A28180, RRID:AB_2536164) was used 
against ABCG2 antibody and AF488 tagged anti rabbit anti-
body was used to counterstain other primary antibodies. All 
the tissue sections were counter-stained with DAPI (0.25 µg/
ml) for staining the nucleus. The images were acquired 
with Leica confocal microscope SP8 (Leica Microsystems, 
RRID:SCR_008960) with 20× objective lens (NA 0.4) in 
room temperature.

Co‑immunoprecipitation assay

Proteins were extracted from whole cell lysate using immu-
noprecipitation lysis buffer and the protein concentration was 
estimated. Then 200 μg of protein was incubated with CD44 
(BD Biosciences Cat# 555479, RRID:AB_395871) primary 
antibody for the formation of protein-antibody conjugation 
complex, which was then pulled down using ProteinA mag-
netic beads (Bio-Rad, Cat# 1614013). This protein-antibody 
conjugation complex was released from the beads by boiling 
in the SDS-electrophoresis sample buffer (1X), which was 
then subjected to SDS-PAGE followed by western blot using 
xCT antibody (CST Cat# 12691, RRID:AB_2687474) [17].

Image analysis

Image analysis was done with ImageJ software (ImageJ, 
RRID:SCR_003070). For measuring the mitochondrial dis-
tance from the nucleus, the red channel (MitoTracker red) 
images were first converted into 8-bit images, and then a 
straight line is drawn from the center of the nucleus up to 
the region of mitochondrial fluorescence within the cell 
boundary. The fluorescent intensity throughout the line was 
extracted.

For ’line scan’ analysis, first, a freehand line was drawn 
over the mitochondrial length in the red channel image after 
converting them into 8-bit image and the intensity profile 

was extracted with the “Plot profile” option. Then the ROI 
was copied from that image of MitoTracker channel to green 
channel (8-bit image of the Drp-1) of the same image and 
the Drp-1 intensity throughout the ROI was plotted with 
“Plot Profile” option.

The relative mean fluorescence intensity was measured 
with ImageJ software after selecting the region of interest.

The mitochondrial length analysis and co-localiza-
tion analysis were done with LAS X software (LAS 
X, RRID:SCR_013673) as done previously [21] and 
the co-localization was analyzed with ImageJ (ImageJ, 
RRID:SCR_003070) software.

TUNEL assay

The tissues were deparaffinized using xylene and then 
hydrated using serial ethanol gradation. After hydrating, the 
tissue sections were washed with 0.9% NaCl and digested 
with Proteinase-K. For positive control, the tissue was incu-
bated with DNase1 (Invitrogen, Cat#AM2224) and TUNEL 
assay was performed according to the manufacturer’s proto-
col (Invitrogen, Cat#A35125). DAPI was used for counter-
staining the nucleus. The images were acquired using Leica 
SP8 confocal microscope.

Animal model

All animal procedures were approved by institutional ani-
mal ethics committee following the guidelines of CPCSEA, 
Govt. of India. The ID8 cells were cultured in DMEM sup-
plemented with 10% FBS. About 3×107 cells/ml in PBS 
was mixed with Matrigel (19 mg/ml) (BD, Cat no. 356234) 
solution in 1:1 ratio prior to injection C57BL/6 female mice 
(3–4 weeks old) were injected subcutaneously with 300 μl 
cell-matrigel suspension at the lower right quadrant using a 
1 ml insulin syringe (30G 5/16 in). After 4 days of injection, 
the animals which have detectable tumors were included in 
the study. When the tumors reached about 100  mm3 size, 
they were randomly grouped in control and treatment set. 
Control mice were injected with 125 μl PBS and treated 
mice were injected with 125 μl L-DON solution (0.6 mg/
kg body weight), 125 μl MDiVi-1 (5 mg/kg body weight) 
and 125 μl of MDiVi-1 + L-DON (5 mg/kg and 0.6 mg/kg 
of body weight), respectively, through tail vein for three 
consecutive days. Each day body weight and the tumor size 
were measured and after completion of the treatment the 
tumors were isolated and weighed. The tumors were then 
fixed with 10% formalin and paraffin blocks were prepared 
for histological analysis. Bright field images of Hematoxylin 
and Eosin stained histological sections were acquired under 
EVOS microscope (Applied Biosystems) with 20× objective 
lens (NA 0.45).
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Two-tailed paired t test was performed when the number 
of groups was two and the one-way ANOVA (followed by 
Bonferroni post-test analysis) was done, where the number 
of groups was more than two. P values < 0.05 were consid-
ered to be statistically significant.

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism-5 (GraphPad Prism, RRID:SCR_002798) software. 
The data were represented as ± SEM. Two-tailed paired t 
test was performed when the number of groups was two 
and the one-way ANOVA (followed by Bonferroni post-test 
analysis) was done, where the number of groups was > 2. P 
values < 0.05 were considered to be statistically significant. 
All the experiments were performed thrice unless otherwise 
stated. Graphs were made with excel software (Microsoft 
Excel, RRID:SCR_016137).

Results

Tumor cells can survive in glutamine deficient 
condition

To understand whether glutamine harmonizes cell growth 
and proliferation in cancer, we first examined cellular 
proliferation of PA1 and HCT116 cells cultured with or 
without glutamine. Although cell number did not change 
significantly with time when grew in glutamine-starved 
condition (Fig. 1a), but cell population in S-phase was sig-
nificantly reduced with concomitant enhancement of control 
as observed in the cell cycle (Fig. 1b). To test whether the 
reduced cell count was due to cell death upon glutamine 
deprivation, we performed annexin-V/PI apoptosis assay 
and observed that there was no significant change in the 
live cell population (Fig. 1c, Supplementary Fig. S1A). 

Fig. 1  Cancer cells can survive and rearrange their metabolic phe-
notype in absence of glutamine. a Cell proliferation assay was done 
by counting cell number in 3 consecutive time point (24  h, 48  h, 
and 72 h) in glutamine-deprived condition (indicated as W/O GLN) 
in PA1 (n = 3) and HCT116 (n = 2) cells. b Histogram of cell cycle 
analysis and corresponding bar diagram of the histogram depicts 
that the cells were arrested in G0 phase upon glutamine depriva-
tion in both PA1 and HCT116 (n = 3). c Apoptosis assay conducted 
in glutamine-deprived condition (24 h) and did not find any change 
in the live-cell population of PA1, and HCT116 (n = 3). d Red/green 
fluorescent population (%) was quantified for mitochondrial mem-
brane potential using JC-1 dye in PA1, HCT116, and OAW42 upon 
24  h of glutamine limiting condition, and presented in bar diagram 
(n = 3). e, f Extracellular flux analysis dictates that the cells became 
more glycolytic in nature while OXPHOS remained unchanged at 
24  h time point in PA1 and OAW42 cells. g At 24  h of glutamine 
deprivation, glycolysis rate and glycolytic capacity increased in both 
PA1 and OAW42 cells. h Glucose uptake was increased in 24  h of 
glutamine deprivation in PA1 (n = 3). i Glucose oxidation through 
TCA cycle was increased in absence of glutamine at 24  h in PA1 
(n = 3). j PDH phosphorylation increased in absence of glutamine 
at 24 h shown by Western blot in PA1 cells. k Glycostress assay kit 
was used to check the change in OCR after glucose injection in glu-
tamine-deprived condition and silencing the PDHE1α in PA1 cells. l 
Heatmap of metabolites measured through NMR spectroscopy at 24 h 
of glutamine-starved condition in PA1. m Lactate level was increased 
in the medium when the cells are cultured in 24 h of glutamine limit-
ing condition in PA1 (n = 3). Data are expressed in ± SEM, and sta-
tistical significance was calculated using two-tailed Student’s t-test 
(*p < 0.05, **p < 0.01, ***p < 0.001). NS non-significant

◂
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Mitochondrial membrane potential known to be decreased 
in cells undergoing apoptosis [18], was also found to be 
increased whenever glutamine is depleted from the culture 
medium (Fig. 1d). Collectively, these data suggest that PA1 
and HCT116 cells can sustain in glutamine-deprived condi-
tion, however, their proliferation is delayed.

Glutamine starvation leads to altered cellular 
bioenergetics

As cancer cells endure glutamine-restricted condition, we 
focused on bioenergetics profile to understand their survival 
strategy. Although the in vitro cellular oxygen consump-
tion rate (OCR) was changed insignificantly at the basal 
condition at 24 h (Supplementary Fig. S1B), the extracel-
lular acidification rate (ECAR) started increasing at 18 h 
and was increased at 24 h and 48 h in PA1 and OAW42 
cells (Fig. 1e, f, Supplementary Fig. S1C-F). Similar result 
was obtained for HCT116 (Supplementary Fig. S5L). The 
glycolytic reserve, which is the level of full potential of the 
cell to perform glycolysis was also observed to be increased 
at 48 h, but not at 24 h of glutamine starvation (Supplemen-
tary Fig. S1F-G). Apart from the unaltered basal OCR, the 
coupling efficiency, which is the percentage of basal OCR 
used for the ATP synthesis remained unchanged and the 
glutamine-starved cells produced similar amounts of ATP 
compared to control cells (Supplementary Fig. S1B). Fur-
ther, the enhancement of glycolysis and glycolytic capac-
ity in glutamine starvation (Fig. 1g) correlated with the 
enhanced glucose uptake and glucose oxidation (Fig. 1h, i). 
In contrast, the protein level of Hexokinase 2 (HK2), a rate-
limiting enzyme of glycolysis, remained unchanged (Sup-
plementary Fig. S1H). Glucose is known to be converted 

into lactate in aerobic condition (Warburg effect) and glu-
tamine can fuel TCA cycle in cancer cells [3]. To rescue 
the oxidative phosphorylation in glutamine-restricted con-
dition, glucose can provide pyruvate to enter into the TCA 
cycle to maintain OCR. Therefore, we checked the PDH 
activity, which was modestly increased (Supplementary Fig. 
S1I) with a concomitant reduction of its phosphorylation 
in glutamine-starved condition (Fig. 1j). In addition, we 
observed that when glucose was injected during extracel-
lular flux analysis, OCR was increased in absence of glu-
tamine, but increment of OCR was reduced when PDHE1α 
(a subunit of PDH) was silenced (Fig. 1k). These data clearly 
indicated that in absence of glutamine, glucose takes part in 
TCA cycle and increases the OCR in PDH dependent man-
ner. As shown by NMR spectroscopy data, glucose produces 
a higher amount of lactate apart from being the fuel of TCA 
cycle to maintain OCR (Fig. 1l). Similar result was obtained 
when extracellular lactate from the medium was quantified 
in glutamine-restricted condition (Fig. 1m, Supplementary 
Fig. S1J). Altogether, these first sets of data indicate that 
in glutamine-restricted condition, cancer cells maintain 
their cellular bioenergetics by utilizing glucose as the major 
fueling source for TCA cycle as well as for glycolysis.

Glutamine deprivation promotes mitochondrial 
fragmentation

Mitochondria are the major site for glutamine metabo-
lism and OXPHOS. In glutamine-restricted condition the 
tumor cells adapt themselves to maintain an uninterrupted 
OXPHOS. Hence, we wanted to connect the mitochon-
drial dynamics and modulation of cellular bioenergetics in 
glutamine-deprived tumor cells. We did not find any sig-
nificant change in the expression of mitochondrial proteins 
such as voltage-dependent anion channel (VDAC), succi-
nate dehydrogenase A (SDHA), and total OXPHOS com-
plex (complex I-V), which indicate unaltered mitochondrial 
mass (Fig. 2a-d). Surprisingly, we observed that mitochon-
dria are fragmented in the glutamine-starved state. In PA1 
and OAW42 cells, the relative number of short mitochon-
dria (≤ 2 µm) was increased with a concomitant depletion 
of long mitochondria (> 4 µm) (Fig. 2e, f, Supplementary 
Vid. S1-4). Similar results have been obtained for HCT116 
cell line (Supplementary Fig. S2A-B). In live-cell videog-
raphy of PA1 under glutamine limiting condition, shorter 
mitochondria were observed due to the rapid occurrence 
of ‘kiss-n-run’ phenomenon. In contrast, elongated mito-
chondria were present in the untreated cells with ubiquitous 
fission and fusion phenomenon (Fig. 2g, Supplementary 
Vid. S5-6). Interestingly, mitochondria fragmentation was 
found to be time-dependent, which started appearing at 18 h 
post-starvation and increased at 24 h (Supplementary Fig. 
S2C-D). Fragmentation was also increased in non-small cell 

Fig. 2  Glutamine starvation leads to the fragmentation of mitochon-
drion. a–d Western blot analysis of SDHA (n = 2), VDAC, OXPHOS 
complex proteins (PA1 (n = 3) and OAW42 (n = 2) revealed that 
there was no change in the functional protein amount upon 24 h of 
glutamine starvation. The quantitative fold change of each protein is 
represented in the bar diagram along with the respective blot. Micro-
scopic observation with Mitotracker red (MTR) and Mitotracker 
green (MTG) showing increased fragmentation of mitochondria upon 
24 h of glutamine starvation in PA1 (e) and OAW42 (f) respectively 
(Being a 3D image, this image does not contain scale bar). Different 
sized mitochondria are indicated with different colour and their per-
centage was quantified and expressed in bar diagram for respective 
cell line g Sequential images of live (time lapse) videography of mito-
chondria undergoing fission and fusion at 24 h of glutamine limiting 
condition in PA1. The time interval between two consecutive frames 
for control was 13.75  s and for glutamine-starved cells was 7.25  s. 
h Mitochondrial load determination by Mitotracker Green (MTG) 
showed a significant increase in the mitochondrial amount upon 24 h 
of without glutamine condition in PA1 and OAW42 which repre-
sented in both histogram and bar diagram (n = 3). Data are expressed 
in ± SEM, and statistical significance was calculated using two-tailed 
Student’s t-test (*p < 0.05). NS non-significant. Scale bars 10 μm (e), 
2 μm (g)
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lung cancer cell H1299 and in another epithelial ovarian 
cancer cell line OVCAR3, at 24 h of glutamine starvation 
(Supplementary Fig. S2E-F). However, we did not find any 
difference in mitochondrial fragmentation in other cervi-
cal cancer cell line HeLa and SiHa (Supplementary Fig. 
S2G-H). Mitochondrial fragmentation has been reported to 

occur during apoptosis and mitophagy [18, 22]. Since the 
cells did not undergo apoptosis in glutamine limiting condi-
tion (Fig. 1c), we focused on the status of mitophagy using 
mitotracker green by flow cytometry. Mitochondrial amount 
is known to decrease due to mitophagy as well as mitochon-
drial degradation [23]. We found enhanced mitotracker 
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green intensity, suggesting increased mitochondrial load in 
glutamine starved condition both in PA1 and OAW42 cells 
(Fig. 2h). As mitotracker green intensity depends upon mito-
chondrial membrane potential and ROS, we further analyzed 
the mitochondrial amount by flow cytometry, using nonyl-
acridine orange (NAO) which binds to cardiolipin present in 
inner mitochondrial membrane irrespective of mitochondrial 
metabolism through flow cytometric analysis [20]. No sig-
nificant change was found in mitochondrial amount (Supple-
mentary Fig. S2I) and hence we ruled out the possibility of 
mitophagy. Atomic force microscopic images also depicted 
that mitochondria were fragmented and their surface rough-
ness remained unchanged in glutamine limiting condition 
(Supplementary Fig. S2J). Convincingly all these envisioned 
that glutamine restriction could promote mitochondrial fis-
sion in cancer cells.

Stemness and chemoresistance properties 
also promoted upon glutamine limitation in cancer 
cells

CSCs are a small population of cells within tumors with 
self-renewal capacity. They are quiescent in nature having 
reduced cell proliferation and prevalence of perinuclear 
localization of fragmented mitochondria [24]. We observed 
the perinuclear localization of fragmented mitochondria in 
glutamine limiting state (Supplementary Fig. S3A). The 
pluripotent stem cell markers like SOX2, OCT4, NANOG 
are highly expressed in CSCs along with the cell surface 
antigens, like CD44, CD117, CD45, CD31 [25, 26]. As 
expected, the expression of pluripotent cell markers was 

found to be upregulated both at the mRNA (Fig. 3a) and pro-
tein level (Fig. 3b, Supplementary Fig. S3B) in glutamine-
deprived condition. Moreover, when glutamine was added 
to the medium at 24 h of glutamine starvation, the expres-
sion of SOX2 (as a representative marker for stemness) was 
reduced to the normal level after 24 h of glutamine supple-
mentation (Fig. 3c). These results suggest that glutamine 
deprivation is responsible for promoting stem-like traits in 
cancer cells. When the status of different cell surface mark-
ers was observed at different hours of glutamine starvation, 
CD44 and CD117 were increased at 24 h in PA1 (Supple-
mentary Fig. S3C), whereas the expression of CD44 and 
CD45 was elevated in PA1 and HCT116 at 48 h of glu-
tamine deprivation (Fig. 3d-e). We did not find any signifi-
cant change in the level of CD31 up to 48 h and similarly, 
CD45 remains unaltered at 24 h in PA1 cells (Supplemen-
tary Fig. S3C-D). However, CD117 was enhanced at 48 h in 
PA1 (Supplementary Fig. S3D). It was previously reported 
that deregulated alternative splicing of CD44 enhances 
CSC traits in tumor cells [27]. We observed increased gene 
expression of CD44 standard (CD44s) isoform, whereas its 
epithelial variant (CD44e) was downregulated due to glu-
tamine starvation in PA1 cells (Fig. 3f). To test the ultimate 
effect of glutamine deprivation, we made continuous culture 
of cells in glutamine-depleted media up to four passages. 
The cells were found to be arrested at the G0/G1 phase of 
the cell cycle irrespective of their passage number as evident 
from the flow cytometric analysis (Fig. 3g). Interestingly, the 
enhanced ALDH activity, a signature of CSCs, is also found 
in glutamine-starved PA1 cells (Fig. 3h).

Chemoresistance in CSCs is marked by the upregulation 
of efflux transporters of the ABC family, like ABCG2,which 
export drugs out of the cells [1]. Gene and protein expres-
sion analysis revealed that ABCG2 was elevated after glu-
tamine deficiency (Fig. 3a, Supplementary Fig. S3B). Rho-
damine-123 (Rh123) efflux assay was performed to study the 
efflux property of glutamine-deprived cells, which export 
out Rh123 more efficiently compared to the cells grown in 
glutamine-supplemented condition. There was also a sig-
nificant reduction of cells that retain Rh123 in glutamine 
limiting condition as shown by flow cytometry (Fig. 3i, Sup-
plementary Fig. S3E). Therefore, these results indicate that 
glutamine deprivation might promote stemness and chem-
oresistance in cancer cells.

Mitochondrial fragmentation is induced 
through enhanced DRP1 phosphorylation 
in glutamine‑restricted condition

DRP1 is a cytosolic protein that shuttles between cytosol 
and mitochondrial outer membrane to promote mitochon-
drial fission. After phosphorylation of DRP1 at S616, it can 
bind to the mitochondrial outer membrane and constricts the 

Fig. 3  Glutamine deprivation promotes stemness. a The mark-
ers of stemness like OCT4, SOX2, NANOG, and ABCG2 mRNA 
expression was increased as shown by quantitative RT-PCR at 24 h 
glutamine-starved condition in PA1 (n = 3). (CON indicates the con-
trol cell). b Protein expression of different stem markers (SOX2 and 
OCT4) was increased upon 24  h of glutamine deprivation in both 
PA1 and HCT116 cells. c Re-supplementation of glutamine after 
24  h, in the glutamine-starved cell reduced the SOX2 protein level 
in PA1 and fold change is depicted in the bar diagram. Flow cytom-
etry data reveals that expression of CD44 and CD45 increased in 
absence of glutamine at 48 h (n = 3) in PA1 (d) and HCT116 (e) and 
% population of expressing cells represented in bar diagram. f Gene 
expression of CD44 variants (CD44epi) was decreased, whereas, 
CD44s expression was enhanced upon 24 h of glutamine deprivation 
in PA1 cells (n = 3). g Continuous culture of cells without glutamine 
at passage 3 (P-3) and passage 4 (P-4) showed an increased popula-
tion in G1 stage with a reduced population in S phase in PA1 (n = 3) 
as shown by flowcytometry. These data are represented in both the 
histogram and bar diagram. h ALDH activity was increased in PA1 
cells grew in glutamine-free medium for 24 h. i Drug efflux capac-
ity was increased in glutamine-starved PA1 cells at 24  h. Data are 
expressed in ± SEM, and statistical significance was calculated using 
two-tailed Student’s t test and one-way ANOVA (followed by Bonfer-
roni post-hoc analysis) (*p < 0.05, **p < 0.01, ***p < 0.001). NS non-
significant
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membrane using its GTPase activity [28]. We observed that 
S616 phosphorylation was elevated upon glutamine depri-
vation for 24 h in PA1 and HCT116, although there was no 
significant change of p-DRP1 till 18 h of starvation (Fig. 4a, 
Supplementary Fig. S4A). We did not observe any change of 
expression in the mitochondrial fusion protein such as Mito-
fusin-1 (MFN1) and Mitofusin-2 (MFN2) (Supplementary 
Fig. S4B). Glutamine deprivation showed mitochondria-
specific localization of DRP1 in PA1 cells (Fig. 4b). The 
colocalization was established qualitatively using line-scan 
analysis and intensity correlation analysis (ICA). The line 
scan graph analysis suggested that the mitochondrial locali-
zation of DRP1 was very specific in glutamine-restricted 
condition (Fig. 4c). The ICA statistical data showed that 
the colocalization rate, Pearson’s correlation, and overlap 
coefficient were enhanced in glutamine deficiency (Fig. 4d). 
Further, the silencing of DRP1 using siRNA inhibited mito-
chondrial fission in glutamine depleted PA1 and OAW42 
cells (Fig. 4e, f). Similar results were observed when DRP1 
inhibitor MDiVi-1 was used (Fig. 4g). In contrast, extra-
cellular flux analysis indicates that ECAR, total glycolysis, 
glycolytic capacity as well as the glycolytic reserve were 
decreased after treating the cells with MDiVi-1 and siDRP1 
individually in glutamine-deprived condition (Fig. 4h, Sup-
plementary Fig. S4C-E). These results thus point DRP1 as 
the potential component for mitochondrial fragmentation in 
glutamine-restricted condition.

DRP1 has a role in stimulating stem‑like 
characteristics and chemoresistance

To test the impact of inhibition of mitochondrial fission, 
we used MDiVi-1 as an inhibitor of fission in glutamine-
deprived condition. We observed a significant reduction of 
CD44 (a stem cell marker) after silencing and inhibiting 
DRP1 in HCT116 and PA1, respectively, in glutamine limit-
ing condition (Fig. 5a, Supplementary Fig. S4F-G). Another 
remarkable trait of CSCs is to form spheroid in non-adherent 
condition. Glutamine-starved cells gave rise to larger sphe-
roids when cultured in non-adherent condition for 4 days and 
its volume became the same as that of untreated cells, when 
treated with MDiVi-1 in absence of glutamine (Fig. 5b). We 
have also performed this assay with the cells continuously 
cultured for seven passages in absence of glutamine. They 
formed larger spheroids and could able to generate a greater 
number of spheroids than the other sets. It also gave rise to 
new smaller spheroids even after 4 days of the assay, which 
suggests that continuous culture in absence of glutamine 
could significantly increase the stemness potential. To check 
if the cells maintain the fragmented mitochondrial pheno-
type in spheroids, we have used mitotracker red (MTR) for 
confocal microscopy and observed the presence of frag-
mented mitochondria in the spheroid (Fig. 5c). In human 
high-grade ovarian cancer tissue sample, colocalization of 
CD44 and p-DRP1 (S616) was increased as compared to 
the normal ovarian tissue section (Fig. 5d). Taken together, 
we can conclude that glutamine deprivation can enhance 
stem-like characteristics through DRP1 signaling in cancer.

We then wanted to determine whether DRP1 mediated 
stem-like characteristics are associated with chemoresist-
ance. Both MDiVi-1 and siDRP1 independently can mark-
edly enhanced the Rh123 dye retaining population, which 
was decreased in glutamine-starved condition, suggesting 
a role of DRP1 in chemoresistance (Fig. 5e, Supplemen-
tary Fig. S4H-I). These results suggest that DRP1 promotes 
stem-like characteristics coupled with chemoresistance in 
cancer cells in glutamine limiting condition.

Glutamine‑restricted cells augment ERK1/2 induced 
DRP‑1 phosphorylation through ROS

Glutamine also plays a role in synthesizing GSH via gluta-
mate. GSH is a major endogenous antioxidant and linked 
with the ROS level [29]. As glutamine restriction was asso-
ciated with reduced GSH synthesis, we focused on the status 
of mitochondrial ROS and tried to find a causal link between 
the ROS and DRP1 phosphorylation at S616. To validate 
this, we found that there was no significant difference in cel-
lular GSH at 24 h of glutamine starvation (Fig. 6a). Next, we 
measured mitochondrial ROS generation at 3, 6, 12 and 24 h 
of glutamine deprivation (Fig. 6b) and found its significant 

Fig. 4  DRP1 phosphorylation and localization promote mitochon-
drial fragmentation. a The cells were grown for 12 h, 18 h, and 24 h 
in glutamine-free medium and cellular protein was isolated followed 
by SDS-PAGE and western blotting. The phosphorylation of DRP1 
(S616) was increased at 24  h (n = 3), as shown by bar diagram. b 
Microscopy-based colocalization analysis in PA1 revealed the signifi-
cant enhancement of association between DRP1 and mitochondria in 
absence of glutamine at 24 h (n = 3). c Line scan analysis of colocali-
zation microscopy depicted significant overlapping of mitochondrial 
(RED) and DRP1 (GREEN) increased in absence of glutamine. d 
Intensity correlation analysis of colocalization through fluorescence 
microscopy of mitochondria and DRP1 revealed that colocalization 
rate, Pearson’s correlation, and overlap coefficient are enhanced upon 
glutamine deprivation. Knockdown of DRP1 protected the mitochon-
dria from fragmentation in PA1 (e) and OAW42 (f) as depicted in 
confocal microscopy. g Similarly, inhibition of DRP1 with MDiVi-1 
significantly inhibits mitochondrial fragmentation upon 24 h of glu-
tamine starvation in PA1 as observed by confocal microscopy. h 
Extracellular Flux analysis revealed that DRP1 knockdown was capa-
ble of restoring the glycolysis, glycolytic capacity similar to the con-
trol cells of PA1 upon 24 h of glutamine starvation (n = 3). Data are 
expressed in ± SEM, and statistical significance was calculated using 
two-tailed Student’s t test and one-way ANOVA (followed by Bonfer-
roni post hoc analysis) (*p < 0.05, **p < 0.01, ***p < 0.001). NS non-
significant. Scale bars 10 μm (b, e, g), 20 μm (f)
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elevation only at 12 h. By  H2O2 treatment, we have shown 
that ROS independently induces mitochondrial fragmen-
tation which is reduced by NAC treatment, an exogenous 
ROS scavenger (Supplementary Fig. S5A-B). In glutamine-
deprived condition, another exogenous ROS scavenger, 
cell-permeable glutathione (GSH) reduces ROS-induced 
mitochondrial fragmentation (Fig. 6c). Similarly, NAC also 
reduces the phosphorylation of DRP1 at S616 (Fig. 6d) 
and reduced mitochondrial fragmentation (Supplementary 
Fig. S5C) in glutamine-depleted situation. Thus, glutamine 
depletion generates ROS, which might be responsible for 
the phosphorylation of DRP1 followed by mitochondrial 
fragmentation.

To explore the pathways associated with mitochon-
drial fragmentation and DRP1 phosphorylation, we fur-
ther checked the phosphorylation level of AKT (S473) and 
p38MAPK (T180/Y182) through Western blot analysis and 
found no alteration of their phospho- and total forms at 24 h 
of glutamine deprivation (Fig. 6e). The ERK1/2 phospho-
rylation on T202/204 was increased at 24 h of glutamine 
depletion (Fig. 6f). Moreover, DRP1 phosphorylation (S616) 
was found to be dependent on the ERK1/2 signaling pathway 
as ERK inhibitor prevented this phosphorylation (Fig. 6g). 
The number of longer mitochondria was significantly 
increased when U0126 (inhibitor of MEK, the upstream 
kinase of ERK) was added in the glutamine-depleted media 
(Fig. 6h). The above results convincingly show that DRP1 
was phosphorylated through ROS-dependent activation of 
the ERK1/2 signaling pathway and promote mitochondrial 
fragmentation in tumor cells.

It is well known that xCT (antiporter of glutamate and 
cysteine) colocalizes with CD44 protein for maintaining the 
redox balance in the cell. Its expression also increased along 

with its enhanced colocalization with CD44 (Supplemen-
tary Fig. S5D-G). Since the ROS induced phosphorylation 
of DRP1, we checked the role of xCT in maintaining the 
ROS level in glutamine-deprived condition; however, no 
significant increase in the total cellular and mitochondrial 
ROS was observed upon inhibition of xCT by siRNA and 
its inhibitor sulfasalazine (Supplementary Fig. S5H-J). It 
suggested that xCT is not involved in the maintenance of 
ROS in glutamine-restricted condition. Perinuclear locali-
zation of mitochondria is known to increase nuclear ROS 
accumulation and activate various transcription factors for 
their downstream functioning. Therefore, we performed 
microscopy with DCFDA and MTR-stained cells and found 
that the perinuclear localization of mitochondria led to the 
accumulation of ROS in the nucleus in glutamine limiting 
condition (Supplementary Fig. S5K). Considering these 
results, we speculated that ROS accumulation within the 
nucleus is responsible for promoting stemness in glutamine-
deprived condition.

Combinatorial treatment of glutaminase inhibitor 
(L‑DON) and MDiVi‑1inhibit tumor growth 
and reduce CSCs population

Glutamine metabolism is therapeutically targeted for killing 
aggressive cancer cells. GLS1 inhibition by L-DON can stop 
the usage of glutamine by the cancer cells and hence, it can 
mimic a situation of glutamine deprivation. We observed 
that L-DON treatment can significantly increase the level of 
p-DRP1 at S616 (Fig. 7a) and consequently, the number of 
fragmented mitochondria (Fig. 7b). Like glutamine-starved 
condition, L-DON treatment also increases ECAR (Fig. 7c, 
d, Supplementary Fig. S5L) and protein expression of SOX2 
(Supplementary Fig. S5M). Further, to establish the results 
in in-vivo, we studied the parameters in syngeneic mouse 
model (C57BL/6) using ID8 (mouse ovarian epithelial 
cancer cell) cells. After the appearance of 100  mm3 tumor 
volume, mice were injected intravenously with L-DON 
consecutively for 3 days, whereas the animals of the con-
trol set were injected with equal volume of PBS (Fig. 7e). 
We found that L-DON treatment significantly inhibited 
tumor growth and weight gain as compared to the control 
set (Fig. 7f–h). Histological analysis with hematoxylin and 
eosin staining demarcated the tumor core area with lower 
number of cells, implying that glutamine starvation in the 
tumor core could be responsible for lowered cell number 
(Fig. 7i). To check if there is any necrotic cell population 
in the core of those tumors, we performed TUNEL assay 
and found no significantly increased TUNEL positive cells 
(Supplementary Fig. S6A). There was reduced Ki67 protein 
in the nucleus of L-DON treated cells, depicting that L-DON 
treatment ceased cell proliferation (Fig. 7j). To further vali-
date the effect of MDiVi-1 in glutamine-starved condition, 

Fig. 5  DRP1 inhibition reduced stem-like features. a Flow cytometric 
data showed that the reduced expression of CD44 in HCT116 cells 
upon DRP1 silencing when grown in glutamine-starved condition for 
48 h. The % population of CD44 expressing cells are quantified and 
represented in the bar diagram (n = 2). b MDiVi-1 treatment reduced 
spheroid size in absence of glutamine in PA1 as shown in bright field 
microscopy suggesting DRP1 dependency in spheroid formation. The 
number and volume of spheroid at different time points are shown in 
the bar diagram (n = 3). c In the spheroid cultures of PA1, the cells 
retained their fragmented morphology of mitochondria as shown in 
confocal microscopy and quantified the percentage of different mito-
chondrial length (n = 2). d CD44 expression and colocalization with 
p-DRP1 was high in high-grade ovarian cancer compared to normal 
ovarian tissue in IHC. Intensity correlation analysis of this colocali-
zation was shown in the bar diagram in the form of co-localization 
rate, colocalization area, Pearson’s correlation co-efficient, overlap 
co-efficient (e) MDiVi-1 treatment also reduced drug efflux capac-
ity of cells at 24 h of glutamine starvation in PA1 (n = 2). Data are 
expressed in ± SEM, and statistical significance was calculated using 
two-tailed Student’s t test and one-way ANOVA (followed by Bonfer-
roni post hoc analysis) (*p < 0.05, **p < 0.01, ***p < 0.001). NS non-
significant. Scale bars 400 μm (b), 100 μm (c, d), 10 μm (Enlarged 
images of c)

◂



 P. Prasad et al.

1 3

M
ER

G
ED

   
   

   
   

   
 D

A
PI

   
   

   
   

   
   

   
 IN

SE
T 

   
   

   
   

   
  M

TR

CONTROL           W/O GLN         W/O GLN  + GSH 

b

6 h
0

200
400
600
800

1000

CON W/O GLN

NS

0
100
200
300
400
500

con w/o gln

NS

0
200
400
600
800

1000
1200

CON W/O GLN

*

12 h

1000

1500

2000

2500

Control Gln free

NS

24 h

M
ea

n 
 F

lu
or

es
ce

nc
e 

In
te

ns
ity

3 h

d 
GLN

NAC (mM)
+      - - - - -
0       0     0.5    1        3        5

p-DRP1
(S616)
(82 KDa)

α-TUBULIN

PA1

h

0

0.5

1

1.5

2

R
EL

AT
IV

E 
PR

O
TE

IN
 

EX
PR

ES
SI

O
N

 O
F 

p-
D

R
P1

**
**

a

p-ERK1/2
(T202/204)
(44 KDa)

α-TUBULIN

PA1  

CON     W/O GLN

f
GLN

ERK inhibitor
+    - +     -- - +    +

p-DRP1
(S616)
(82 KDa)

α-TUBULIN

g PA1

c

p-AKT
(S473)

Pan AKT

CON    W/O GLN 
PA1 

p-P38 MAPK
(T180/Y182)

TOTAL 
P38 MAPK

α-TUBULIN

e

0
200
400
600
800

1000
1200

CONTROL W/O GLN

M
EA

N 
FL

UO
RE

SC
EN

CE
 

IN
TE

NS
IT

Y 
(M

FI
) (

FI
TC

) GSH LEVEL
PA1, 24 h

NS

CONTROL                                  W/O GLN

W
/O

 G
LN

 
+U

01
26

+G
LN

 
+U

01
26

C
O

N
TR

O
L

W
/O

 G
LN

MTR                        INSET                        DAPI                   MERGED

0
10
20
30
40
50
60

%
 D

IS
TR

IB
U

TI
O

N
 O

F 
M

IT
O

C
H

O
N

D
R

IA

PA1

0-0.5 μM
0.5-1 μM
1-2 μM
2-4 μM
>4 μM

0

1

2

3

+      - - - - -
0       0     0.5      1       3       5

GLN
NAC (mM)

*** NS
NS *** **

R
EL

AT
IV

E 
PR

O
TE

IN
 

EX
PR

ES
SI

O
N

 O
F 

p-
D

R
P1



Glutamine deficiency promotes stemness and chemoresistance in tumor cells through DRP1‑induced…

1 3

we injected it with or without L-DON in tumor-bearing 
mice (Fig. 8a, b). We found no significant increase in cell 
death as shown by Cleaved caspase-3 staining (Fig. 8c, e). 
L-DON treatment even in presence of MDiVi-1 significantly 
inhibited tumor growth (Supplementary Fig. S6B). There 
was increased expression of ABCG2, SOX2 and OCT4 
after L-DON treatment that was significantly reduced by 
MDiVi-1 in in vivo model (Fig. 8d, e, Supplementary Fig. 
S6C-D). L-DON-treated tumors showed increased DRP1 
phosphorylation (S616) and CD44 expression along with 
increased co-localization of these proteins, while dual treat-
ment of L-DON and MDiVi-1 significantly reduced the 
CD44 expression (Fig. 8f). These results point towards a 
possibility that simultaneous pharmacological inhibition of 
GLS1 and mitochondrial fission might inhibit tumor growth 
with reduction in CSC population.

Discussion

Growing tumors require and consume plenty of glutamine 
for their survival and this addiction for glutamine is used 
to diagnose the growing tumors through 18F-FGln based 
PET scanning systems [30]. It is well established that the 
core of a solid tumor is glutamine-deprived and cancer cells 
survive in this nutrient limiting condition [16]. Further, this 
regional glutamine deficiency is supposed to be a major 
contributor of chemoresistance property that tumor cells 
acquire subsequently [31]. In this report, we showed that 

glutamine deficiency generates stem-like characteristics to 
induce chemoresistance property in the tumor cells by induc-
ing mitochondrial fragmentation.

Glutamine dependency is acquired by tumor cells and is 
a crucial phenotype for aggressive cancer cell. Glutamine is 
required for their survival, proliferation, and metastasis [32]. 
In contrast, our present findings suggest that glutamine is 
crucial for the proliferation of cancer cells, but is not essen-
tial for their survival (Fig. 1a–c, Supplementary Fig. S1A). 
However, in absence of glutamine, the cell division potency 
of cancer cells did not cease, but significantly reduced as 
they still continued to proliferate even after several pas-
sages of culture in glutamine-free medium (Fig. 1b, 3g). 
This addiction towards glutamine is varied in different can-
cer cell types and their metabolic phenotype changes with 
their glutamine dependency level [32, 33]. In some cervical 
and breast cancer cells, basal oxygen consumption rate and 
glycolytic efficiency decreased in the absence of glutamine 
independently of their metabolic phenotype [12]. However, 
we identified that upon glutamine starvation, glucose uptake 
and glucose oxidation is enhanced to maintain both glycoly-
sis and TCA cycle (Fig. 1e–m, Supplementary Fig. S1B-G, 
I-J). In tumor core, there is a possibility of both glucose 
and glutamine scarcity. In that condition, it is interesting 
to understand how glutamine-starved cells maintain high 
glycolysis rate. The possible explanation could be addressed 
by two different mechanisms. Firstly, in the periphery of the 
tumor, the glucose consumption is less than the core, render-
ing high availability and consumption of glucose by the glu-
tamine-starved cells in the core [34]. Second, when the cells 
in the core perform higher glycolysis, they produce extracel-
lular lactate, which can relay signal to the peripheral cells 
to reduce their glucose uptake [35]. Thus, it ensures that the 
core cells get adequate glucose in absence of glutamine. To 
further confirm the effect of lactate, we have treated the PA1 
cells with it in presence of glutamine and observed reduced 
glucose uptake and glycolysis. Further, by blocking the lac-
tate receptor with 3-OBA (3-hydroxy-butyrate) and using its 
transporter (MCT1) blocker the lactate signaling was found 
inhibited in glutamine supplemented cells (data not shown).

Mitochondrial fragmentation is an essential phenotype for 
various types of tumors and in melanoma cells, it is found to 
increase glycolytic rate [36]. We convincingly showed that 
glutamine deficiency facilitates mitochondrial fragmentation 
through phosphorylation of DRP1 at S616 (Fig. 4). DRP1 
level is directly linked to the mitochondrial network (length) 
as silencing or inhibiting DRP1 reduces the mitochondrial 
fragmentation in absence of glutamine (Fig. 4e-g) and this 
DRP1 phosphorylation also linked with cell metabolism as 
glycolytic function remain same as control when DRP1 was 
silenced or inhibited (Fig. 4h, Supplementary Fig. S4C–E). 
We did not find any difference in mitochondrial protein 
level (Fig. 2a–d) and the level of mitochondrial OXPHOS 

Fig. 6  DRP1 phosphorylation occurs through ROS driven ERK1/2 
signaling pathway (a) Total internal GSH was measured through 
flow cytometry at 24 h of glutamine starvation in PA1 and MFI was 
quantified and represented in the bar diagram (n = 3). b Mitochon-
drial ROS was measured upon glutamine deprivation at different 
time points (3  h,6  h,12  h, and 24  h) by flow cytometry in PA1. At 
12 h only, there was a significant increment in the ROS level which 
decreased eventually (n = 3). The results were represented as histo-
grams along with the bar diagram. c GSH treatment in absence of 
glutamine at 24  h reduced mitochondrial fragmentation in PA1 as 
depicted by confocal microscopy. d NAC treatment for 24 h in glu-
tamine depleted media significantly reduced the DRP1 phosphoryla-
tion in PA1, as observed in western blot analysis (n = 3). Fold change 
was measured by densitometric analysis using ImageJ software 
and represented as bar diagram. e As shown by western blot analy-
sis, there was no change in phosphorylation of AKT and p38 MAP 
kinase upon 24  h of glutamine starvation in PA1 cell. f There was 
a significant change in phosphorylated ERK1/2 at 24 h of glutamine 
starvation in PA1. g ERK inhibitor is sufficient to inhibit DRP1 phos-
phorylation at glutamine starvation in PA1 at 24  h. Densitometric 
analysis of this blot quantified the fold change of protein expression 
and represented in bar diagram. h Treatment of U0126 also inhibited 
mitochondrial fragmentation at 24  h of glutamine-starved condition 
in PA1 cell as shown in confocal microscopy. Data are expressed 
in ± SEM, and statistical significance was calculated using two-tailed 
Student’s t test and one-way ANOVA (followed by Bonferroni post 
hoc analysis) (*p < 0.05, **p < 0.01, ***p < 0.001). NS is for non-sig-
nificant. Scale bars 10 μm (c, h)
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(Supplementary Fig. S1B) and hence, we have not linked 
mitochondrial function with DRP1 level upon glutamine 
starvation. Treatment with MDiVi-1 also inhibited the ret-
rograde transport of the mitochondria, i.e., the perinuclear 
localization of the mitochondria, indicating that the retro-
grade movement is fission dependent as reported previously 
[37].

Mitochondrial ROS act as an important second messen-
ger to drive intracellular signaling pathways [38] and it is 
associated with mitochondrial fragmentation in malignant 
cells through ROS-RAS-RAF-ERK1/2-DRP1 signaling axis 
[39, 40]. It is reported that high glucose treatment in pri-
mary liver cells increased ROS production with concomitant 
enhancement in the mitochondrial fragmentation followed 
by perinuclear localization [41]. According to this report, 
ROS was increased at 15 min of incubation and decreased 
after 60 min, but the mitochondrial fragmentation persisted. 
Similarly, in the present study, we have also found a very 
dynamic and variable pattern of ROS level, which increases 
at 12 h of glutamine deprivation and surprisingly reduced 
again at 24 h, but the mitochondria remain fragmented 
(Fig. 6b, 2e). Treatment with cell-permeable anti-oxidant 
GSH and NAC in glutamine-deprived conditions can res-
cue the mitochondria from fragmentation (Fig. 6c, Supple-
mentary Fig. S5C). Therefore, the rise in the mitochondrial 
ROS may be responsible for the acute activation of ERK1/2 
and DRP1. Then perinuclear accumulation of fragmented 
mitochondria increases the local ROS accumulation in the 
nucleus (Supplementary Fig. S3A, S5K). This local ROS 
accumulation in the nucleus has been reported as a regu-
latory factor of gene expression through guanidine oxida-
tion [11]. Moreover, we also found nuclear accumulation of 

NRF2, which is a well-established transcriptional regulator 
of ABCG2 in glutamine limiting condition (data not given). 
We suggested that DRP1-driven mitochondrial fragmenta-
tion and its perinuclear localization may promote stemness 
via nuclear accumulation of NRF2 in glutamine-deprived 
condition. Therefore, it is an interesting area to follow-up in 
detail and future studies are needed to determine the actual 
cause of ROS generation that leads to mitochondrial frag-
mentation in glutamine-starved cells.

In gynecological cancer, DRP1 and mitochondrial 
dynamics play a vital role in promoting chemoresistance 
[42, 43]. According to recent evidence, mitochondrial frag-
mentation and clustering around the nucleus is an important 
feature associated with stem cells [11, 28, 44]. Some reports 
have demonstrated that this "mitochondrial flirtation" with 
the nucleus induces the ROS level in the nucleus and this 
micro milieu leads to the activation of various transcrip-
tion factors that can regulate gene associated with stemness 
[11]. ROS also can regulate stemness by suppressing Wnt/β-
catenin signaling pathway in glutamine-dependent pancre-
atic ductal carcinoma, hepatocellular carcinoma, and non-
small cell lung carcinoma [45, 46]. In contrast, glutamine 
deprivation inhibits Wnt signaling pathway and induces 
stemness in colorectal cancer. This effect can be reversed 
by the addition of α-ketoglutarate which may take over the 
function of glutamine in the downstream signaling [47]. 
In this report, we show that glutamine starvation enhances 
perinuclear localization of fragmented mitochondria, which 
leads to the promotion of stem-like features and chemoresist-
ance in cancer cells (Fig. 3, Supplementary Fig. S3). The 
CD44-xCT colocalization has been reported to maintain the 
redox balance in cancer cells. xCT is an antiporter for glu-
tamate and cysteine and is involved in the synthesis of glu-
tathione and thereby preserves the redox homeostasis within 
the cell. Therefore, the interaction between CD44 and xCT 
is important for maintaining the ROS balance in CSCs [48]. 
Glutamine starvation also leads to the enhanced expression 
as well as colocalization of xCT with CD44 (Supplemen-
tary Fig. S5D-G). However, we did not find any significant 
increase in the cellular or mitochondrial ROS level after 
inhibiting xCT, which indicates that it is not involved in 
reducing the mitochondrial ROS after 12 h of glutamine 
starvation (Supplementary Fig. S5H-J). In high-grade ovar-
ian cancer patient samples, we found enhanced colocaliza-
tion of p-DRP1 (S616) and CD44, which again suggests that 
mitochondrial fragmentation is associated with stem-like 
feature in cancer (Fig. 5d).

Targeting glutaminolysis has become one of the most 
emerging therapeutic strategies to reduce tumor growth 
[49]. In contrast, a recent report suggested that blocking of 
glutamine metabolism affects the glycolysis and OXPHOS 
of tumor cells, but enhances the oxidative metabolism of 
effector T cells, which helps the tumor cells to overcome 

Fig. 7  L-DON mimics glutamine starvation in tumor cells. a L-DON 
treatment increased DRP1 phosphorylation at the concentration of 
20  µM in PA1 cell. Densitometric analysis was done using ImageJ 
software and the fold change is presented as bar diagram (n = 3). b 
L-DON treatment increased mitochondrial fragmentation as observed 
in confocal microscopy. c L-DON treatment for 24 h also increased 
the ECAR value along with glycolysis like glutamine starvation in 
PA1. d The energy phenotype graph also showed increased ECAR 
after L-DON treatment in PA1. e Timeline of development of tumor 
in mouse model and L-DON treatment. f Representative images of 
tumors formed in C57BL/6 injected with PBS or L-DON. g Tumor 
volume measured during 3  days of L-DON treatment course and 
represented graphically (n = 6) and h tumor weight was measured at 
the end of treatment course (Day-4) and represented in bar diagram. 
i Histological section stained with Hematoxylin and Eosin showed 
meagre amount of cell in the core of the tumor. j Fluorescence-
immunohistochemistry depicted that amount of Ki67 in tumors was 
decreased in L-DON treated set (n = 5). In the control tissue, Ki67 
localized in the nucleus whereas extranuclear localization of Ki67 
was observed in L-DON treated set. Data are expressed in ± SEM, 
and statistical significance was calculated using two-tailed Student’s 
t test and one-way ANOVA (followed by Bonferroni post hoc analy-
sis) (*p < 0.05, **p < 0.01). NS non-significant. Scale bars 10 μm (b), 
400 μm (i), 100 μm (j) and 5 μm (INSET of j)
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immune supervision [50]. Our observation suggests that 
glutaminase inhibitor L-DON is capable of mimicking 
glutamine-deprived conditions in the tumor as it enhances 
glycolysis and mitochondrial fragmentation (Fig.  7a–d, 
Supplementary Fig. S5L). L-DON treatment in mouse 
tumor model attenuated tumor growth without hampering 
the cell survival (Fig. 7f–h, 8c). It is interesting that, there 
was increased expression of ABCG2 in the core region than 
the periphery of the same tissue. This result indicated that 
glutamine starvation in the tumor core region may lead to 
increased expression of ABCG2. The MDiVi-1 treatment 
successfully reduced CD44 expression without affecting 
the p-DRP1 level. However, the co-treatment with L-DON 
and MDIVi-1 significantly reduced the expression of the 
stemness markers, like OCT4, SOX2, CD44 and ABCG2 
(Supplementary Fig. S6C–D, Fig. 8d–f). Considering the 
importance of glutamine metabolism in cancer, it has been 
suggested that combinatorial therapy of glutaminase inhibi-
tor along with the blocking of specific signaling pathway 
might have high anti-proliferative activity [51]. In addition, 
MDiVi-1-mediated blocking of mitochondrial fragmenta-
tion has also been used as therapeutics to combat cancer 
stem cells [52]. Altogether, this study shows a promising 
approach to inhibit tumor cell-specific growth and reduce 
CSCs population using a dual treatment of L-DON and 
MDiVi-1. Future studies including clinical investigation will 
strengthen the possibilities for the usage of a combination of 
such metabolic inhibitors as therapeutic agent.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 021- 03818-6.
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Fig. 8  Pharmacological inhibitor of glutaminase (L-DON) and 
DRP1 (MDiVi-1) can together reduce CSCs population in in-vivo 
mouse model. a Representative images of tumors formed in C57BL/6 
injected with PBS, L-DON, MDiVi-1 and MDiVi-1 + L-DON. b 
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