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ABSTRACT 
 

Metabolic reprogramming is an established hallmark of cancer. Malignant cells induce metabolic 

adjustments to meet their high energy demands and sustain rapid proliferation. These metabolic 

changes involve modifications in glutamine metabolism including upregulation of transporters 

and enzymes, and regulation of glutamine uptake by oncogenes and tumor suppressors, to 

promote glutaminolysis in cancer cells. Cervical cancer continues to pose a significant health 

burden for women worldwide. Persistent infection with a high-risk Human Papillomavirus (HR-

HPV) strain, and subsequent upregulation of the viral oncogenes, E6 and E7, constitute the 

primary risk factor for the development of cervical cancer. Accumulating evidence supports that 

the viral oncogenes potentially favor metabolic reprogramming; however, the underlying 

mechanisms remain unknown. The aim of this research was to investigate whether the oncogenes 

of HPV16, E6 and E7, promote the rewiring of glutamine metabolism in cervical cancer. To 

address this, we used the in vitro tumor sphere formation assay to assess whether the sphere-

forming capabilities of HPV (+) and HPV (-) cervical cancer cells are influenced when glutamine 

metabolism is hindered or restrained. We found that cervical cancer cells exhibit an impaired 

ability to form tumor spheres in the absence of glutamine, regardless of HPV presence. 

Furthermore, transcriptional analysis performed to examine the expression levels of glutamine 

metabolism-related genes, demonstrated significantly altered expression between HPV (+) and 

HPV (-) cervical cancer cells. Nevertheless, since we did not identify a consistent expression 

pattern, we developed a cellular system, where we transduced the HPV (-) C33A cells, to induce 

expression of E6 and E7, either alone or together, in order to interrogate whether the viral 

oncogenes are responsible for the differences observed. Transcriptional analysis of C33A-

transduced cells revealed that the presence of the E7 oncogene upregulates key genes involved in 

glutamine metabolism, including the glutamine transporters Slc1a5 and Slc7a5, as well as 

glutamine metabolism-related enzymes, such as GLS and Glud1, raising the possibility of 

facilitated glutamine uptake and increased glutaminolysis in HPV-associated cervical cancers. 

The consumption of glutamine and glutamate was assessed in oncogene-expressing cells, 

showing that extracellular glutamine was increased, while extracellular glutamate levels were 

decreased in the presence of the viral oncogenes, suggesting that E6 and E7, affect the 
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consumption of these metabolites. Moreover, we demonstrated that the E7-expressing cells are 

less sensitive to effects of glutamine starvation in the clonogenic potential of cervical cancer 

cells, since the presence of E7, not only led to an increase in the number of tumor spheres, but 

also contributed to the growth of larger tumor spheres. Collectively, our data demonstrate the 

impact of the HPV16 oncogenes, E6 and E7, in promoting metabolic reprogramming through 

modifying glutamine metabolism to fulfil the high energy requirements of cervical cancer cells, 

and subsequently support the cancerous phenotype. 
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enzymes, and regulation of glutamine uptake by oncogenes and tumor suppressors, to promote 

glutaminolysis in cancer cells. Cervical cancer continues to pose a significant health burden for 

women worldwide. Persistent infection with a high-risk Human Papillomavirus (HR-HPV) strain, and 

subsequent upregulation of the viral oncogenes, E6 and E7, constitute the primary risk factor for the 

development of cervical cancer. Accumulating evidence supports that the viral oncogenes potentially 

favor metabolic reprogramming; however, the underlying mechanisms remain unknown. The aim of 

this research was to investigate whether the oncogenes of HPV16, E6 and E7, promote the rewiring of 

glutamine metabolism in cervical cancer. To address this, we used the in vitro tumor sphere formation 

assay to assess whether the sphere-forming capabilities of HPV (+) and HPV (-) cervical cancer cells 

are influenced when glutamine metabolism is hindered or restrained. We found that cervical cancer 

cells exhibit an impaired ability to form tumor spheres in the absence of glutamine, regardless of HPV 

presence. Furthermore, transcriptional analysis performed to examine the expression levels of 

glutamine metabolism-related genes, demonstrated significantly altered expression between HPV (+) 

and HPV (-) cervical cancer cells. Nevertheless, since we did not identify a consistent expression 

pattern, we developed a cellular system, where we transduced the HPV (-) C33A cells, to induce 

expression of E6 and E7, either alone or together, in order to interrogate whether the viral oncogenes 

are responsible for the differences observed. Transcriptional analysis of C33A-transduced cells 

revealed that the presence of the E7 oncogene upregulates key genes involved in glutamine 

metabolism, including the glutamine transporters Slc1a5 and Slc7a5, as well as glutamine 

metabolism-related enzymes, such as GLS and Glud1, raising the possibility of facilitated glutamine 

uptake and increased glutaminolysis in HPV-associated cervical cancers. The consumption of 

glutamine and glutamate was assessed in oncogene-expressing cells, showing that extracellular 

glutamine was increased, while extracellular glutamate levels were decreased in the presence of the 

viral oncogenes, suggesting that E6 and E7, affect the consumption of these metabolites. Moreover, 

we demonstrated that the E7-expressing cells are less sensitive to effects of glutamine starvation in the 

clonogenic potential of cervical cancer cells, since the presence of E7, not only led to an increase in 

the number of tumor spheres, but also contributed to the growth of larger tumor spheres. Collectively, 

our data demonstrate the impact of the HPV16 oncogenes, E6 and E7, in promoting metabolic 

reprogramming through modifying glutamine metabolism to fulfil the high energy requirements of 

cervical cancer cells, and subsequently support the cancerous phenotype. 
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1. INTRODUCTION 

 

1.1 Cervical Cancer 

     Cervical cancer is characterized by the growth of malignant cells on the surface of the cervix; 

the area in the female reproductive system, found between the vagina and the uterus (National 

Health System 2021). Squamous cell carcinoma and adenocarcinoma are the two predominant 

types of cervical cancer, with the former accounting for up to 90% of the total cases (National 

Institute of Health, NIH 2022). Recent epidemiological evidence has shown that cervical cancer 

is the fourth most frequently diagnosed and the fourth cancer with the highest mortality rates in 

women worldwide, with most cases occurring in developing countries, due to lack of appropriate 

screening and prognosis (Arbyn et al. 2020, Bray et al. 2018). According to World Health 

Organization (WHO), 604.000 women were diagnosed, while 342.000 women died from cervical 

cancer worldwide, in 2020 (World Health Organization 2022a). Age, smoking, long-term 

hormonal treatment, as well as Human Papillomavirus (HPV) infection constitute some factors 

known to increase the risk of cervical carcinogenesis (Zhang, Shaokai et al. 2020). Whereas 

vaccination against HPV is effective for the prevention of cervical cancer, the lack of access and 

uptake, complicate the potential of cervical cancer elimination (World Health Organization 

2022b). 

 

1.2 Human Papillomavirus (HPV)- related Cervical Carcinogenesis 

1.2.1 Human Papillomaviruses (HPVs) 

     The main etiological factor for cervical cancer is the infection with a high-risk Human 

Papillomavirus (HPV) strain. HPVs are small, non-enveloped viruses with a circular, double-

stranded DNA genome, with a simple organization. The viral genome is divided into a total of 8 

open reading frames (ORFs) coding the early genes (E1, E2, E4, E5, E6, E7), which are 

necessary for genome replication, and the late genes (L1, L2), that are imperative for viral 

packaging (Yu et al. 2022) (Figure 1).  

     HPVs are members of the Papillomaviridae family. Members included in this family are 

known to cause genital or skin warts, or can lead to cervical, skin, head and neck, and anogenital 
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cancers (Bruni L, 2018, Stanley, 2012, zur Hausen, 2009). Although there are approximately 200 

HPV types capable of infecting human cells, only some, HPV16 and HPV18, being the most 

common, are associated with tumorigenesis and so are called “High-Risk”-HPV strains (HR-

HPV) (Bouvard et al. 2009). Notably, HR-HPVs are the cause of approximately 5% of all human 

cancers, with HPV16 to be the most oncogenic type, accounting for the majority of worldwide 

cervical cancer cases (Ghittoni et al. 2015). 

     Mucosotropic HPVs are very common viruses, transmitted through sexual contact, and it is 

known that most sexually active people will be infected at some point of their life (Estêvão et al. 

2019). The virus infects the basal layer of squamous epithelia, by gaining access through micro 

wounds, where it establishes its infection. Nevertheless, ~90% of HPV infections result in viral 

clearance by the host immune system and only ~10% of cases establish persistent infections and 

progression to malignancy, suggesting that HPV-induced carcinogenesis is a complex and 

multistep process (Gupta et al. 2018).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the HPV16 viral genome. The viral genome (7906 base pairs in 

size) consists of 8 Open Reading Frames (ORFs), encoding the early (E1, E2, E4, E5, E6, E7) and late 

(L1, L2) genes. Adapted from Neil D. Christensen, 2016 (Neil D. Christensen, 2016).  
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1.2.2 HPV-induced Cervical Carcinogenesis 

 

    Cervical carcinogenesis typically arises after accidental integration of the viral genome into 

the host cell genome and subsequent upregulation of the E6 and E7 oncogenes, due to disruption 

of E2 functioning to control the transcription of these two oncogenes (Moody, Laimins 2010, 

Mittal, Banks 2017). HR-HPV E6 and E7 overexpression can promote the malignant 

transformation of HR-HPV-infected cells during a persistent and long-term infection, mainly by 

targeting the two major tumor suppressor proteins, p53 (Scheffner et al. 1990, Martinez-Zapien 

et al. 2016) and pRb (Hwang et al. 2002), respectively, to ubiquitin-dependent proteasomal 

degradation. In addition, the viral oncogenes can alter signaling pathways, cause genetic 

instability, and sustain a proliferative signaling, ultimately leading to tumor development and 

progression (Gupta et al. 2018, Estêvão et al. 2019) gaining the hallmarks of cancer (Figure 2) 

(Hanahan, D., Weinberg 2011, Yang, R. et al. 2019).     

 

Figure 2. Simplified model of HPV-induced Carcinogenesis. Accidental integration of the viral 

genome into the host cell genome results in upregulation of the viral oncogenes E6 and E7 and 

progression to malignancy. The figure was created with the use of BioRender.com web application.  
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1.3 Metabolic reprogramming as a Hallmark of Cancer 

     Metabolic reprogramming has been established as a Hallmark of Cancer (Hanahan, Douglas, 

Weinberg 2011, Ward, Thompson 2012). Malignant cells, as opposed to normal cells, 

demonstrate metabolic alterations in order to obtain all necessary nutrients, to fulfill their energy 

requirements and sustain increased proliferation (Schiliro, Firestein 2021, Martínez-Reyes, 

Chandel 2021) (Figure 3).  These deviations in the levels of metabolites can affect gene 

expression and subsequently the tumor microenvironment (Elia, Haigis 2021). To this end, even 

though a plethora of various metabolic pathways have been verified to be deregulated upon 

cancer onset and development, glycolysis has been the most well-known and most extensively 

investigated up to now (Schiliro, Firestein 2021, Pavlova, Thompson 2016). 

     Nearly 90 years ago, Otto Warburg demonstrated that cancer cells were remarkably exhibiting 

elevated glucose consumption compared to normal cells, a phenomenon termed as the “Warburg 

effect”. The Warburg effect states that tumor cells lean towards obtaining their energy by 

glycolysis and not oxidative phosphorylation, even in scenarios of aerobic conditions, thereby 

providing them with a major growth advantage, which is more efficient (Pascale et al. 2020, 

Warburg et al. 1927).  Importantly, in addition to glucose metabolism, several other metabolic 

pathways are altered during the malignant transformation of normal cells, such as the glutamine 

pathway (Yang, L. et al. 2017). 
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Figure 3. Metabolic reprogramming as a Hallmark of Cancer. This illustration summarizes the 

biological capabilities obtained during the malignant transformation of cells. Deregulation of cellular 

energetics is the capability of cancer cells to promote metabolic reprogramming to maximize the nutrient 

intake, fulfill their high energy requirements and sustain increased proliferation. Various metabolic 

pathways have been reported to be deregulated in cancers, including glycolysis, lipid synthesis, nucleotide 

synthesis and the glutamine pathway. Adapted from Hanahan, Douglas, Weinberg 2011 (Hanahan, 

Douglas, Weinberg 2011). 

  

 

1.4 Glutamine Metabolic Pathway and its Role in Cancers 

 

1.4.1 Glutamine Pathway 

     Glutamine is a non-essential amino acid, recognized to be the most abundant in the blood (Li, 

T., Le 2018). In normal conditions, glutamine enters the cells through transmembrane 

transporters of the solute carrier (SLC) group, such as the Slc1a5, which is considered the main 

glutamine transporter. Glutamine uptake in cells is also mediated through other transporters 

including Slc7a5, Slc7a8 and Slc38a3 (Bhutia, Ganapathy 2016). Upon its entry, glutamine can 

be converted into glutamate through the catalysis of the glutaminase enzymes, GLS and GLS2. 

Henceforth, glutamate can be converted into α-ketoglutarate (α-KG) by the glutamine 

dehydrogenase, GLUD, or the aminotransferase enzymes. α-KG can then enter the tricarboxylic 

acid (TCA) cycle and provide energy for the cell. Furthermore, glutamate can contribute to the 

synthesis of glutathione (GSH), mediated by the glutathione synthetase enzyme (GSS). GSH is 

crucial for the maintenance of redox homeostasis and the regulation of oxidative stress in cells 

(Yoo et al. 2020) (Figure 4). 
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Figure 4. Glutamine Metabolism Pathway. Glutamine enters the cells through transmembrane 

transporters. Glutamine is converted into glutamate by the Glutaminase enzymes, GLS or GLS2. 

Glutamate can be converted into glutathione by the GSS enzyme, or it can be converted into α-

ketoglutarate (α-KG) by the Glutamate Dehydrogenase (GLUD) or aminotransferase enzymes. α-KG 

enters the TCA cycle and provides energy for the cell. The figure was created with the use of 

BioRender.com web application. 

 

 

1.4.2 Glutamine Metabolism in Cancers 

     Glutamine is used by glycolytic cancers for energy production, maintenance of redox balance, 

biosynthesis of nucleotides and other intermediates, that are necessary for tumor growth (Yoo et 

al. 2020). Even though it is a non-essential amino acid and can be synthesized de novo in the 

human body, glutamine is an essential carbon and nitrogen donor to sustain high proliferation of 

cancer cells (Zhang, Ji et al. 2017). Evidence has unveiled that, different types of cancer cells, 

rely on glutamine to fulfill their energy requirements, while depletion of glutamine results in 
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cancer cell death (Qie et al. 2012). This phenomenon is commonly referred to as “glutamine 

addiction”, during which glutamine metabolism is regulated to increase the access of glutamine 

in cancer cells, while elevated secretion of glutamate is also associated with tumorigenic 

phenotypes (Wise, Thompson 2010).  

     Importantly, several studies have demonstrated that to achieve increased glutamine intake, 

glutamine transporters are deregulated in different cancer types (Bhutia, Ganapathy 2016). For 

instance, a Pan-cancer analysis performed using data from 9000 patients from The Cancer 

Genome Atlas (TCGA) dataset, revealed that the main glutamine transporter responsible for 

controlling glutamine uptake, Slc1a5, is found to be upregulated in many human cancers 

compared to normal tissues, including lung, breast, head and neck, as well as cervical cancer. 

Moreover, the aforementioned studies have reported that there is an association between Slc1a5 

overexpression in malignant, compared to normal tissues, with poor survival and tumor 

development, raising the possibility that Slc1a5 exerts a key role in the process of tumorigenesis 

(Kanai 2022). 

     In addition to Slc1a5, other glutamine transporters were found to be upregulated in various 

cancer types, such as Slc7a5, Slc7a8 and Slc38a3. The amino acid transporter, Slc7a5 has been 

shown to exhibit elevated expression in different types of cancers, including ovarian cancer 

(OC), non-small cell lung cancer (NSCLC) and breast cancer (BC) (Abd El-Rehim et al. 2005, 

Kaira et al. 2009, Curtis et al. 2012) , while for the latter, it has been shown to correlate with 

poor prognosis and survival (Li, Y. et al. 2021) .  

     Furthermore, Oncomine data analysis has revealed, that the expression of Slc7a8 is 

augmented in 9 different types of cancers (Wang, Q., Holst 2015), while overexpression of this 

transporter has been reported to potentially act as a prognostic marker for breast cancer (El 

Ansari et al. 2020). Additionally, the Slc38a3 glutamine transporter was also found to be 

upregulated in NSCLC, as well as in triple negative breast cancer (TNBC). Interestingly, Slc38a3 

was reported to promote epithelial to mesenchymal transition in esophageal cancer (Liu et al. 

2020), NSCLC (Wang, Y. et al. 2017) and TNBC (Tan et al. 2021), suggesting the involvement 

of this transporter in cancer metastasis. 

     Accumulating evidence shows that glutamine metabolism-related enzymes are also 

differentially expressed in cancers (Matés et al. 2019). GLS and GLS2, the enzymes converting 

glutamine into glutamate, as well as GLUD, which converts glutamate into α-KG, are all 
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exhibiting increased expression in different types of cancers (Jin et al. 2016, Dias et al. 2020, 

Zhang, Jiannan et al. 2016). Remarkably, even though it is less studied, GSS, the enzyme 

responsible for the conversion of glutamate into GSH, is also reported to be upregulated in some 

cancers, such as colorectal cancer (Kim, A. D. et al. 2015).  

     As mentioned above, malignant cells deregulate glutamine metabolism to increase their 

glutamine uptake and sustain a high proliferative signalling (Li, T., Le 2018). However, the 

precise underlying mechanisms that are involved in this process remain unclear. Recent evidence 

suggests that oncogenes and tumour suppressors can regulate glutamine metabolism, and 

subsequently glutamine supply. In 2008, Wise et al. revealed that the proto-oncogene, c-Myc 

induces glutaminolysis, the conversion of glutamine into glutamate, by transcriptionally 

activating Slc1a5 and GLS.  Subsequently, this supports increased cellular glutamine uptake and 

conversion into glutamate, promotion of ATP production from the TCA cycle, resulting in 

glutamine addiction (Wise et al. 2008, Pavlova, Thompson 2016). Additionally, a study 

published in Oncogene by Reynolds et al., demonstrated that the retinoblastoma (Rb) tumour 

suppressors control glutamine uptake. They showed that triple knockouts of the Rb family 

members, Rb1, Rbl1 and Rbl2, resulted in elevated glutamine uptake and conversion into 

glutamate, through upregulation of the Slc1a5 and GLS, which is mediated by E2F (Reynolds et 

al. 2014). Overall, the findings of these studies suggest that oncogenes and tumour suppressors 

can modify glutamine metabolism by allowing increased access of glutamine in cancer cells, 

enabling their uncontrolled proliferation (Ni et al. 2023, Kim, M. H., Kim 2013, Pavlova, 

Thompson 2016).  
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1.5 Aim of study 

     In HPV-positive cervical cancers, the viral oncogenes, E6 and E7 promote and preserve 

carcinogenesis, through various mechanisms (Mittal, Banks 2017). Remarkably, it has been 

reported that the HR-HPV oncogenes potentially favor metabolic reprogramming by modifying 

glucose, lipid, and glutamine metabolism, with the underlying mechanisms to remain elusive 

(Arizmendi-Izazaga et al. 2021, Li, B., Sui 2021, Pappa et al. 2021). Nevertheless, the limited 

evidence regarding the effect of the HPV16 E6 and E7 oncogenes on glutamine metabolism in 

cervical cancers provides space for further investigation.  

     Preliminary data arising from a functional enrichment analysis that we have conducted, using 

as an input the transcriptome data, comparing cells expressing the viral oncogenes or not 

revealed pathways and gene ontology terms related to glutamine metabolism. The outcomes of 

this analysis led us to hypothesize that the viral oncogenes may exert a potential impact on 

glutamine metabolism in cervical cancers. 

     The aim of this study was to examine the potential effects of the HPV16 E6 and E7 

oncogenes on glutamine metabolism in cervical cancers. 

To address this, we divided our aim into 3 sub-aims:  

Aim 1: Investigate the functional implications of glutamine metabolism in HPV-mediated 

carcinogenesis. To pursue this aim we evaluated the effects of glutamine on the clonogenic 

potential of HPV (+) and HPV (-) cervical cancer cell lines, using different concentrations of L-

glutamine, including glutamine starvation.  

Aim 2: Identify the transcriptional differences of glutamine transporters and glutamine 

metabolism-related enzymes in HPV (+) and HPV (-) cervical cancers. To address this, we 

performed RT-PCR analysis to check whether the expression of E6 and E7 affects the expression 

levels of glutamine metabolism-related genes in cervical cancer cells. 

Aim 3: Investigate the alterations on the functionality of glutamine metabolism in HPV- 

expressing cervical cancers. To accomplish this, we assessed the levels of metabolites involved 

in glutamine pathway in cervical cancers expressing the viral oncogenes E6 and E7. 
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2. MATERIALS AND METHODS 
 

2.1 Cell culture  

 

Cervical cancer cell lines, HeLa (HPV18), Caski (HPV16) and C33A (HPV-negative) were 

purchased from American Type Culture Collection (ATCC). HeLa and Caski cells were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM) and Roswell Park Memorial Institute (RPMI) 

respectively, while C33A cells were cultured in Minimum Essential Media (MEM) 

supplemented with 1% L-glutamine. The 293T human epithelial kidney cells, purchased also 

from ATCC, were cultured in DMEM. All cell culture media were supplemented with 1% 

penicillin-streptomycin (penstrep) and 10% fetal bovine serum (FBS) (Invitrogen). All cell 

culture media were purchased from Invitrogen. Cells were grown in a humidified atmosphere at 

37℃ containing 5% CO2. All cell lines were routinely tested for mycoplasma contamination. 

 

2.2 Plasmid DNA purification from bacterial cultures 

 

After the overnight incubation (12-18h) of liquid bacterial cultures containing LB (Luria Broth) 

and the different plasmids of interest (Table 1) at 37℃ in a shaking incubator, the DNA was 

purified using the Midi prep DNA purification kit from Qiagen (12143). Harvesting of the 

bacterial culture was done by centrifuging at 6000 x g for 15 minutes at 4℃. After resuspension 

of the bacterial pellet in alkaline lysate, the supernatant was passed through columns to bind the 

DNA, followed by washes to clean the columns. To elute DNA, elution buffer was added to the 

columns. DNA precipitation was achieved by adding isopropanol (at room temperature) to the 

eluted DNA, followed by centrifugation at >15,000 x g for 30 minutes at 4℃. The supernatant 

was then decanted, and the DNA pellet was washed with room temperature 70% ethanol, 

followed by centrifugation at >15,000 x g for 10 minutes. After decanting the supernatant, the 

pellet was air-dried for 5-10 minutes. DNA is redissolved in TE buffer, pH 8.0. 
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2.3 Transfections- Retroviral transduction 

 

293T cells were plated at a density 1x106, in 10cm tissue culture plates, containing DMEM and 

incubated at 37℃, 5% CO2. 24 hours later, seeded cells were co-transfected with the plasmids  

mentioned in Table 1. The transfection of 293T cells was performed using the Fugene 

transfection reagent (Promega) at a ratio 1:3 (Fugene to DNA). For the transduction experiments, 

1x105 C33A cells were seeded in 6-well plates. 48 hours post-transfection the retroviral 

constructs were collected from 293T cells, filtered using 0.45μm filter, and applied to C33A with 

1μg/ml Polybrene (Sigma) (1:1000 ratio). 293T cells were replenished with DMEM to further 

collect the virus at day 5 and 6 post-transfection. The virus collected at day 5 was filtered and 

stored in -80℃ to be used for further experiments, while the medium containing the retrovirus 

collected at day 6, was used to perform the 2nd transduction. 48 hours after the second 

transduction, the virus was removed from C33A cells and MEM containing geneticin (G418) 

(GIBCO) was added at 1:1000 ratio, to select for the cells expressing the gene of interest. 

Geneticin was applied in C33A cells every 48 hours (Figure 5). 
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Figure 5. Graphical illustration of the procedure followed for the transfection/ transduction 

experiment performed using the HPV-negative (-) cervical cancer cell line C33A. 293Ts are used for 

viral production. 24-hours post- seeding, 293Ts are co-transfected, using Fugene as the transfection 

reagent, with the plasmids expressing the target gene (pLXSN, E6, E7 or E6E7) and the retroviral genome 

and envelope. The target cells, C33A, are seeded at day 3. 48-hours post-transfection, the formed 

retroviral particles are harvested and filtered, followed by transduction in C33A cells. A second 

transduction is performed at day 6. 48-hours post the second transduction, the virus is removed from the 

C33A cells and the medium, containing Geneticin, is replenished. C33A cells expressing the genes of 

interest are resistant to Geneticin and are expanding. The figure was created with the use of 

BioRender.com web application.  

 

Table 1. List of plasmids used for the transfection/transduction experiments. 

Plasmid Company Type Selection 

pLXSN empty Addgene  Retroviral Geneticin (G418) 1:100 

pLXSN 16E6 Addgene  Retroviral Geneticin (G418) 1:100 

pLXSN 16E7 Addgene  Retroviral Geneticin (G418) 1:100 

pLXSN 16E6E7 Addgene   Retroviral Geneticin (G418) 1:100 

pUMVC Packaging Addgene  Retroviral Geneticin (G418) 1:100 

VSV.G envelop Addgene  Retroviral Geneticin (G418) 1:100 

 

 

2.4 Polymerase Chain Reaction (PCR) and Agarose Gel Electrophoresis 

 

Polymerase Chain Reaction (PCR) was performed to assess the transduction efficiency of the 

C33A cells, using the KAPA Taq PCR kit (KK1016) (Kapa Biosystems), as per manufacturer’s 
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instructions. Primers for HPV16 E6 and HPV16 E7 were used, while GAPDH was used as the 

loading control.  Primers were purchased from Integrated DNA Technologies, Inc. (IDT). The 

primer sequences used for PCR and their annealing temperatures are listed in Table 2. The end-

result of the PCR was loaded on 1.5% DNA agarose gel (30mL Tris-Acetate-EDTA (TAE), 45gr 

agarose) and visualized under an ultraviolet (UV) lamp, using the G-box (SYNGENE). 

 

2.5 RNA extraction from cells 

 

Total RNA was purified from cells using the QIAGEN’s RNeasy Mini Kit (74106) according to 

the manufacturer’s instructions, under RNAse free conditions. Briefly, cells were lysed and 

homogenized in the presence of a highly denaturing guanidine-thiocyanate-containing buffer 

(RLT Buffer) mixed with β-mercaptoethanol, which ensures the purification of intact RNA by 

immediately inactivating RNAses. Ethanol was then added to the lysate to create the appropriate 

binding conditions that promote the selective binding of RNA to the RNeasy membrane on the 

RNeasy Mini spin column. After centrifugation for 15 seconds at >8000 x g, DNase was added 

on the RNeasy Mini spin column, followed by incubation for 15 minutes at room temperature, to 

digest every DNA molecule bound on the RNeasy membrane. Total RNA binds to the membrane 

and contaminants were efficiently washed away after the addition of washing buffers (RW1 & 

RPE buffer). High-quality RNA was eluted in RNAse free-water solution. All the steps were 

performed by centrifugation in a microcentrifuge at >8000 x g. The concentration of the RNA 

was measured using a NanoDrop 2000 Spectrophotometer (ThermoFisher Scientific). 

 

2.6 cDNA synthesis  

 

Using the iScript™ cDNA Synthesis Kit (BIORAD), 500ng RNA from each sample was 

converted into cDNA. A master mix of 4μL 5x iScript Reaction Mix, which contains oligo(dT) 

and random hexamers and 1μL of iScript Reverse Transcriptase, was prepared. In each PCR 

tube, the amount of the RNA template and water that was added was variable according to the 

concentration of the RNA sample. Total volume of the reaction was 20μL. Amplification of 

cDNA was achieved by performing PCR reactions using the KAPATaq (KapaBiosystems) 
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standard PCR protocol. For the characterization of the C33A-transduced tumor spheres, since the 

RNA concentration was low for some samples, cDNA synthesis was performed using the 

NEBNext® Single Cell/Low Input cDNA Synthesis & Amplification Module (E6421S), 

according to manufacturer’s instructions.  

 

2.7 Gene Expression Analysis 

Quantitative Real Time–PCR (qPCR) was performed using KAPA SYBR FAST qPCR Master 

Mix (2X) kit from Kapa Biosystems in a BIORAD CFX96 Real-Time system. One μL of cDNA 

was added to each PCR reaction (10 μL), containing 0.5 μL of each primer and 5 μL of 2X iTaq 

SYBR Green super mix. Primer pairs were designed using the Primer3Plus software and were 

purchased from Integrated DNA Technologies, Inc. (IDT). The primer sequences used for Real-

Time PCR and their annealing temperatures are listed in Table 2. For input normalization the 

housekeeping gene Actin was used, unless otherwise stated in the figure legend. The protocol 

used is represented in Figure 6. 

 

Figure 6. Schematic representation of the RT-qPCR thermal profile. Firstly, high temperature (95℃) 

is required to activate the DNA polymerase and denature the double-stranded cDNA. Following 

denaturation, the temperature decreases (60℃) to allow the primers to hybridize with the single strands of 

the cDNA and start the amplification of the target gene. This process is repeated for 39 cycles.  
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2.8 Glutamine- Glutamate consumption assay 

 

Transduced C33A cells, C33A-pLXSN, C33A HPV16 E6, C33A HPV16 E7 and C33A HPV16 

E6E7, were plated at 20,000 cells/well in 96-well plates in MEM supplemented with 1% L-

glutamine, 1% Penicillin-Streptomycin and 10% FBS. After 72 hours of incubation, the medium 

was removed, and cells were washed twice with PBS, to ensure the removal of glutamine and 

exclude possible cross contaminations. Next, cells were starved for two and a half hours in MEM 

medium without glutamine. After that, MEM medium supplemented with 2mM of glutamine was 

replenished in cells for 30 minutes to allow glutamine consumption. Cell culture medium of each 

condition was diluted in PBS (1:20 dilution). Two 25μL aliquots were transferred to a 96-well 

plate for the assay. 25μL of Glutaminase was added in the Glutaminase Buffer and added to the 

wells that would be used to measure total glutamine and glutamate levels, while 25μL of 

Glutaminase Buffer (no Glutaminase) was added to the wells used to measure glutamate only 

levels, followed by incubation for 40 minutes at room temperature. After the incubation, 50μL of 

Glutamate Detection Reagent (containing 50μL Luciferin Detection Solution, 0.25μL Reductase 

and 0.25μL Reductase Substrate, 1μL Glutamate Dehydrogenase and 1μL NAD) was added to 

all wells, followed by 1 hour incubation at room temperature and plate-reading using the 

TECAN Spark Multimode multiplate reader, to measure luminescence and quantify the levels of 

glutamine and glutamate in the cell culture medium.  

 

2.9 Tumor sphere formation assay 

 

To assess the clonogenic potential and the ability of cervical cancer cells to self-renew in 

different concentrations of L-glutamine, ultra-low attachment 6-well plates (Corning) were used 

for the seeding of 1x103 cells/well. C33A, Caski and HeLa cervical cancer cells, as well as 

C33A-transduced cells (pLXSN, E6, E7, E6E7) were used for these experiments. The cells were 

incubated for 10 days with DMEM/F12 (Invitrogen) combined with B27 supplement (GIBCO), 

20 ng/ml basic FGF (Fibroblast Growth Factor) (Invitrogen), 20 ng/ml EGF (Epidermal Growth 

Factor) (Invitrogen) and 1%, 0.5% and 0% L-glutamine, in 37℃ and 5% CO2. 200μL of medium 

was added every two days. The tumor spheres formed were viewed and counted manually under 

the microscope (Zeiss Axio Observer.A1). The data of this analysis were plotted using the 
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GraphPad Prism software. The diameter of tumor spheres was calculated by the AxioVision 

software, while the plots were created using the PowerPoint. All clones with diameter equal or 

more than 100μm were considered as tumor spheres. The procedure of the in vitro tumor spheres 

assay is summarised in Figure 7. 

 

 

Figure 7. Graphical representation outlining the methodology followed for the in vitro tumor sphere 

formation assay. The cells to be used for the assay are cultured in tissue culture plates until they are fully 

confluent, harvested and counted. 1000 cells per well are added in ultra-low attachment 6-well plates, 

followed by incubation for 10 days in 37℃ and 5% CO2, to form tumor spheres. The figure was created 

with the use of BioRender.com web application. 

 

2.10 Imaging 

 

For the visualization of cells and tumor spheres, the Zeiss Axio Observer.A1 microscope was 

used. The microscopy images were taken with the Axio camera using the 10X lens. To count the 
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tumor spheres formed at day 10 of the tumor sphere assay, a specific area of the well was defined 

(Figure 8). The diameter size was determined for 20 tumor spheres in each well. For the 

quantification and measurements of the tumor spheres diameter, the AxioVision software was 

used. 

 

 

2.11 Statistical methods 

 

Statistical analyses of the data were performed using GraphPad Prism v.8.0.1 (La Jolla, CA). 

Differences between groups were analyzed using the one-way ANOVA statistical test for 

multiple comparisons. Data represent the mean ± SEM (Standard Error of the Mean). For each 

gene in Real-Time PCR, the average C(t) value was determined and normalized to mRNA levels 

of the housekeeping gene, Actin, unless otherwise stated in the figure legend. All the experiments 

were performed using three independent biological replicates and three technical replicates. A P-

value of < 0.05 was considered statistically significant.  

 

 

 

 

Figure 8. Schematic representation 

of the area that was defined for the 

quantification of the tumor spheres. 

The area of the 6-well that was defined 

for the quantification is illustrated with 

diagonal, parallel lines. The figure was 

created with the use of BioRender.com 

web application. 
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Table 2. Sequences of Primer sets used in the study. The table depicts the primer sequences (forward 

and reverse), as well as the annealing temperature for each primer set.

 
Primers Forward Primer (5’→ 3’) Reverse Primer (5’→ 3’) 

Annealing 

Temp. (˚C) 

1 Slc1a5 TCTTTTTCCTGGTCACCACGCT CTGACACCAGGTTGGAAGGGA 60 

2 Slc7a5 TCATCATCCGGCCTTCATCG TCACGCTGTAGCAGTTCACG 60 

3 Slc38a3 GAGCGCCGCACGTTCCC GTGTTTGCCATTGGGCACCAG 60 

4 Slc7a8 CCAGGCACCGAAACAACACC TCTCCAGCACTCCCTTTGGC 60 

5 GLS GGAAGCCTGCAAAGTAAACCC CCAAAGTGCAGTGCTTCATCC 60 

6 GLS2 AGAGAGACGCCACACAGCCA CAGTGGCCTTTAGTGCAGTGG 60 

7 GSS AACCGTTCGCGGAGGAAAGG GCATAGCTCACCACCTCCGA 60 

8 GLUD1 CTAGTCGCGGGGAGTCTGAG GTACATGGCCACAAGCGGAG 60 

9 Oct4 
CAAGGGCCGCAGCTTACACATG

TT 

CGTGAAGCTGGAGAAGGAGAAG

CT 
60 

10 Sox2 CGCCCCCAGCAGACTTCACA 
CTCCTCTTTTGCACCCCTCCCATT

T 
60 

11 Klf4 
GAAATTCGCCCGCTCAGATGAA

CT 

TCTTCATGTGTAAGGCGAGGTGG

T 
60 

12 Nanog 
AGTCCCAAAGGCAAACAACCC

ACTTC 

ATCTGCTGGAGGCTGAGGTATTT

CTGTCTC 
60 

13 HPV16 E6 
AGCAATACAACAAACAGTTGTG

T 
CCGGTCCACCGACCCCTTAT 56 

14 HPV16 E7 
ATGGAGATACACCTACATTGCA

TGA 
AATGGGCTCTGTCCGGTTCT 56 

15 Actin CGAGCACAGAGCCTCGCCTTT TGTCGACGACGAGCGCGGGG 60 

16 GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 60 

17 B2M 
CCACTGAAAAAGATGAGTATGC

CT 
CCAATCCAAATGCGGCATCTTCA 60 

18 Nono 
CATCAAGGAGGCTCGTGAGAA

G 
TGGTTGTGCAGCTCTTCCATCC 60 

19 Mycoplasma ACACCATGGGAGYTGGTAAT 
CTTCTCGACTTCAGACCCAAGGC

AT 
60 
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3. RESULTS 
 

     Our aim in the current study was to assess whether the viral oncogenes, E6 and E7, 

influence glutamine metabolism in cervical cancers. To dissect this, HPV (+) and HPV (-), as 

well as E6/E7-transduced HPV (-) cervical cancer cells were used to interrogate the functional 

implications of glutamine metabolism in HPV-mediated carcinogenesis, discover potential 

differences in expression of key genes involved in glutamine pathway, and examine whether 

there are evident alterations in the functionality of glutamine metabolism in the presence or 

absence of E6 and E7. 

 

 3.1 Glutamine starvation reduces the sphere-forming ability of cervical cancer cells 

 

     To assess whether the clonogenic potential of cervical cancer cells is affected in decreased 

levels or completely devoid of glutamine, in the presence or absence of the viral oncogenes, E6 

and E7, we used the HPV-negative, C33A, and the HPV-positive cervical cancer cell lines, HeLa 

(HPV18-positive) and CaSki (HPV16-positive), to perform the in vitro tumor sphere formation 

assay in different concentrations of L-glutamine (1%, 0.5% and 0% L-glutamine). On day 5 

(Appendix 1) and day 10 (Figure 9) of the assay, representative images were captured for all 

three different cell lines and conditions that were tested. As illustrated in Figure 9, at day 10 of 

the tumor sphere assay, there were no significant differences in number, or size, of the tumor 

spheres formed in the reduced 0.5% L-glutamine concentration and the 1% L-glutamine control 

concentration, for all the three cell lines. Interestingly, in glutamine starvation (0% L-glutamine), 

we observed fewer and smaller tumor spheres, compared to the control, in all different cervical 

cancer cell lines, expressing or not the viral oncogenes. This result suggests that cervical cancer 

cells demonstrate an impaired ability to form tumor spheres in the absence of L-glutamine. 
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Figure 9. Glutamine starvation reduces the sphere-forming capacity of cervical cancer cells.  

Representative phase-contrast images of the tumor spheres formed in the cervical cancer cells C33A, 

HeLa and CaSki, in different concentrations of L-glutamine (1%, 0.5% and 0% L-glutamine). The images 

were taken on day 10 of the tumor spheres assay, using the 10x lens of the Axio camera (Zeiss Axio 

Observer.A1) and are representative of three independent experiments. Scale bars, 100μm. 

 

 

3.2 Enrichment of stemness-related genes in tumor spheres formed from cervical cancer 

cell lines 

 

     It is widely appreciated that tumor spheres are enriched for the presence of cells with Cancer 

Stem Cell (CSCs) activity, and often demonstrate increased expression of stemness markers, 

such as Oct4, Sox2, Klf4, etc. (Tirino et al. 2013). To elucidate whether that is indeed the case for 

CaSki C33A  HeLa 

1% L-glut 

0.5% L-glut 

0% L-glut 

DAY 10 

100μm 

100μm 
100μm 

100μm 

100μm 
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our tumor spheres formed from the cervical cancer cells C33A, HeLa and CaSki, we performed 

RT-qPCR to quantify the expression of some stemness markers. The results of this analysis 

demonstrated that all stemness markers tested, including Oct4, Sox2, Klf4 and Nanog were 

significantly enriched in tumor spheres formed in all different glutamine concentrations (1%, 

0.5% and 0% L-glutamine), compared to the adherent C33A, HeLa, and CaSki cervical cancer 

cells. C33A tumor spheres formed in all different glutamine concentrations, demonstrated 

enhanced expression of all stemness markers, compared to the adherent C33A cells. 

Interestingly, the most significant upregulation was observed in C33A tumor spheres formed in 

the 0% L-glutamine concentration (Figure 10A). Additionally, the expression of all stemness 

markers was increased in HeLa tumor spheres (1%, 0.5% and 0% L-glutamine), compared to the 

adherent HeLa cells, yet the upregulation was only statistically significant in tumor spheres 

formed in 0% L-glutamine (Figure 10B).  Moreover, upregulation of all stemness genes was also 

observed in CaSki tumor spheres, compared to the adherent cells. However, this difference was 

statistically significant in tumor spheres formed in 0.5% and 0% L-glutamine concentrations, 

with the 0% showing the most significant upregulation for all stemness markers, except for Klf4 

(Figure 10C). 
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Figure 10. Enrichment of stemness-related genes in tumor spheres formed from Cervical cancer cell 

lines. RT-qPCR was performed to examine the expression of stemness genes Oct4, Sox2, Klf4, and 

Nanog, in the tumor sphere populations formed in different concentrations of L-glutamine (1%, 0.5%, 0% 

L-glutamine) compared to the adherent cervical cancer cells, (A) C33A, (B) HeLa and (C) CaSki. Actin 

expression was used for normalization. Data presented as mean ± SEM of three biological replicates and 

are representative of three independent experiments. Statistical significance was evaluated using the one-

way ANOVA statistical test. P <0.05 was considered statistically significant. (ns = non-significant, 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

 

3.3 Glutamine transporter, Slc1a5, and glutaminase enzyme, GLS, expression is 

deregulated in tumor spheres derived from cervical cancer cells in reduced glutamine 

concentrations 

     The glutamine transporter, Slc1a5 and the glutaminase enzyme, GLS are the main glutamine 

metabolism-related genes reported to be deregulated in cancers (Bhutia, Ganapathy 2016). To 

investigate whether the expression of these key genes is affected in tumor spheres formed from 

the cervical cancer cell lines C33A, HeLa and CaSki, in different concentrations of L-glutamine 

(1%, 0.5% and 0% L-glutamine), RT-qPCR analysis was performed. Our results demonstrated 

that in C33A and CaSki tumor spheres, Slc1a5 was significantly downregulated in 0.5% and 0% 

L-glutamine concentrations, compared to the control. On the contrary, HeLa tumor spheres 

exhibited significant upregulation of Slc1a5, only in the 0% L-glutamine concentration, 

compared to the control (Figure 11A). Furthermore, GLS displayed enhanced expression in the 

0.5% and 0% L-glutamine concentrations, in C33A, as well as in CaSki tumor spheres, compared 

to the control, while demonstrated increased expression in HeLa tumor spheres formed in 0.5% 

and 0% L-glutamine concentrations, compared to the control, however the result was not 

statistically significant (Figure 11B). This suggests that glutamine metabolism-related genes 

exhibit significant differences in expression in tumor spheres formed from cervical cancer cell 

lines in reduced concentrations of L-glutamine (0.5% L-glutamine), as well as in glutamine 

starvation (0% L-glutamine). 
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Figure 11. Glutamine transporter, Slc1a5, and glutaminase enzyme, GLS, expression is deregulated 

in tumor spheres derived from Cervical cancer cells in reduced concentrations of L-glutamine. 

Relative expression of (A) Slc1a5 and (B) GLS in tumor spheres formed from cervical cancer cells, 

C33A, HeLa and CaSki, in different concentrations of L-glutamine (1%, 0.5% and 0%), was analyzed by 

RT-qPCR. Actin expression was used for normalization. Data presented as mean ± SEM of three 

biological replicates and are representative of three independent experiments. Statistical significance was 

evaluated using the one-way ANOVA statistical test. P <0.05 was considered statistically significant. (ns 

= non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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3.4 Glutamine metabolism-related genes are deregulated in HPV (+) compared to HPV (-) 

cervical cancer cells 

     Since we have identified differences in the expression of glutamine metabolism-related genes 

in tumor spheres formed from cervical cancer cells in different concentrations of L-glutamine, 

we further wanted to interrogate whether there are differences in the expression of glutamine 

transporters and enzymes in the adherent cervical cancer cells, that are either HPV (-) (C33A) or 

HPV (+) (HeLa and CaSki). In order to do that, we performed RT-qPCR analysis using the 

cervical cancer cells C33A, HeLa and CaSki to check the expression of 4 different glutamine 

transporters, Slc1a5, Slc7a5, Slc38a3 and Slc7a8 (Figure 12A) and 4 different glutamine 

metabolism-related enzymes, GLS, GLS2, GSS, and Glud1 (Figure 12B). This analysis revealed 

that Slc1a5 and Slc7a8 were significantly downregulated, while Slc7a5 was significantly 

upregulated in the HPV (+) HeLa and CaSki cells, compared to the HPV (-) C33A cells. 

However, Slc38a3 expression was not significantly changed in HeLa and CaSki, compared to 

C33A cervical cancer cells (Figure 12A). Regarding the different glutamine metabolism-related 

enzymes tested, our analysis showed that the relative expression of GLS and GLS2 was only 

significantly increased in HeLa cells, while GLS2 expression was also increased in the HPV (+) 

CaSki cells, compared to the HPV (-) C33A. Moreover, GSS and Glud1 expression was 

significantly decreased in HeLa cells, compared to C33A cells (Figure 12B). Overall, our results 

suggest that these glutamine metabolism-related transporters and enzymes are variably in 

cervical cancer cell lines, not always in a consistent manner to HPV status. 

 

3.5 Generation of C33A cells, expressing the HPV16 oncogenes, E6, E7 and E6E7 

 

     To elucidate whether the changes in expression of the different glutamine metabolism-related 

genes between the HPV (-) and HPV (+) cervical cancer cell lines, are partially due to the 

presence of the E6/E7 viral oncogenes, and not purely a result of differences in genetic 

background of the cells, we have used C33A cells, that do not express the oncogenes, and 

transduced them using retroviral constructs that express the HPV16 oncogenes, E6 and E7, either 

alone (C33A E6, C33A E7) or together (C33A E6E7) (Figure 13A). 
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Figure 12. Glutamine metabolism-related genes are deregulated in HPV (+) compared to HPV (-) 

cervical cancer cells. Relative expression of (A) glutamine transporters (Slc1a5, Slc7a5, Slc38a3, 

Slc7a8) and (B) enzymes (GLS, GLS2, GSS, Glud1) in HPV (-) C33A and HPV (+) CaSki and HeLa 

cervical cancer cells, was analyzed by RT-qPCR. Actin expression was used for normalization. Data 

presented as mean ± SEM of three biological replicates and are representative of three independent 

experiments. Statistical significance was evaluated using the one-way ANOVA statistical test. P <0.05 

was considered statistically significant. (ns = non-significant, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 

 

 

Importantly, after the transduction and selection of the C33A cells that express the retroviruses 

of interest (pLXSN-empty, pLXSN-E6, pLXSN-E7, pLXSN-E6E7), we verified this expression 

by performing PCR, using E6- and E7-specific primers (Figure 13B). 

 

 

  

 

 

 

 

 

 

 

Figure 13. Generation of C33A cells, expressing the HPV16 oncogenes, E6, E7 and E6E7. HPV (-) 

cervical cancer cells C33A were transduced with the pLXSN-empty, pLXSN-HPV16E6, pLXSN-

HPV16E7 and pLXSN-HPV16E6E7 vectors. (A) Schematic representation of the transduction of C33A 

cells with the retroviral vectors expressing the viral oncogenes. The figure was created with the use of 

BioRender.com web application. (B) Successful transduction of C33A cells with HPV16 viral oncogenes 

is illustrated by PCR using E6- and E7-specific primers. GAPDH was used as the loading control. 
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3.6 Glutamine metabolism-related genes are upregulated in the presence of HPV16 E7 and 

E6E7 

 

     To interrogate whether the viral oncogenes are responsible for the differences in expression of 

glutamine metabolism-related genes in cervical cancers, we performed RT-qPCR analysis for the 

4 different glutamine transporters (Slc1a5, Slc7a5, Slc38a3, Slc7a8) and 4 glutamine 

metabolism-related enzymes (GLS, GLS2, GSS, Glud1), using the transduced C33A cells 

expressing the HPV16 oncogenes E6, E7 and E6E7. Interestingly, we have found that the 

presence of HPV16 E7 and HPV16 E6E7 resulted in significantly increased expression of all 

glutamine transporters tested, compared to the pLXSN control. Notably, Slc7a5 was also 

upregulated in the presence of HPV16 E6 (Figure 14A). Furthermore, regarding the glutamine 

metabolism-related enzymes, our analysis revealed that expression of HPV16 E7 and HPV16 

E6E7, resulted in significantly enhanced expression of GLS and Glud1, compared to the control. 

GLS2 was also upregulated in the presence of HPV16 E6, while GSS demonstrated increased 

expression only in the presence HPV16 E6E7 (Figure 14B). Taken together, our results suggest 

that E7-expressing C33A cervical cancer cells exhibit increased expression of key glutamine 

transporters and enzymes, compared to C33A cells not expressing the HPV16 E7 oncogene. 

 

 

3.7 The HPV16 E6 and E7 oncogenes increase extracellular glutamine and decrease 

extracellular glutamate levels 

  

     To explore whether the functionality of glutamine metabolism is affected in the presence and 

absence of the HPV16 oncogenes E6 and E7, we checked the levels of the metabolites glutamine 

and glutamate in the cell culture medium. Cells were starved of glutamine for two and a half 

hours, followed by replenishment of medium containing 2mM of L-glutamine to allow 

consumption by the cells for 30 minutes. After half an hour, the cell culture medium was 

harvested, and the consumption assay was performed.  
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Figure 14. Glutamine metabolism-related genes are upregulated in the presence of HPV16 

E7/E6E7. Relative expression of (A) glutamine transporters (Slc1a5, Slc7a5, Slc38a3, Slc7a8) and (B) 

glutamine-related enzymes (GLS, GLS2, GSS, Glud1) in tumor spheres formed from the C33A cells 

expressing E6, E7 and E6E7, was analyzed by RT-qPCR. Actin expression was used for normalization. 

Data presented as mean ± SEM of three biological replicates and are representative of three independent 

experiments. Statistical significance was evaluated using the one-way ANOVA statistical test. P <0.05 

was considered statistically significant. (ns = non-significant, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 

 

     During the glutamine-glutamate consumption assay, glutamine is converted into glutamate by 

the addition of the glutaminase enzyme. Oxidation of glutamate is catalyzed by the glutamate 

dehydrogenase enzyme, along with the reduction of NAD+ to NADH. In the presence of NADH, 

reductase reduces its substrate, pro-luciferin to luciferin, which is detected in a luciferase 

reaction. The amount of light produced is proportional to the amount of glutamate in the sample 

(Figure 15A).  

     Using the glutamine-glutamate consumption assay, we measured the extracellular glutamine 

and glutamate levels in transduced-C33A cells expressing E6, E7 or E6E7, to assess whether 

there are any differences. Glutamine levels in the cell culture medium were significantly 

increased in cells expressing E7 and E6E7, compared to the pLXSN control. An increase was 

also observed for the E6-expressing C33A cells, compared to the control, nevertheless the 

difference was not statistically significant (Figure 15B). Interestingly, the opposite trend was 

revealed for extracellular glutamate levels.  Glutamate concentration in the cell culture medium, 

which was calculated based on the glutamate titration curve (Figure 15C), decreased around 

2μΜ in E6-, E7- and E6E7-expressing cells, compared to the control (Figure 15D). These results 

demonstrate that the viral oncoproteins E6 and E7 alter the levels of the metabolites glutamine 

and glutamate.  
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Figure 15. The HPV16 E6 and E7 oncogenes increase extracellular glutamine and decrease 

extracellular glutamate levels. (A) Schematic diagram of the Glutamine/glutamate assay principle, 

based on manufacturer’s instructions (Promega). The figure was created with the use of BioRender.com 

web application. (B) Glutamine levels are monitored in transduced C33A cells expressing the HPV16 

oncogenes E6, E7 or E6E7. Glutamine levels are proportional to RLUs (Relative Light Units). Each dot 

represents a technical replicate. (C) Glutamate titration curve, created using two-fold serial dilutions of 

glutamate controls prepared in PBS, starting from 50μM. (D) Glutamate levels are monitored in 

transduced C33A cells expressing the HPV16 oncogenes E6, E7 or E6E7. Glutamate concentration for 

each condition was calculated based on the glutamate titration curve, using the GraphPad Prism software 

(8.0.1). Data presented as mean ± SEM of two biological replicates and are representative of a single 

experiment. Statistical significance was evaluated using the one-way ANOVA statistical test. P <0.05 was 

considered statistically significant. (ns = non-significant, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 
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3.8 HPV16 E7-expressing cervical cancer cells become less sensitive to glutamine starvation 

 

     Since we have found that the presence of the HPV16 E7 oncogene, promotes the 

transcriptional upregulation of several important genes involved in glutamine metabolism, we 

consequently questioned whether the E7 expression could possibly influence the sphere-forming 

capabilities of the C33A cervical cancer cells, in different concentrations of L-glutamine. To 

further investigate this, we performed the in vitro tumor sphere formation assay, using the 

transduced-C33A cells (C33A-pLXSN, C33A E6, C33A E7, C33A E6E7) in medium containing 

1%, 0.5% or 0% L-glutamine. On day 5, day 7 (Appendix 2) and day 10 (Figure 15) of the 

assay, representative images were taken for all different cell lines and conditions tested. As 

shown in Figure 16, tumor spheres formed in 0.5% L-glutamine concentration, did not exhibit 

significant differences in number or size, compared to the control. Remarkably, we detected that 

C33A cells expressing the HPV16 E7 oncogene formed tumor spheres that were increased in 

number and larger in size, in the 0% L-glutamine concentration, in comparison to the C33A 

pLXSN. Similar phenotype was also observed for the tumor spheres that derived from the 

HPV16 E6E7-expressing cells, in glutamine starvation (0% L-glutamine) (Figure 15). Our 

results come in agreement and alignment with the data of our transcriptional analysis and suggest 

that cervical cancer cells expressing the E7 oncogene, are less sensitive to the effects of 

glutamine starvation and efficiently maintain their clonogenic potential, even in the absence of 

this critical amino acid. 

 

 

3.9 Stemness-related genes are enriched in tumor spheres formed from HPV-negative 

cervical cancer cells expressing the HPV16 oncogenes in glutamine starvation 

 

     To assess whether the tumor spheres formed from transduced-C33A cells, are enriched in the 

expression of stemness-related genes, we performed RT-qPCR analysis. For this analysis, C33A 

pLXSN adherent cells were used as the control for all the different cell lines. RT-qPCR analysis 

revealed that stemness genes tested (Oct4, Sox2, Klf4, Nanog), were significantly upregulated  
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Figure 16. E7-expressing cervical cancer cells become less sensitive to glutamine starvation effects. 

Representative phase-contrast images of the tumor spheres formed from HPV-negative cervical cancer 

cells C33A, expressing the viral oncogenes (HPV16 E6, E7 or E6E7), in different concentrations of L-

glutamine (1%, 0.5% and 0% L-glutamine). The images were taken on day 10 of the tumor spheres assay, 

using the 10x lens of the Axio camera (Zeiss Axio Observer.A1) and are representative of three 

independent experiments. Scale bars, 100μm. 

 

 

only in C33A pLXSN tumor spheres formed in the 0% L-glutamine concentration, compared to 

the adherent cells (Figure 17A). Similarly, the expression of all stemness markers was increased 

in C33A E6 tumor spheres, in the 0% L-glutamine concentration, compared to the adherent 

pLXSN cells (Figure 17B). Furthermore, for C33A E7 tumor spheres, Oct4 was significantly 

downregulated in 1% L-glutamine tumor spheres, compared to the pLXSN adherent cells. Sox2 

was significantly downregulated in all tumor spheres (1%, 0.5% and 0% L-glutamine tumor 

spheres), compared to the control. Importantly, the expression of Sox2 was decreased in C33A 

E7 adherent cells, compared to the C33A pLXSN adherent. Klf4 was significantly upregulated 

only in C33A E7 tumor spheres formed in the 0% L-glutamine concentration, compared to the  
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Figure 17. Stemness-related genes are enriched in tumor spheres formed from HPV-negative 

cervical cancer cells expressing the HPV16 oncogenes in the glutamine starvation. RT-qPCR was 

performed to examine the expression of stemness genes Oct4, Sox2, Klf4, and Nanog, in the tumor 

spheres population formed from C33A cells expressing the HPV16 oncogenes (E6/E7/E6E7) in different 

concentrations of L-glutamine (1%, 0.5%, 0% L-glutamine) compared to the C33A pLXSN adherent 

cells, (A) C33A pLXSN, (B) C33A E6, (C) C33A E7 and (D) C33A E6E7. Actin expression was used for 

normalization. Data presented as mean ± SEM of three biological replicates and are representative of 

three independent experiments. Statistical significance was evaluated using the one-way ANOVA 

statistical test. P <0.05 was considered statistically significant. (ns = non-significant, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

 

 

adherent cells, while Nanog expression did not exhibit any significant changes between adherent 

cells and tumor spheres (Figure 17C). In C33A E6E7 tumor spheres, Oct4, Sox2 and Klf4 

expression was significantly increased in tumor spheres formed in glutamine starvation (0% L-

glutamine), compared to the C33A pLXSN adherent cells. Additionally, Nanog demonstrated 

significantly decreased expression in tumor spheres formed in 1% and 0.5% L-glutamine 

concentrations, compared to the pLXSN adherent cells. Notably, Nanog expression was 

significantly decreased also in C33A E6E7 adherent, compared to the C33A pLXSN adherent 

cells (Figure 17D). 

 

 

3.10 Glutamine starvation reduces the number of tumor spheres formed 

 

     Our tumor sphere assay performed using the transduced-C33A cells, revealed that the 

presence of the HPV16 E7 oncogene, resulted in the formation of more tumor spheres in the 0% 

L-glutamine concentration, compared to the pLXSN control, as shown in representative images 

(Figure 16). Nevertheless, we further needed to quantify the differences observed, and in order 

to do that, we manually counted the tumor spheres formed at day 10 of the assay, in a specific 

area that was defined in each well of the 6-well plate (Figure 8), for all the different cell lines  
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Figure 18. Glutamine starvation reduces the number of tumor spheres formed. Relative numbers of 

tumor spheres formed using the different cell lines C33A pLXSN, C33A E6, C33A E7 and C33A E6E7, 

in different concentrations of L-glutamine (1%, 0.5% and 0% L-glutamine) were plotted, using the 

GraphPad Prism software 8.0.1. Data presented as mean ± SEM of three biological replicates and are 

representative of three independent experiments. Statistical significance was evaluated using the one-way 

ANOVA statistical test. P <0.05 was considered statistically significant. (ns = non-significant, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). 

 

 

(C33A-pLXSN, C33A E6, C33A E7, C33A E6E7) and conditions tested (1%, 0.5% and 0% L-

glutamine). Our quantification analysis exhibited that the absolute (Appendix 3) as well as the 

relative number of tumor spheres formed in the 0% L-glutamine concentration was significantly 
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decreased, compared to the 1% L-glutamine control concentration, for all the different cell lines 

tested (Figure 18). These results are in line with our previous observations, showing that cervical 

cancer cells demonstrate an impaired ability to form tumor spheres in the setting of glutamine 

starvation. 

 

3.11 E7-expressing cells form more tumor spheres, in all glutamine concentrations, 

including glutamine starvation, compared to the pLXSN 

 

    In addition to the differences in number of tumor spheres formed between the different 

concentrations of L-glutamine, within the same cell line, we further wanted to gain insights into 

the differences in number of tumors spheres formed between the different cell lines, within the 

same L-glutamine concentration, therefore we used the quantification data and performed this 

different comparison. Interestingly, this analysis revealed that the number of tumor spheres 

derived from the C33A E7-expressing cells was significantly increased, compared to the C33A 

pLXSN control, in all different L-glutamine concentrations (1%, 0.5% and 0% L-glutamine). 

Notably, in glutamine starvation (0% L-glutamine concentration), more tumor spheres were 

formed in E7- and E6E7-expressing C33A cells, compared to the pLXSN control (Figure 19). 

This result further reinforces our observations, showing that the expression of HPV16 E7 

promotes the formation tumor spheres, even in the complete devoid of L-glutamine. 

 

 

3.12 Oncogene-expressing cervical cancer cells form larger tumor spheres in glutamine 

starvation 

 

     Besides the differences in the number of tumor spheres formed from the HPV16 E7-

expressing C33A cervical cancer cells, we further wanted to interrogate whether there are any 

differences in the size of tumor spheres formed as well. In order to do that, we manually counted 

20 tumor spheres formed on day 10 of the assay, in the specific area that was defined in each 

well of the 6-well plate (Figure 8), and measured the diameter of each tumor sphere, for all the 
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different cell lines (C33A-pLXSN, C33A E6, C33A E7, C33A E6E7) and conditions tested (1%, 

0.5% and 0% L-glutamine). After measuring the diameter length, using the Axio Vision software 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. E7-expressing cells form more tumor spheres, in all L-glutamine concentrations, 

including glutamine starvation, compared to the pLXSN. Relative numbers of tumor spheres formed 

using the different cell lines C33A pLXSN, C33A E6, C33A E7 and C33A E6E7, in different 

concentrations of L-glutamine (1%, 0.5% and 0% L-glutamine) were plotted, using the GraphPad Prism 

software 8.0.1. Data presented as mean ± SEM of three biological replicates and are representative of 

three independent experiments. Statistical significance was evaluated using the one-way ANOVA 

statistical test. P <0.05 was considered statistically significant. (ns = non-significant, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 
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we categorized the tumor spheres based on their diameter size, in 3 different categories, >300μm, 

200-300μm and 100-200μm. We found that C33A pLXSN cells formed less tumor spheres of 

large size (>300μm, 200-300μm) in the 0% L-glutamine concentration, while for all the other 

cell lines, C33A E6, C33A E7 and C33A E6E7, more tumor spheres of larger size are formed in 

glutamine starvation (Figure 20). These results corroborate that the phenotype associated with 

increased size of tumor spheres is linked specifically to the presence of the HPV16 oncogenes. 
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Figure 20. Oncogene-expressing cervical cancer cells form larger tumor spheres in glutamine 

starvation. 20 tumor spheres of each condition C33A pLXSN, C33A E6, C33A E7 and C33A E6E7, in 

different concentrations of L-glutamine (1%, 0.5% and 0% L-glutamine), were counted and categorized 

based on their diameter length (100μm-200μm, 200μm-300μm and >300μm). Data presented as mean of 

three biological replicates and are representative of three independent experiments. The data of this 

analysis were plotted using Microsoft PowerPoint. 

 

 

3.13 Oncogene-expressing cells are less sensitive  glutamine starvation 

 

     Additionally, apart from revealing the differences in size of tumor spheres formed between 

the different concentrations of L-glutamine, within the same cell line, we further wanted to gain 

an insight into the differences in size of tumors spheres formed between the different cell lines, 

within the same L-glutamine concentration, therefore we used the diameter length data and 

performed this different comparison. Differences were observed for the 1% L-glutamine. Of 

note, however, in the 0.5% L-glutamine concentration, more tumor spheres of larger size 

(>300μm, 200-300μm) were formed in the presence of HPV16 E7, while in glutamine starvation 

more tumor spheres of larger size were formed from HPV16 E6, HPV16 E7 and HPV16 E6E7-

expressing cells (Figure 21). 
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Figure 21. Oncogene-expressing cells are less sensitive in glutamine starvation. 20 tumor spheres of 

each cell line C33A pLXSN, C33A E6, C33A E7 and C33A E6E7, formed in different concentrations of 

L-glutamine (1%, 0.5% and 0% L-glutamine), were counted and categorized based on their diameter 

length (100μm-200μm, 200μm-300μm and >300μm). Data presented as means of three biological 

replicates and are representative of three independent experiments. The data were plotted using Microsoft 

PowerPoint.
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4. DISCUSSION 
  

     During carcinogenesis, cancer cells promote metabolic reprogramming, an emerging hallmark 

of cancer (Hanahan, Douglas, Weinberg 2011, Ward, Thompson 2012), which remodels various 

metabolic pathways to fulfill the energy requirements and sustain rapid proliferation of 

malignant cells (Schiliro, Firestein 2021, Martínez-Reyes, Chandel 2021). Even though 

“Warburg effect” has been the most well-established feature of metabolic reprogramming, 

increasing evidence supports that cancer cells depend on glutamine metabolism for their 

survival, growth, and proliferation (Yang, L. et al. 2017). Nevertheless, the precise mechanisms 

that are used by cancer cells to rewire glutamine metabolism remain unclear.  

     Several lines of evidence revealed that glutaminolysis, the conversion of glutamine into 

glutamate, is increased in many cancer types, such as glioma (Ekici et al. 2020), breast (Demas et 

al. 2019), and ovarian cancer (Yuan et al. 2015). Additionally, glutamine metabolism-related 

transporters and enzymes have been shown to exhibit elevated expression in different types of 

cancer, promoting glutamine dependence (Bhutia, Ganapathy 2016, Matés et al. 2019). 

Importantly, further studies suggest that tumor cells induce the metabolic reprogramming of the 

glutamine pathway, at least in part, through the action of oncogenes and tumor suppressors, such 

as c-Myc (Wise et al. 2008) and pRb (Reynolds et al. 2014). These findings potentially convey 

that other oncogenes and tumor suppressors could possibly be involved and be accountable for 

remodeling glutamine metabolism in cancers. 

     Cervical cancer has been acknowledged to be the fourth most frequently diagnosed cancer 

among women globally (Arbyn et al. 2020, Bray et al. 2018), with HPV infection to be detected 

in around 90% of the total cases (Bouvard et al. 2009). The HPV16 oncogenes, E6 and E7 have 

been established to significantly contribute to carcinogenesis through several processes, 

including metabolic reprogramming (Mittal, Banks 2017). Nevertheless, it is intriguing that the 

viral oncogenes have not been adequately examined in promoting metabolic reprogramming by 

deregulating glutamine metabolism in cervical cancers. 

     The main aim of this study was to investigate whether the oncogenes of HPV16, E6 and E7, 

contribute to the remodeling of glutamine metabolism in cervical cancers. In an effort to address 

this, we used the in vitro tumor sphere formation assay to evaluate whether the clonogenic 

potential of HPV (+) (HeLa, CaSki) and HPV (-) (C33A) cervical cancer cells is affected when 
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glutamine metabolism is impaired or suppressed. Notably, an approach to suppress glutamine 

metabolism is to limit the availability of glutamine itself (Le 2021), thereby the tumor sphere 

formation assay was performed in reduced or complete absence of glutamine. We showed that in 

the setting of glutamine starvation (0% L-glutamine), the sphere-forming capacity of cervical 

cancer cells was significantly decreased compared to the normal glutamine concentration (1% L-

glutamine), since less and smaller in size tumor spheres were formed, regardless of HPV 

presence. This suggests that cervical cancer cells demonstrate an impaired ability to form tumor 

spheres in the absence of glutamine. In addition, we observed that in reduced glutamine supply 

(0.5% L-glutamine), there were no significant differences in the size or number of tumor spheres, 

compared to the control (1% L-glutamine), revealing that even in limited glutamine availability, 

the clonogenic potential of cervical cancer cells is not affected (Figure 9). Importantly, these 

findings concur with previous studies in the literature since it has been well-established that 

glutamine is a crucial amino acid for cancer cells and its absence results in decreased cell 

proliferation and cell death (Yuneva et al. 2007, Chiodi et al. 2019). 

     Tumor spheres have been established to be a useful three-dimensional in vitro model, which 

is frequently used in cancer research, since they are believed to provide a more relevant 

pathophysiological microenvironment of study. Notably, these tumor-derived spheroids are 

purposed for the enrichment of cells with Cancer Stem Cells (CSCs) activity or cells with stem-

related characteristics (Tirino et al. 2013).  To check whether the tumor spheres formed using 

HPV (+) and HPV (-) cervical cancer cells demonstrate increased expression of stemness 

markers, RT-qPCR analysis was performed. We showed that, indeed, cervical tumor spheres that 

are formed in different glutamine concentrations (1%, 0.5%, 0% L-glutamine) are enriched in 

stemness markers, including Oct4, Sox2, Klf4 and Nanog. Remarkably, our analysis revealed that 

in tumor spheres that are formed in glutamine starvation, the expression of stemness markers was 

even higher (Figure 10). Importantly, these results are in agreement with the findings of 

previous studies, suggesting that glutamine starvation induces stemness properties in cancer 

cells, accompanied with increased expression of stemness markers (Prasad et al. 2021). 

     Furthermore, the transcriptional analysis we have performed revealed that glutamine 

transporters and glutamine metabolism-related enzymes demonstrated differential gene 

expression between HPV (+) and HPV (-) cervical cancer cells, however we did not identify any 

consistent expression pattern (Figure 12).  Nevertheless, we questioned whether the presence of 
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the viral oncogenes, E6 and E7, was responsible for the differences observed. Considering that 

the different cervical cancer cell lines used for our transcriptional analysis have different genetic 

backgrounds that could potentially affect the outcome, we developed a different cellular system, 

where we transduced the HPV (-) C33A cells, to express E6 and E7, either alone or together 

(Figure 13).  

     Subsequently, our transcriptional analysis performed using the E6-, E7- and E6E7-expressing 

C33A cells demonstrated that glutamine transporters, including Slc1a5, Slc7a5, Slc7a5, Slc38a3, 

as well as glutamine metabolism-related enzymes, such as GLS, GLS2 and Glud1, exhibited 

elevated expression in E7- and E6E7-expresssing cells (Figure 14). These findings suggest that 

the presence of the E7 oncogene upregulates key players of glutamine metabolism, potentially 

enhancing glutamine consumption and promoting glutaminolysis in HPV-related cervical 

cancers. Importantly, our results are consistent with the findings of previous studies, showing 

that glutamine transporters and enzymes are overexpressed in different cancer types  (Bhutia, 

Ganapathy 2016, Matés et al. 2019). In addition, our data are in line with a study published in 

January 2023, by Ortiz-Pedraza et al. in Viruses, where they also observed upregulation of 

glutamine metabolism-related genes in the presence of the HPV16 oncogenes (Ortiz-Pedraza et 

al. 2023).  

    Remarkably, the deregulation of key genes involved in the glutamine pathway is also evident 

in the results of the analysis we have conducted using data from the Cancer Genome Atlas 

(TCGA) CESC dataset and the GTEx database, comparing cervical tumors with normal tissues. 

The findings of this analysis are in line with the results of our transcriptional data, demonstrating 

that the main glutamine transporters, Slc1a5 and Slc7a5, as well as the enzymes GLS2 and GSS 

are significantly overexpressed in cervical tumors compared to normal tissues (Figure 22). 

These promising findings indicate that glutamine metabolism and its key components could 

serve as potential therapeutic targets for cervical cancers. This can be accomplished through 

pharmacological interventions with the implementation of dietary strategies, working together 

synergistically to maximize their therapeutic benefits (Taylor et al. 2022). 

     Additionally, to examine the involvement of E6 and E7 in the consumption of glutamine and 

glutamate in cervical cancer cells, we have performed a glutamine-glutamate consumption assay, 

which revealed that E7 and E6E7 significantly increased extracellular glutamine levels, while for 

the oncogene-expressing cells extracellular glutamate levels were decreased (Figure 15). These 
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findings seem to confirm that oncogenes modify glutamine and glutamate uptake of cancer cells 

(Ni et al. 2023, Kim, M. H., Kim 2013, Pavlova, Thompson 2016), potentially through 

increasing the expression of glutamine transporters and enzymes, such as glutaminase (Jin et al. 

2016). However, our results differ from previous studies showing that extracellular glutamine 

levels decrease in cancer cells, since they increase its uptake to fulfill their high energy demands 

and continue to proliferate (Pavlova, Thompson 2016, Li, T., Le 2018). One possible explanation 

for our results could be that in cells that express E7, an increase in the expression of glutaminase 

can cause the release of glutamate, which can be taken up by neighboring cells and converted 

back to glutamine, by glutamine synthetase. As a result, extracellular glutamine can accumulate 

in the tumor microenvironment. As for glutamate, our findings are in agreement with some 

previous studies in the literature suggesting that extracellular glutamate levels can be reduced 

due to various reasons, including increased uptake by cancer cells or increased conversion of 

glutamate to other metabolites, which can be used for other metabolic pathways (Son et al. 2013, 

Timmerman et al. 2013). Overall, increased extracellular glutamine and decreased extracellular 

glutamate levels suggest a perturbation of glutamine-glutamate cycle in the presence of the viral 

oncogenes (Yoo et al. 2020). In any case, given that our findings are based only on a preliminary 

attempt and the experiment should be repeated, the results should be treated with the utmost 

caution, while we cannot proceed in drawing any safe conclusions. 

      We have revealed that the presence of E7 affects the expression of glutamine metabolism-

related enzymes, as well as glutamine and glutamate consumption by the cells. Therefore, we 

subsequently assessed whether E7 could possibly affect the sphere-forming capabilities of the 

C33A cervical cancer cells, in different concentrations of L-glutamine. Our results demonstrated 

that in the presence of E7, the effects of glutamine starvation on tumor spheres formation 

diminished, suggesting that E7- and E6E7-expressing cells exhibit less reliance on glutamine 

(Figure 16). Surprisingly, contrary to expectations, these tumor spheres did not displayed 

upregulation of stemness markers in all glutamine concentrations, as it was observed in non-

transduced cells (Figure 17). Notably, these unexpected results are supported by a study 

published by Calvet et al., which demonstrated that tumor spheres can be enriched in CSCs, but 

this effect varied depending on the specific cell line being used (Calvet et al. 2014). 

Consequently, a reasonable explanation may be that the process of transduction itself affects the 

cell line, and subsequently the enrichment of CSCs and the expression of stemness markers. We 
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were surprised to find that only tumor spheres formed in glutamine starvation demonstrated 

increased expression of stem cell-related genes in transduced C33A cells. Even through 

glutamine starvation promotes stemness properties in cancer cells (Prasad et al. 2021), we were 

also expecting the tumor spheres formed in the 1% and 0.5% L-glutamine concentrations to 

exhibit upregulation in stemness genes as well. In general, these findings, despite the 

discordances, are in line with the results of our previous analysis. 

     Considering the possible effects of E7 in the sphere-forming capabilities of cervical cancer 

cells in glutamine starvation, we decided to move on to quantify the differences observed in the 

number and size of the tumor-derived spheroids formed. As expected, significantly less tumor 

spheres were formed in glutamine starvation (Figure 18). Interestingly, we demonstrated that 

E7-expressing cells formed more tumor spheres, even in the absence of glutamine (Figure 19). 

These observations agree with our previous results, suggesting that glutamine starvation 

constitutes a limiting factor for the formation of tumor spheres, while in the presence of E7, cells 

seem to be less sensitive to this limitation. Furthermore, oncogene-expressing cells form tumor 

spheres that are larger in size in glutamine starvation, compared to non-oncogene-expressing 

cells, suggest that the presence of the HPV16 oncogenes makes the cells less sensitive to the 

effects of glutamine starvation (Figure 21). However, it is plausible that a number of limitations 

could have influenced the results obtained. To begin with, there were some difficulties to obtain 

a high number of tumor spheres, especially in the condition of glutamine starvation. Due to this 

restriction, we decided to use a smaller sample size, which could potentially affect our results. 

Another possible source of error might be that we have conducted the tumor spheres 

quantification manually, which raises the likelihood of human error. Nevertheless, despite some 

limitations, our data shows that the size data is consistent with the number data, showing that in 

glutamine deprivation, E7-expressing cells, not only form more tumor spheres, but they are also 

larger in size.  
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Figure 22. Key glutamine metabolism-related genes are deregulated in cervical tumors. Glutamine 

transporters Slc1a5 and Slc7a5, and the enzymes GLS2 and GSS are overexpressed in cervical squamous 

cell carcinoma and endocervical adenocarcinoma (TCGA-CESC, n=306) compared to normal cervical 

tissues (GTEx, n=13) (p-value <0.01). The results shown are in whole based upon data generated by the 

TCGA Research Network: http://www.cancer.gov/tcga and GTEx database. Data analysis was performed 

using the GEPIA2 web server: http://gepia2.cancer-pku.cn/#analysis. 
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5. CONCLUSION 

    In conclusion, our findings provide substantial evidence that the HPV16 oncogenes, E6 and 

E7, promote metabolic reprogramming, at least in part, by modifying glutamine metabolism in 

cervical cancer cells. We demonstrated that glutamine transporters and enzymes are upregulated, 

at least at the transcriptional level, potentially to increase glutamine and glutamate uptake 

(Figure 23). Importantly, these results agree with our analysis using TCGA data, showing that 

key players of glutamine metabolism are overexpressed in cervical tumors, compared to normal 

tissues. In addition, we showed that glutamine starvation is a limiting factor for tumor sphere 

formation, however E7-expressing cells are less sensitive to this limitation. Moreover, we 

revealed that the presence of E7 not only led to an increase in the number of tumor spheres but 

also contributed to the growth of larger tumor spheres. Overall, our results are promising, 

nevertheless additional experiments need to be conducted to draw strong conclusions. 

     Future work will concentrate on protein analysis to validate whether the transcriptional 

differences observed for the E7-expressing cells are also true at the protein level. Additionally, to 

confirm that the effects on the transcription of glutamine metabolism-related enzymes, as well as 

the observations in the formation of tumor-derived spheroids are E7-specific, HPV positive 

cervical cancer cell lines can be used to silence E6 and E7 and assess whether a reverse effect is 

observed. Finally, to check glutamine and glutamate uptake, it would be useful to evaluate, not 

only the extracellular, but also the intracellular levels of these metabolites. Importantly, we are 

confident that our study has improved our knowledge and understanding regarding the HPV-

induced reprogramming of glutamine metabolism. Moreover, we believe that our findings may 

have important implications, since an improved comprehension of the biological mechanisms 

that drive HPV to increase metabolic pathway activity, such as glutaminolysis, can ultimately 

lead to the development of therapeutic approaches and the detection of biomarkers in HPV-

related cancers. 
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Figure 23. The HPV16 oncogenes, E6 and E7, modify glutamine metabolism in cervical cancers. E7 

transcriptionally upregulates transporters involved in glutamine metabolism, including Slc1a5, Slc38a3, 

Slc7a8, Slc7a5 as well as key glutamine pathway enzymes, GLS, GLS2 and GLUD1. E6 only increases 

the expression levels of Slc7a5 and GLS2. Ortiz-Pedraza et al. (2023), demonstrated that E7 also 

upregulates Slc7a11, while E6 increases the expression of Slc38a1. Figure adapted from Ortiz-Pedraza et 

al. (2023) and it was created with the use of Biorender.com. 
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ABBREVIATIONS 
 

ABBREVIATION MEANING 

ATCC American Type Culture Collection 

B2M Beta-2 Microglobulin 

BC Breast Cancer 

cDNA Complementary Deoxyribonucleic Acid 

CSCs Cancer Stem Cells 

DMEM Dulbecco’s Modified Eagle Medium 

DNA Deoxyribonucleic Acid 

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal Growth Factor 

FBS Fetal Bovine Serum 

FGF Fibroblast Growth Factor 

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase 

GEPIA2 Gene Expression Profiling Interactive Analysis 

GLS Glutaminase 

GLS2 Glutaminase 2 

GLUD Glutamate dehydrogenase 

GSH Glutathione 

GSS Glutathione synthetase 

GTEx Genotype-Tissue Expression project 

HPV Human Papillomavirus 

HR-HPV High-Risk Human Papillomavirus 
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IDT Integrated DNA Technologies 

Klf4 Kruppel-like Factor 4 

LB Luria Broth 

MEM Minimum Essential Medium 

mRNA Messenger Ribonucleic Acid 

NAD+ Nicotinamide Adenine Dinucleotide  

NADH Nicotinamide Adenine Dinucleotide Hydrogen 

Nono Non-POU Domain Containing Octamer Binding 

NSCLC Non-Small Cell Lung Cancer 

OC Ovarian Cancer 

Oct4 Octamer-binding Transcription Factor 4 

ORF Open Reading Frame 

PBS Phosphate Buffered Saline 

PCR Polymerase Chain Reaction 

pH Potential Hydrogen 

pRb Retinoblastoma Protein 

RNA Ribonucleic Acid 

RPMI Roswell Park Memorial Institute 

RT-qPCR Real-Time quantitative Polymerase Chain Reaction 

SEM Standard Error of the Mean 

Slc1a5 Solute Carrier 1a5 

Slc38a3 Solute Carrier 38a3 

Slc7a5 Solute Carrier 7a5 

Slc7a8 Solute Carrier 7a8 
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Sox2 SRY-Box Transcription Factor 2 

TCA Tricarboxylic Acid 

TCGA The Cancer Genome Atlas 

TE  Tris-Ethylenediaminetetraacetic acid 

TNBC Triple Negative Breast Cancer 

UV Ultraviolet 

WHO World Health Organization 

α-KG α-ketoglutarate 
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Appendix 1. Tumor spheres cannot be efficiently formed in glutamine starvation. Representative 

phase-contrast images of the tumor spheres formed from cervical cancer cells C33A, HeLa and CaSki, in 

different concentrations of L-glutamine (1%, 0.5% and 0% L-glutamine). The images were taken on day 5 

of the tumor spheres assay, using the 10x lens of the Axio camera (Zeiss Axio Observer.A1) and are 

representative of three independent experiments. Scale bars, 100μm. 
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Appendix 2.  

Representative phase-contrast images of the tumor spheres formed from HPV-negative cervical cancer 

cells, C33A, expressing the viral oncogenes (HPV16 E6/E7/E6E7), in different concentrations of L-

glutamine (1%, 0.5% and 0% L-glutamine). The images were taken on (A) day 5 and (B) day 7 of the 

tumor spheres assay, using the 10x lens of the Axio camera (Zeiss Axio Observer.A1) and are 

representative of three independent experiments. Scale bars, 100μm. 
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Appendix 3. Less tumor spheres are formed in the absence of L-glutamine. Absolute numbers of 

tumor spheres formed using the different cell lines C33A pLXSN, C33A E6, C33A E7 and C33A E6E7, 

in different concentrations of L-glutamine (1%, 0.5% and 0% L-glutamine) were plotted, using the 

GraphPad Prism software 8.0.1. Data presented as mean ± SEM of three biological replicates and are 

representative of three independent experiments. Statistical significance was evaluated using the one-way 

ANOVA statistical test. P <0.05 was considered statistically significant. (ns = non-significant, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). 
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Appendix 4. E7-expressing cells form more tumor spheres in all concentrations of L-glutamine, 

even in glutamine starvation. Absolute numbers of tumor spheres formed using the different cell lines 

C33A pLXSN, C33A E6, C33A E7 and C33A E6E7, in different concentrations of L-glutamine (1%, 

0.5% and 0% L-glutamine) were plotted, using the GraphPad Prism software 8.0.1. Data presented as 

mean ± SEM of three biological replicates and are representative of three independent experiments. 

Statistical significance was evaluated using the one-way ANOVA statistical test. P <0.05 was considered 

statistically significant. (ns = non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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