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Abstract

Women coinfected with human immunodeficiency virus type 1 (HIV-1) and human papillomavirus 

(HPV) are six times as likely to develop invasive cervical carcinoma compared to those without 

HIV. Unlike other HIV-associated cancers, the risk of cervical cancer development does not 

change when HPV/HIV coinfected women begin antiretroviral therapy, suggesting HIV-associated 

immune suppression is not a key driver of cervical cancer development in coinfected women. 

Here, we investigated whether the persistent secretion of inflammatory factors in HIV-positive 

patients on antiretroviral therapy could enhance cancer signaling in HPV-infected cervical cells 

via endocrine mechanisms. We integrated previously reported HIV-induced secreted inflammatory 

factors (Hi-SIFs), HIV and HPV virus-human protein interactions, and cancer patients genomic 

data using network propagation to understand the pathways underlying disease development 

in HPV/HIV coinfection. Our results pinpointed the PI3K signaling pathway to be enriched 

at the interface between Hi-SIFs and HPV-host molecular networks, in alignment with PI3K 

pathway mutations being prominent drivers of HPV-associated, but HIV independent, cervical 

cancer development. Furthermore, we experimentally stimulated cervical cells with 14 Hi-SIFs 

to assess their ability to activate PI3K-AKT signaling. Strikingly, we found 8 factors (CD14, 

CXCL11, CXCL9, CXCL13, CXCL17, AHSG, CCL18, and MMP-1) to significantly upregulate 

AKT phosphorylation (pAKT-S473) relative to a phosphate buffered saline control. Our findings 

suggest that Hi-SIFs cooperate with HPV infection in cervical cells to over-activate PI3K-AKT 

signaling and phenocopy PI3K-AKT pathway mutations to enhance cervical cancer development 

in coinfected women. Our insights could support the design of therapeutic interventions targeting 

the PI3K-AKT pathway or neutralizing Hi-SIFs in HPV/HIV coinfected cervical cancer patients.

Network modeling suggests the inflammatory factors secreted due to HIV infection, even in the 

presence of antiretroviral therapy, activate PI3K-AKT signaling in cervical cells and accelerate 

cervical cancer progression in HPV/HIV coinfected women.

Introduction

Cervical cancer, primarily caused by persistent infection with certain human papillomavirus 

(HPV) types, remains a major global health burden. In 2020, over 300,000 cervical cancer 

deaths were reported, out of which approximately 90% were from Low-and-middle-income 

countries (LMICs)1. Although cervical cancer is preventable through HPV vaccination as 

well as screening and treatment of pre-cancerous lesions2, it is disproportionately higher in 

LMICs due to low coverage of preventative services, inadequate treatment of pre-cancerous 

lesions2,3 and late-stage detection4. Thus, effective screening, early detection and treatment 

strategies are crucial to ending the cervical cancer menace.

HPVs are sexually transmitted, epitheliotropic, non-enveloped viruses with approximately 

7.9 kilobase circular double-stranded DNA genome. As of 8 April 2023, the International 

HPV Reference Center (https://www.hpvcenter.se) had recognized 229 HPV genotypes, 

out of which about 14 are classified as oncogenic high-risk (HR) types5. HPV infection 

is necessary but not sufficient for progression to invasive cervical carcinoma (ICC)6. 

Several cofactors, such as long-term use of oral contraceptives7, multiparity8,9, infections 

e.g. Human immunodeficiency virus type 1 (HIV-1)10, Herpes simplex virus type 211 and 
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bacterial vaginosis agents12 or genetic predisposition e.g. Human Leukocyte Antigen (HLA) 

allele polymorphisms (reviewed in13,14), are often associated with the progression to ICC.

Women living with HIV have increased risk of persistent HR-HPV infection15,16, a six 

times higher risk of developing cervical cancer (Fig. 1A;17), higher treatment failure rates18, 

elevated progression of pre-cancerous lesions to ICC,19 earlier onset of cancer2 and reduced 

survival rates20 compared to those without HIV. Intriguingly, although the introduction of 

antiretroviral therapy (ART) for HIV-infected women permits immune system rebound, their 

risk17 and incidence21 of progression to ICC remain elevated even when on ART (Fig. 1A–

B). Despite other HIV/Acquired immuno-deficiency syndrome (AIDs)-defining cancers (i.e., 

Kaposi sarcoma and Non-Hodgkin (NH) lymphoma) declining dramatically in the post-ART 

era, cervical cancer occurrences have remained significantly stable21–24 (Fig. 1B). This trend 

implies that HIV-associated immune suppression is not the key mechanism underlying rapid 

progression to ICC in HPV/HIV coinfection. To this end, some efforts have been directed 

towards providing explanations for increased progression to cervical cancer in HPV/HIV 

coinfected women. For instance, a study showed that HLA class II alleles (i.e., DQB1*03:01 

and DQB1*06:02) are associated with cervical cancer development in HPV/HIV co-infected 

“Black South African” women.25 In contrast, DQB1*06:02 was associated with protection 

against cervical cancer among Chinese women.26 Furthermore, two studies limited to cell 

cultures have suggested that exposure to HIV transactivator (TAT) protein could enhance 

cervical cancer development.27,28 Thus, how HIV mechanistically contributes to elevated 

HPV-associated cervical cancer development is not fully understood and warrants further 

investigations. This information could provide insights for the design of more effective 

screening, detection and treatment options for cervical cancer in HPV/HIV coinfected 

women.

To further probe the mechanistic contribution of HIV in enhancing HPV-associated cervical 

cancer development, we came up with three hypotheses (Fig. 1C). Previous reports have 

shown that HIV-infected individuals persistently over-express certain inflammatory factors 

regardless of the duration of and/or viral suppression levels by ART.29–31 Hence, our first 

hypothesis was that certain HIV-induced secreted inflammatory factors (Hi-SIFs) cooperate 

with HPV proteins to enhance cervical cancer development. Secondly, we hypothesized 

that HIV proteins directly impinge on cancer pathways of HPV-infected cervical cells to 

enhance cervical cancer development. This hypothesis was motivated by a previous study 

in which exposure of CaSki, an HPV16 positive cancer cell line, to exogenous TAT protein 

was shown to alter the expression patterns of HPV E6 and p53.28 In this study, we sought 

to gain a more expanded understanding of how all HIV and HPV proteins converge on 

host pathways to accelerate cervical cancer development. Furthermore, a previous study 

suggested that HIV can enter cervical cells in a CD4-independent manner;32 therefore, our 

third hypothesis was that HIV could directly enter cervical cells and interact with HPV 

proteins to enhance cervical cancer development.

Here, we tested our first two hypotheses using network modeling, bioinformatics and 

statistical analysis. Specifically, we used a network modeling approach called network 

propagation, which uses a “guilt-by-association” approach to propagate signal through a 

network to identify interconnected neighborhood clusters or pathways.33 We separately 
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performed network propagation of (i) Hi-SIFs known to be persistently over-expressed by 

HIV patients even when on ART relative to HIV-unexposed individuals,31,34–36 (ii) human 

proteins (“preys”) previously reported to physically interact with HPV (HPV-human PPIs), 

or (iii) HIV-human PPIs.37,38 We then integrated the HPV propagation outputs with those 

of either the Hi-SIF or HIV to study host pathways that converged between HIV and HPV. 

We focused our analysis by overlaying genomic data from cervical cancer patients curated 

in the cBioPortal for Cancer Genomics database (cBioPortal; http://cbioportal.org) onto the 

network propagation results to identify converging pathways relevant to cervical cancer (Fig. 

1D). Our analyses reveal molecular network models whereby HIV cooperates with HPV 

to deregulate pathways associated with cell proliferation, migration, and immune evasion, 

leading to cervical cancer development and metastases.

Results

HPV preys, Hi-SIFs and HIV preys display poor overlap at the gene level

Our analysis revealed a poor overlap of the HIV preys, Hi-SIFs and HPV preys at the 

gene level (Fig. 1E). Preliminary gene set enrichment analysis (GSEA) on these genes 

(Hi-SIFs, HIV only, HPV only, or HIV-HPV overlapping) pointed to translation, cell cycle, 

and ubiquitin-mediated proteolysis as converging between HIV and HPV (Fig. 1F and Table 

S1). Although intriguing, this analysis could not provide enough granularity into how HPV 

preys, Hi-SIFs, and HIV preys converged into physical and functional interaction networks 

to cooperatively hijack these processes.

Network propagation analysis highlights host pathways co-opted by HPV and HIV during 
cervical cancer development

To achieve network-level understanding of how sets of HPV preys and Hi-SIFs or HIV preys 

are interconnected, we performed network propagation. This approach simulates a heat 

diffusion process to propagate a signal from genes of interest (“seed nodes”) to neighboring 

genes, connected based on prior physical and functional interactions between proteins. This 

process expands a set of genes into the molecular networks in which they participate. We 

used Pathway Commons for our base network, which is a combination of both physical 

and functional interaction networks. We performed three independent network propagations, 

using either the (i) Hi-SIFs (n=26), (ii) HIV (n = 241) or (iii) HPV (n = 356) genes 

as the initial seed sets, labeling all ‘seed’ nodes 1 and all other nodes 0. We performed 

a permutation test to identify nodes receiving more “heat” than would be expected by 

chance (see Materials and methods). To integrate propagated networks, we selected genes 

that were significant (p < 0.05) for both HPV and Hi-SIFs (n = 393; Fig. 2A) or for 

HPV and HIV (n = 500) propagations (Fig. S2A). This analysis was designed to favor 

genes with high propagation scores (i.e., lowest p-values) from each pair of propagations, 

thus identifying molecular networks that overlap between the initial seed sets. Following 

integration, we induced a subnetwork of these significant genes from our original base 

network and sub-clustered it into smaller subnetwork pieces. This resulted in 19 (Fig. 2A 

and Fig. S1) and 33 (Fig. S2A and Fig. S3) smaller HPV/Hi-SIFs and HPV/HIV subnetwork 

clusters, respectively, to ease visualization and interpretation.
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To select the subnetwork clusters of our propagated networks most relevant to cervical 

cancer, we assessed the alteration frequencies of genes within each subnetwork cluster 

(including point mutations, copy number alterations (CNA), as well as mRNA and 

protein up or down-regulation) among cervical cancer patients from two studies, including 

Cervical Squamous Cell Carcinoma (TCGA, PanCancer Atlas) and Cervical Squamous 

Cell Carcinoma and Endocervical Adenocarcinoma (TCGA, Firehose Legacy), curated in 

cBioPortal (Fig. 2B). Pathway enrichment analysis on each of the resulting subnetwork 

clusters highlighted host pathways associated with each of the 19 Hi-SIFs/HPV subnetwork 

clusters (Fig. 2C and Table S2). The top five altered clusters (i.e., 9, 10, 13, 14 and 15; 

Fig. 2B–D) were implicated in phosphoinositide 3-kinase (PI3K)-AKT and ErbB signaling, 

DNA damage response, and Rho GTPase signaling (Fig. 2C). We next sought to determine 

if cervical cancer development in general was associated with the above pathways. We 

observed that the alteration frequencies of genes in these subnetwork clusters were more 

commonly altered in cervical cancer than in other cancers common in women (https://

gco.iarc.fr/; Accessed on 1st July 2022), including breast, stomach, colorectal, lung and liver 

(Fig. 2E). Similarly, the alteration frequency of the PIK3CA gene (the catalytic subunit of 

PI3K) was highest in cervical cancer relative to other five cancers common among women 

(Fig. 2F). We also noted that PIK3CA is the second most frequently mutated gene in 

cervical cancer (Fig. 2F, inset). Collectively, these analyses underscored the essentiality of 

PI3K-AKT pathway in cervical cancer development. Next, we asked whether Hi-SIFs, HIV 

or HPV can independently affect PI3K-AKT signaling pathway. To answer this question, 

we extracted the top 500 significant genes from each of the datasets (i.e., HPV preys, 

Hi-SIFs and HIV preys propagation outputs) and induced them into a network followed 

by clustering into subnetwork clusters. GSEA of the resultant subnetwork clusters revealed 

that Hi-SIFs impinge on PI3K-AKT pathways (Fig. 2G and Table S3–5). This suggests that 

Hi-SIFs could phenocopy PI3K-AKT pathway mutations in HPV-associated cervical cancer 

progression.

We next performed the same analysis comparing the HPV and HIV propagations. A GSEA 

of the 33 HIV/HPV propagated subnetwork clusters (Fig. S2A and Fig. S3) revealed host 

pathways that might be co-hijacked by these viral pathogens to drive cervical cancer. 

To unbiasedly select subnetwork clusters that are likely to be linked to cervical cancer 

development, we plotted mutation frequencies for genes within each subnetwork cluster 

and selected the top five most frequently altered clusters (Fig. S2B). The top five most 

frequently altered clusters (16, 23, 30, 32 and 33) were implicated in mRNA splicing, 

pre-mRNA processing, transcriptional regulation by TP53, and homologous-directed repair 

through single-strand annealing (HDR-ssa; Fig. S2C and Table S6). Next, we assessed if 

these pathways were more frequently altered in cervical cancer compared to other common 

cancers among women. To achieve this, we pulled out the nodes from the top five altered 

clusters (Fig. S2D) and annotated their alteration frequencies across various cancers (Fig. 

S2E). We found cervical cancer to be ranked first for mRNA splicing and 2nd for HDR-ssa. 

These analyses suggest that mRNA splicing and processing are implicated in cervical cancer 

development and may be pathways hijacked by HPV and HIV coinfection.
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HPV, HIV and cervical cancer genomics converge on PI3K-AKT signaling, mRNA splicing 
and cell cycle pathways

Nearly all cervical cancer cases originate from HPV infection. HPV infection is often 

accompanied by other somatic mutations that accrue, accelerated by the disruption of p53, 

which can drive progression to advanced cervical cancer. We asked if any of these somatic 

mutations occurred on the HIV-induced Hi-SIFs or HIV preys, raising the possibility that 

HIV could “mimic” a somatic cancer driver mutation through pathway regulation or by 

directly interacting with a host protein. For example, the same functional outcome could 

result from a somatic mutation disrupting the catalytic activity of a tumor suppressor and 

an inflammatory factor activating a pro-cancer pathway. To assess this, we first extracted 

and ranked the mutation and CNA frequencies of Hi-SIFs or HIV preys across different 

cervical cancer grades and stages from the cBioPortal as detailed in Fig. S4A. For Hi-SIFs, 

C3, SLAMF1, CD163, CCL23, AHSG, MMP1, APOA1 and IL6 emerged as the top mutated 

proteins among cervical cancer patients (Fig. 3A) whereas HUWE1, ANKHD1, RANBP2, 

EPPK1, DNAJB11, RNF7 and PLOD2 were the most frequently mutated HIV preys during 

cervical cancer development (Fig. S5A). We next wanted to understand how these top 

proteins were interconnected with our subnetwork clusters. Because network clustering 

essentially removes edges, we added back any edges between a subnetwork cluster and 

one of these top candidate proteins (Figs 3B, S4A and S5B). We then performed GSEA 

on propagated subnetwork clusters with at least one connection to any of the top mutated 

Hi-SIFs or HIV preys. In line with our Hi-SIFs/HPV propagated subnetwork clusters (Fig. 

2C), the top mutated Hi-SIFs interconnected with subnetwork clusters implicated in PI3K-

AKT signaling and DNA damage response (Fig. 3C and Table S7). Indeed, the centrality of 

PIK3CA mutations in cervical cancer development is well established even in the absence of 

HIV.39–42 Thus, we wondered whether HIV infection enhances cervical cancer development 

via directly increasing PIK3CA mutations. Interestingly, a recent Ugandan genomics study 

revealed that a higher proportion of HIV-negative cervical tumors had PIK3CA mutation 

compared to the HIV-positive tumors (Fig. 3D)43, suggesting that HIV could rather be 

phenocopying the PI3K-AKT pathway mutations to accelerate HPV-associated cervical 

cancer development.

We also noted that the top mutated HIV preys connected to subnetwork clusters implicated 

in mRNA splicing, pre-mRNA processing, and cell cycle (Fig. S5C and Table S8) in line 

with HPV/HIV propagated network outputs (Fig. S2C). In addition, when we checked the 

alteration frequencies of our top 10 significant proteins with the terms “splicing” from our 

HPV/HIV network propagation (Table S6), we noted that these proteins are altered (i.e., 

point mutations, CNA and structural variants, mRNA and protein expression) in 63% of the 

cervical cancer patients listed in cBioPortal (Fig. S5D). This further suggested that mRNA 

splicing is a key cervical cancer pathway.

Mechanistic models of HPV/HIV cooperation in cervical cancer development

Our analyses above pointed to PI3K-AKT as a pathway that is co-hijacked by Hi-SIFs 

and HPV proteins. Since physical and functional interaction is an indicator of whether two 

or more proteins are involved in the same pathway(s), we first decided to check how the 

Hi-SIFs were interconnected with PI3K-related genes from our network propagation. To 
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achieve this, we extracted the top 100 significant genes with ‘PI3K’ term from our HPV/Hi-

SIFs integrative propagated network (Table S2). Using Pathway Commons for base network, 

we observed dense interactions between Hi-SIFs and PI3K-related genes, suggesting that the 

Hi-SIFs and HPV proteins are involved in PI3K signaling (Fig. 4A). Since HPV infection 

is already known to frequently mutate PIK3CA gene39,43 and alter PI3K-AKT signaling 

in general (reviewed in44,45), we opted to confirm experimentally whether the Hi-SIFs 

also activate PI3K-AKT signaling. To this end, we set up an experiment in which we 

stimulated C33A (HPV negative cervical carcinoma cell line) cells with 14 Hi-SIFs. We 

first determined the suitable duration of stimulation with Hi-SIFs by stimulating the C33A 

cells with the Hi-SIFs for 0–300 minutes. We noted that the pAkt-S473 signals peaked 

at 30 or 60 minutes and plateaued afterwards. In contrast, the total-AKT was generally 

stable across all the time-points (Fig. S6A–B). Subsequently, we measured pAkt-S473 levels 

at 30 or 60 minutes as a proxy for PI3K activation (Fig. 4B). Our data revealed that 

8 Hi-SIFs, including CD14, CXCL11, CXCL9, CXCL13, CXCL17, AHSG, CCL18 and 

MMP-1, significantly (p<0.05) activated PI3K signaling (Fig. 4C). Of these 8 proteins, only 

CCL18 (p=0.004) and CD14 (p=0.017) exhibited significant differential levels of total-AKT 

between 0 versus 60 minutes (Fig. S6C). Indeed, these 8 Hi-SIFs activated PI3K signaling 

in a manner comparable to our serum stimulation control (Fig. 4C)—which is known to 

activate PI3K-AKT signaling pathway.46

Next, using cervical cancer patients’ genomic data, we wanted to find out whether these 8 

Hi-SIFs are important for cervical cancer development. To do this, we extracted alteration 

frequencies of these 8 Hi-SIFs from cBioPortal for visualization. We noted that these 

Hi-SIFs undergo one or more types of alterations in over 41% and 43% of cervical cancer 

patients listed in TCGA, Pancancer Atlas and TCGA, Firehose Legacy studies, respectively. 

Interestingly, we observed that the 8 genes were predominantly amplified and exhibited 

high mRNA expression among cervical cancer patients (Fig. 4D) implying that their 

over-expression is linked with cervical cancer development. Altogether, these observations 

suggest that HIV-induced over-expression of CD14, CXCL11, CXCL9, CXCL13, CXCL17, 

AHSG, CCL18 and MMP-1 likely promote cervical cancer development. Overall, these 

findings suggest that HPV and Hi-SIFs cooperate to over-activate PI3K-AKT signaling 

thereby precipitating cervical cancer development.

Based on our findings, we suggest two models explaining how HPV and HIV infections 

cooperate to elevate cervical cancer development. First, we suggest a model where HPV 

directly causes mutations of the PI3K-AKT signaling pathway genes. Similarly, HIV targets 

the same pathway via inducing over-expression of certain inflammatory factors, which 

phenocopy the effects of PI3K-AKT signaling pathway mutations. Altogether, the effects 

of both HPV and Hi-SIFs on the PI3K-AKT signaling pathway leads to its deregulation. 

Since the PI3K-AKT signaling pathway regulates cellular activities such as cell migration 

and proliferation, the cooperative activation of PI3K-AKT signaling by the Hi-SIFs and 

HPV in HPV/HIV coinfection could aberrantly increase cell proliferation and migration 

leading to faster progression to advanced disease (Fig. 4E). Secondly, we propose a model 

of HIV and HPV cooperation (Fig. S5E) that is largely driven by E3 ubiquitin ligases 

(e.g., HUWE1, RNF7), HPV and HIV proteins. During HIV infection, E3 ubiquitin ligases, 

some of which were among our top mutated HIV preys, are activated via neddylation 
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(i.e., conjugation of a ubiquitin-like protein, NEDD8, to target proteins). The activated 

E3 ligases likely ubiquitinate cellular splicing proteins and target them for proteasomal 

degradation, which would reduce the levels of certain protein isoforms produced. On the one 

hand, if the splicing proteins targeted are tumor suppressors, this may cause a decrease in 

their levels consequently interfering with regulation of cell cycle progression. On the other 

hand, deregulated mRNA splicing may lead to formation of a variant form of a protein 

(e.g., MHC class I proteins) thereby hampering recognition and clearance of the cancerous 

cells by the immune system. This model is supported by previous studies showing that 

HPV proteins, such as E2, regulate splicing factors47 and could promote the production 

of cell mRNA variants and proteins with oncogenic functions leading to cervical cancer 

development (reviewed in48). Altogether, the deregulation of the mRNA splicing by the two 

viral pathogens could lead to aberrant cell cycle and immune evasion thereby promoting 

cervical cancer progression and metastases.

Discussion

High HIV prevalence is correlated with HPV-associated cervical cancer burden.17 HIV-

induced immune suppression has been viewed as the mechanism underlying faster cervical 

cancer progression among HIV/HPV coinfected women. However, unlike other HIV/AIDs 

defining cancers, the introduction of ART has not significantly reduced cervical cancer 

incidences.21–24 Although it could be argued that immune suppression irreversibly triggers 

cervical carcinogenesis pre-ART, there is still inconclusive and conflicting evidence on the 

impact of baseline or nadir CD4 counts on cervical cancer progression.49–52 Considering 

this, immune suppression does not appear to be a key mechanism underlying cervical 

cancer progression. Thus, we wondered how HIV contributed to increased HPV-associated 

cervical cancer progression. Here, we harnessed network modeling to reveal several 

candidate molecular pathways underlying HIV/HPV cooperation in enhancing cervical 

cancer development.

Our analyses highlighted that HIV and HPV co-hijack PI3K-AKT and ErbB signaling, DNA 

damage response, Rho GTPase, mRNA splicing, pre-mRNA processing, transcriptional 

regulation by TP53, and HDR-ssa. Most of these pathways have been strongly associated 

with development of cancers, including cervical cancer, due to their direct effect on cell 

proliferation, migration, immune evasion or genomic stability.53–56 It has been reported 

that concomitant deregulation of cancer pathways, such as p53 and RB1 pathways, have 

more drastic effect on cervical cancer progression than deregulation of only one of the 

pathways.57–59 Thus, it is plausible that the cooperative deregulation of the pathways 

identified in our analysis by both HIV and HPV could be responsible for the enhanced 

progression to advanced cervical cancer and metastasis usually reported among dual HIV 

and HPV infected women. Our findings are in agreement with previous studies that 

highlighted the importance of some of the pathways revealed by our network modeling, 

including PI3K-AKT signaling,60 mRNA splicing61 and DNA damage response,62 in 

cervical cancer development.

Furthermore, our analysis revealed that nodes associated with PI3K-AKT and mRNA 

splicing are more altered among cervical cancer patients relative to other common cancers 
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among women, including breast, stomach, colorectal, lung, and liver cancer. This suggests 

these pathways to be central drivers of cervical cancer. PI3K signaling and mRNA 

splicing are also implicated during HIV pathogenesis particularly during viral entry, 

latency, reactivation, and viral spread, as previously discussed63,64. The essentiality of these 

pathways in HIV pathogenesis implies that they are prone to deregulation during HIV 

infection. Similarly, HPV infection is frequently associated with mutations of PIK3CA,39,43 

a key node in the PI3K-AKT signaling pathway. Thus, it is highly likely that there is 

cooperative deregulation of the PI3K-AKT signaling by HPV and HIV infections leading to 

elevated cervical cancer progression in coinfected women.

Based on the observed essentiality of PI3K-AKT signaling and mRNA splicing in HIV-HPV 

pathogenesis and cervical cancer, we propose an indirect and direct models of HPV/HIV 

cooperation in elevating cervical cancer development. In the indirect model, Hi-SIFs activate 

PI3K-AKT pathway nodes leading to aberrant cell proliferation and migration. In the direct 

model, HIV hijacks and activates E3 ubiquitin ligases, which in turn enhances ubiquitination 

and proteasomal degradation of splicing factors. The altered mRNA splicing may interfere 

with the abundance and variety of protein isoforms produced. Aberrant ubiquitination of 

splicing proteins could deplete tumor suppressors leading to uncontrolled cell proliferation 

or create variants forms of proteins that could interfere with immune recognition and 

destruction of cancerous cells. It is possible that HIV utilizes both mechanisms (indirect 

and direct) to accelerate cervical cancer development. It remains unclear whether HIV is 

involved during early, late, or both early and late stages of cancer development. Our findings 

suggest that HIV could be implicated in multiple stages of cervical cancer development. 

This may partly explain why reduced HIV viral loads or rebound of the CD4+ T cells 

following ART treatment do not lessen the risk of progression to advanced cervical cancer. 

However, further studies are needed to unravel the precise stage(s) in which HIV is 

implicated.

From the cervical cancer patients genomic data, we noticed that the top mutated Hi-SIFs 

and HIV preys were strongly associated with nearly all the grades and stages of cervical 

cancer. These observations suggest two scenarios depending on which of the virus infects 

first or whether there is concurrent viral infection. In the first scenario, HIV promotes and 

augments HPV oncogenic activities throughout cervical cancer development phases. This is 

likely to occur if patients contract HIV before HPV or contract the two viruses concurrently. 

In the second scenario, mutations strongly associated with stage 4 cervical cancer, such as 

HUWE1 and EPPK1, could be secondary mutations that cause cells with already established 

HPV infection to progress to advanced disease. This second scenario is plausible where 

patients are typically infected with HPV prior to being infected with HIV, suggesting that 

HPV provokes oncogenesis and HIV triggers progression to advanced disease. More studies 

will be required to unravel which of these scenarios is common.

Our experimental data showed that several Hi-SIFs, namely CD14, CXCL11, CXCL9, 

CXCL13, CXCL17, AHSG, CCL18 and MMP-1, activate PI3K-AKT signaling. The present 

findings agree with previous studies on other cancers in which CXCL13,65 CXCL9,66 

CCL1867 were shown to upregulate PI3K signaling. Since HPV proteins are already 

known to deregulate PI3K-AKT signaling,44,45 our findings suggest that in the HPV/HIV 
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coinfection, there is cooperative deregulation of PI3K-AKT signaling. This concerted 

deregulation of PI3K-AKT signaling could enhance cervical cancer development in two 

ways. One, activation of PI3K signaling could increase cell proliferation and migration. 

Two, HIV and HPV-associated PI3K-AKT signaling activation could enhance immune 

evasion by the cervical cells leading to rapid cancer development. The second view is 

supported by a previous study in which activation of PI3K signaling was shown to promote 

immune evasion via reducing the expression of T-cell-attracting chemokines and CD8+ T-

cell infiltration.68 Even though HPV and HIV may infect concurrently or at different times, 

our study did not unravel the precise nature of cooperation (i.e., competitive, synergistic, 

additive etc.) between HPV and HIV in the deregulation of PI3K-AKT signaling pathway. 

Further studies will be required to discern the nature of their cooperation. In addition, 

future studies will be necessary to determine whether the deregulation of PI3K-AKT 

signaling by HPV and Hi-SIFs occur simultaneously or at separate phases of cervical cancer 

development.

In summary, this is the first comprehensive HIV and HPV network modeling analysis 

providing insights into possible mechanistic pathways, including PI3K-AKT signaling, ErbB 

signaling, DNA damage response, Rho GTPase, mRNA splicing, pre-mRNA processing, 

and HDR-ssa, underlying faster progression to advanced cervical cancer in the context 

of HPV/HIV dual infection. Specifically, our network modeling and experimental data 

pinpointed that the HIV-induced over-expression of certain inflammatory factors activate 

PI3K-AKT signaling pathway, which is already known to be deregulated by HPV infection. 

In addition, our analyses suggested that HIV and HPV proteins could be cooperating to 

deregulate mRNA splicing and processing. The cooperative deregulation of PI3K-AKT 

signaling pathway and mRNA splicing by HIV and HPV infections could be underlying 

the elevated cervical cancer development in HPV/HIV coinfected women. However, 

we acknowledge that cancer pathogenesis, including cervical cancer, is a complex and 

multifactorial process69 that cannot be limited to PI3K-AKT signaling and/or mRNA 

splicing pathways. More studies will be required to unravel additional pathways and/or 

factors that might be contributing to the rapid cervical cancer development seen in HPV/HIV 

dual infected women. We anticipate that our ongoing clinical studies in HIV-endemic 

areas of sub-Saharan Africa and other future molecular studies by other researchers will 

corroborate the present findings and interrogate the role of the other molecular pathways 

revealed by our network modeling to be co-opted by HIV and HPV infections in cervical 

cancer development. A better understanding of the mechanisms of HPV/HIV cooperation in 

cervical cancer development could inspire the design of effective therapeutic interventions 

targeting the key pathways implicated, ultimately speeding up cervical cancer elimination.

Materials and methods

Network propagation

To assess the network connectivity between HPV-human interacting proteins and either Hi-

SIFs or HIV-human interacting proteins, we performed an integrative network propagation 

analysis. For our initial seed set, we used 26 Hi-SIFs extracted from the literature31,34–36 and 

previously reported AP-MS-generated HIV38 and HPV37 preys. We used Pathway Commons 
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as base network, subsetted for Reactome functional interactions (FI), CORUM, and physical 

interactions (Table S9), we performed diffused (heat) kernel network propagation to capture 

the local topology of the interaction network. This process is depicted by the equation 

below:70,71

d = ℎ * exp − Lt

Where, h is a vector representing the original query, d is the resulting propagation results 

vector, L is the the graph Laplacian defined by D – A, (where D is the diagonal matrix 

holding the degree of each node and A = graph adjacency matrix of the input network; t = 

total time of diffusion - controls the extent to which the original signal is allowed to spread 

over the network. Default t was set at 0.1. The exp(*) stands for the matrix exponential.

Network propagations were performed separately for Hi-SIFs, HIV and HPV preys. In the 

first propagation, genes were labeled (1 or 0) if they were Hi-SIFs. In the second and third 

propagations, genes were labeled (1 or 0) if they were HPV or HIV preys, respectively. To 

control for nodes with many connections, which are biased to receive higher propagation 

scores due to their high connectivity, a permutation test was performed. Specifically, we 

simulated “random propagations” by shuffling the initial gene labels to random genes within 

the network 10,000 times. Next, we obtained an empirical p-value (Table S10) by calculating 

the fraction of random propagation runs greater than or equal to the true propagation run 

for each gene. Pairs of propagated networks were integrated by selecting genes that were 

significant in two propagations (i.e., HPV versus Hi-SIFs or HPV versus HIV).

A network was created by extracting a subgraph from the Pathway Commons network 

corresponding to the top significant (p < 0.05) genes from the integrative HPV/Hi-SIFs (n = 

393) and HPV/HIV (n = 500) propagation ranked by their empirical p-values.

Clustering of propagated network

To identify the host pathways associated with Hi-SIFs, HIV and HPV, we clustered the 

propagated HPV/Hi-SIFs or HPV/HIV network into subnetwork clusters followed by GSEA. 

We initially visualized the network using Cytoscape version (v)3.9.1 and clustered it into 

subnetwork clusters using Glay community72 – a widely used Cytoscape plugin. However, 

we obtained a few large subnetwork clusters with broad pathway terms. Thus, we opted 

to explore an alternative clustering approach built around cluster_walktrap, a function on 

igraph package v1.3.573 and/or cutreeDynamic, a function on dynamicTreeCut package 

v1.63–1.74 In brief, our alternative network clustering approach had two layers. In the 

first layer, the propagated network was clustered into subnetworks using cluster_walktrap 

function from the igraph73 package in R, with 10 steps and transformed into an hclust 

object. The distance between nodes were calculated and normalized using the cophenetic 

function in R. Next, the resultant subnetworks were further clustered using cutreeDynamic 

function with the minClusterSize and deepSplit arguments set to 7 and 4, respectively. 

Upon clustering the propagated integrative HPV/Hi-SIFs or HPV/HIV network, GSEA was 

performed using clusterProfiler package v4.4.1.75
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Integration of cervical cancer patients’ genomic data

cBioPortal (http://cbioportal.org) is a publicly available web resource for exploring, 

visualizing, and analysing multidimensional cancer genomics datasets drawn from several 

cancer patients.76,77 The cBioPortal also contains clinical data of the patients. We 

utilized data from two cervical cancer studies, namely the Cervical Squamous Cell 

Carcinoma (TCGA, PanCancer Atlas; n = 297) and Cervical Squamous Cell Carcinoma 

and Endocervical Adenocarcinoma (TCGA, Firehose Legacy; n = 310), listed in cBioPortal.

To identify the Hi-SIFs and HIV preys most likely implicated in cervical cancer 

development, we extracted and analyzed the clinical and genomic data from the two cervical 

cancer studies. In brief, we first downloaded the clinical data for the two cervical cancer 

studies from cBioPortal. Next, we extracted the cervical cancer patients’ identification 

numbers (IDs) corresponding to each of the cancer grades (i.e., grade I to grade III). The 

TCGA, Firehose Legacy study contained both the International Federation of Gynecology 

and Obstetrics (FIGO) and tumor, nodes and metastases (TNM) cancer staging systems 

whereas TCGA, PanCancer Atlas study provided only TNM cancer staging system. Thus, 

for uniformity, we opted for TNM staging system to extract patients’ IDs corresponding to 

stage 1 (sub-stage: T1, T1a, T1a1, T1a2, T1b, T1b1, T1b2, T1b3); stage 2 (sub-stage: T2, 

T2a, T2a1, T2a2, T2b); stage 3 (sub-stage: T3, T3a, T3b) and stage 4 (sub-stage: T4, M1) 

from both studies. The patient IDs for the sub-stages were merged to obtain the IDs for the 

four main stages (i.e., stage 1–4). The patients IDs for each of the cervical cancer grades 

and stages were used to filter for mutation and copy number alterations (CNA) data from the 

two cervical cancer studies in the cBioPortal. The extracted mutation and CNA data together 

with a list of Hi-SIFs or HIV preys were loaded onto R software for further analysis. In 

the analysis, mutation and CNA data were obtained only for cervical cancer patients whose 

cervical cancer grades and/or stages information were available for TCGA, Firehose Legacy 

and TCGA, Pancancer Atlas studies (Fig. S4B).

To extract mutation and CNA frequencies for the Hi-SIFs or HIV preys per grade or 

stage, we matched the mutation or CNA frequency data downloaded from cBioPortal to the 

list of Hi-SIFs or HIV preys. The average (for the two cervical cancer studies) mutation 

or CNA frequencies for Hi-SIFs or HIV preys per grade or stage were computed. In 

instances where one of the studies did not have a frequency entry for a particular Hi-SIFs 

or HIV prey, the available frequency value was used without averaging. Heatmaps showing 

variations of mutation or CNA frequencies of the HIV preys across cervical cancer grades 

and stages were prepared using ComplexHeatmap package v2.12.0.78 The average values 

of the heatmap rows (denoting Hi-SIFs or HIV preys) were ranked in descending order 

based on the average mutation or CNA frequencies calculated across the grades or stages. 

The top three mutated Hi-SIFs or HIV preys per heatmap were selected for integration 

into the respective propagated networks (Fig. 3A–B and Fig. S5A–B). This integration 

involved re-visiting each of the Hi-SIFs/HPV or HIV/HPV propagated network clusters to 

add nodes corresponding to the top mutated Hi-SIFs or HIV preys, respectively. These nodes 

were added if there was a connection within the Pathway Commons network between any 

member of the subnetwork cluster and the top mutated Hi-SIFs (pink edges; Fig. 3B) or HIV 

prey (blue edges; Fig. S5B).
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Gene set enrichment analysis

To understand the pathways associated with the subnetwork clusters from our networks, we 

performed GSEA using ClusterProfiler package v4.4.1. We simplified terms using a custom 

method, involving calculating term similarity based on gene membership, clustering terms 

accordingly, and cutting the dendrogram at a certain height (0.8 in our case). We selected 

the most general term to represent each clustered group of terms. Only significant terms 

(p-adjusted value < 0.05) were selected. The resulting enrichment map was visualized using 

ComplexHeatmap package v2.12.0 in R.

Network visualization

We formed networks in R using graph_from_data_frame function from igraph package 

v1.3.5. Networks were then visualized using create_layout and ggraph function from ggraph 

package v2.1.0. Apart from the Hi-SIFs/PI3K genes network (Fig. 4A) that was visualized in 

Cytoscape v3.9.1, all the other networks were visualized in RStudio.

Cell lines and in-cell western blot assay

The human cervical carcinoma cell line C33A79, obtained as a gift from Jacques 

Archambault, McGill University, Canada, was maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/

streptomycin (Corning). This cell line was validated in 2017 by STR analysis using 

the GenePrint 10 assay (Promega) at the University of California, Berkeley Cell Culture 

Facility37.

As summarized in Fig. 4B, activation of PI3K-AKT signaling (using phosphorylation 

of pAKT-S473 as proxy) upon stimulation of the C33A cells with different Hi-SIFs 

was evaluated using in-cell western blot assay as described previously80 with some 

modifications. In brief, ~5 × 104 C33A cells were seeded into a black walled clear bottom 

96-well plates (Corning #3904) for about 24 hours at 37°C with 5% CO2. Cells were then 

washed twice with 1X phosphate buffered saline (PBS) before addition of 198 μL of serum-

free DMEM and incubation at 37°C for 16 hours. Two μL of each of the Hi-SIFs (50 ng/mL, 

Peprotech) or 1X PBS (control) was added to the respective wells and mixed gently followed 

by incubation at 37°C for 30 or 60 minutes. The cells were then fixed using 150 μL of 

4% of paraformaldehyde (PFA) solution (Thermo Fisher # PI28908) for 20 minutes at room 

temperature. The PFA was gently removed and each well washed three times with 200 μL 

of 1X PBS. Cells were permeabilized using 50 μL of 1:100 dilution of Triton X-100 (Sigma 

#9002–93-1) in 1X PBS for 30 minutes. Next, permeabilization buffer was removed, 50 

μL of blocking buffer (LI-COR, P/N 927–70001) added and incubated at room temperature 

for 2 hours. The blocking buffer was removed and replaced with 50 μL of 1X primary 

antibodies, prepared by diluting total AKT (mouse; Cell Signaling Technologies #2920S) 

and pAKT-S473 (rabbit; Cell Signaling Technologies #4060S) at 1:1000 dilution in the 

blocking buffer. Cells were incubated in 50 μL of 1X primary antibody solution overnight 

at 4°C in the dark with gentle rocking. The following morning, cells were washed with 200 

μL per well of 1X wash buffer (500 μL Tween-20 in 1000 mL of 1X PBS) three times 

and rinsed once with 200 μL per well of 1X PBS. Then, 50 μL of 1X secondary antibody 

solution containing 1:1000 dilution of near infrared anti-mouse (926–32210) and anti-rabbit 
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(926–32211) antibodies was added per well followed by incubation for 2 hours in the dark 

at room temperature with gentle rocking. Cells were washed three times using 200 μL/well 

of 1X wash buffer and rinsed once with 1X PBS. A 100 μL of PBS was added to each well 

prior to fluorescence detection using LiCOR Odyssey plate scanner (9140). Wavelengths for 

the antibodies were set to 680 and 800 nm for anti-rabbit and anti-mouse, respectively. The 

focus distance was set at 4 mm and scanning performed at 169 μm resolution. Raw signal 

intensities per well were analyzed using Image Studio software v5.2.5 (LI-COR, Inc.)

Bioinformatics and statistical analysis

All analyses were conducted with open-source resources. Analyses and visualization were 

performed using various packages anchored on R v4.2.3 (R Development Core Team, 

Vienna, Austria) and RStudio v2023.03.0+386 as detailed in the preceding sections. All the 

figures were transferred to Adobe Illustrator 2023 for final visualization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Network modeling integrates molecular datasets to probe HPV/HIV cooperation in 
cervical cancer development.
(A) Bar plot highlighting the estimated likelihood of progression to ICC in the context 

of HPV, HIV/HPV coinfection and/or ART. (B) Bar plots summarizing the incidences of 

various HIV-associated cancers in the pre-ART (1990–1995) and post-ART (1996–2002) 

era. Data from Biggar et al.21 (C) Schematic overview of the three hypotheses that explain 

how HIV might be enhancing progression of HPV-associated cervical cancer. In hypothesis 

one, HIV infection of T cells trigger secretion of Hi-SIFs that bind to cervical cells and 

cooperate with HPV and its proteins. In hypothesis two, HIV-infected T cells release HIV 

proteins, which infiltrate cervical cells and synergize with HPV proteins. Hypothesis three 

involves direct infection of the cervical cells by the HIV virions from the T cells. Altogether, 

the cooperation between HPV/Hi-SIFs and HPV/HIV promote development of cervical 

cancer. (D) Schematics of the overall analysis pipeline. The analysis utilized Hi-SIFs, HPV 

and HIV preys as “seed nodes” which were integrated using network propagation to identify 

converging biology between these datasets. This was followed by bioinformatics analysis to 

understand converging biology and development of a novel hypothesis explaining how HPV 

and HIV cooperate to enhance cervical cancer development. (E) Venn diagram illustrating 

the overlap between and among all the Hi-SIFs, HIV, HPV preys used for analyses in this 
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study. Of the 33 inflammatory proteins identified from literature to be persistently expressed 

in HIV-infected individuals, 26 were classified as secreted proteins based on human protein 

atlas database (https://www.proteinatlas.org/) and were selected for the analyses. (F) Gene 

set enrichment analysis for Hi-SIFs, HIV, HPV, and HIV-HPV overlapping preys. The 

p-values were calculated by hypergeometric test with multiple hypothesis testing (false 

discovery rate; FDR). The top four pathway terms per prey category were visualized on the 

heatmap. A complete set of enriched biological pathways for protein categories is provided 

in Table S1. Hi-SIFs: HIV-induced secreted inflammatory factors; Hyp: Hypothesis
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Fig. 2. Network propagation highlights host pathways co-hijacked by Hi-SIFs and HPV during 
cervical cancer development.
(A) Integrative network propagation pipeline for HPV preys and Hi-SIFs. Using Pathway 

Commons as base network, network propagation was performed independently for the Hi-

SIFs or HPV preys. The propagated networks were integrated by selecting genes significant 

in both propagations to identify biological networks that are common between HPV and Hi-

SIFs. The significant genes from the network propagation outputs were extracted, induced 

into subgraph, clustered into subnetwork clusters followed by gene set enrichment analysis. 

(B) Boxplot plot showing the alteration frequencies (including point mutations, CNA and 

structural variants, gene and protein expression) of genes within each subnetwork cluster 

in cervical cancer patients. The top five altered HPV/Hi-SIFs subnetwork clusters are 

highlighted in red. For each gene/node, the mean alteration frequencies for the TCGA, 

Pancancer Atlas and TCGA, Firehose Legacy cervical cancer studies were used. (C) A gene 

set enrichment analysis of the integrated Hi-SIFs/HPV propagated subnetwork clusters. The 

p-values were calculated by hypergeometric test with multiple hypothesis testing correction 

(FDR). The pathway terms associated with the top five altered clusters in cervical cancer 

patients identified in (B) are highlighted in red. A complete set of enriched biological 
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pathways is provided in Table S2. (D) The networks of the top five altered subnetworks 

clusters identified in (B and C). All the 19 subnetwork clusters are shown in Fig. S1. (E) 
Comparison of the alteration frequencies (including point mutations, CNA and structural 

variants, gene and protein expression) of nodes of the top five altered clusters grouped 

based on the pathways they are implicated in across common cancers among women. 

Each dot represent the mean alteration frequencies from the TCGA, Pancancer Atlas and 

TCGA, Firehose Legacy studies for the respective cancer types. (F) Alteration frequencies 

(including point mutations, CNA and structural variants, gene and protein expression) of 

PIK3CA, a key node in the PI3K pathway across common cancers among women. Bars 

represent the mean alteration frequencies for the TCGA, Pancancer Atlas and TCGA, 

Firehose Legacy studies for the respective cancer types. The inset depicts the top five 

mutated genes in cervical cancer patients. Data shown are the mean mutation frequencies 

from the two cervical cancer studies (TCGA, Pancancer Atlas and TCGA, Firehose Legacy) 

curated in cBioPortal. Error bars represent the standard error of the mean. (G) A heatmap 

showing the top term per subnetwork cluster generated from HPV preys, Hi-SIFs and 

HIV preys propagation outputs. The top 500 genes from the individual propagations 

per dataset (HPV only, Hi-SIFs, HPV only) were extracted and induced into a network, 

clustered into subnetwork clusters followed by gene set enrichment analysis. The p-values 

were calculated by hypergeometric test with multiple hypothesis testing correction (FDR). 

Complete enrichment tables used to generate the heatmap are provided in Table S3–S5. CC: 

Cervical cancer, Mut: Mutation; TCGA: The Cancer Genome Atlas
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Fig. 3. Cervical cancer genomics reveal Hi-SIFs converge on PI3K-AKT signaling pathway, 
representing HIV-mediated phenocopy of PI3K-AKT pathway mutations.
(A) Ranked mutation and copy number alteration (CNA) frequencies of Hi-SIFs across 

different cervical cancer grades and stages from the cBioPortal and the top three mutated 

Hi-SIFs that were selected for integration into the HPV/Hi-SIFs propagated network. 

For each Hi-SIF, the mean mutation or CNA frequency from the TCGA, Pancancer 

Atlas and TCGA, Firehose Legacy cervical cancer studies were used. (B) Integration of 

the top mutated Hi-SIFs into the HPV/Hi-SIFs propagated subnetwork clusters. The top 

mutated Hi-SIFs were overlaid onto the HPV/Hi-SIFs propagated network by establishing 

known connections between each of them and the genes within the subnetwork clusters 

using Pathway Commons networks. (C) Gene set enrichment analysis for propagated 

Hi-SIFs/HPV subnetwork clusters with connections to the top mutated Hi-SIFs. The 

pathways that are in line with the top five mutated clusters from Fig. 2C are highlighted 

in red. A complete set of enriched biological pathways for the Hi-SIFs/HPV subnetwork 

clusters connected to the top mutated Hi-SIFs are listed in Table S7. (D) Bars showing 
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the percentage of HIV-positive and HIV-negative tumors with PIK3CA mutations from a 

Ugandan cohort of cervical cancer patients. Data from Gagliardi et al.43
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Fig. 4. Mechanistic model explaining HIV and HPV cooperation in cervical cancer development.
(A) Network showing how the Hi-SIFs and the top 100 significant PI3K pathway genes 

from Hi-SIFs/HPV network propagation interact with each other, annotated from Pathway 

Commons network and visualized in Cytoscape. (B) Workflow showing the in-cell western 

blot assay procedure that was used to quantify the levels of pAkt-S473 as proxy for PI3K 

pathway activation upon stimulation of C33A cell line with different Hi-SIFs for 30 or 

60 minutes. The cells were grown confluence, serum-starved and stimulated for 30 or 

60 minutes. Cells were then fixed and stained with primary and secondary antibodies 

before imaging. (C) Levels of pAkt-S473 as measured by in-cell western blot assay upon 

stimulation of C33A cells with Hi-SIFs. Box plots depict the median intensity of pAKT 

normalized to levels of pAKT of serum-starved cells per plate and upper and lower 

quartiles of the distribution whereas the whiskers represent 1.5 times the interquartile range. 

Statistical comparisons between time 0 versus 30 or 60 minutes were performed using 

Wilcoxon test. Dots (n=6) in each box plot represent technical duplicate wells per plate for 

three independent plates. The p-adjust are displayed. Hi-SIFs with at least one significant 

(p<0.05) comparison are highlighted in boldface. (D) Bar plot showing the percentage 

alteration frequencies (including point mutations, CNA and structural variants, gene and 

protein expression) of the 8 Hi-SIFs significantly elevating pAKT in (C) among cervical 

cancer patients listed in cBioPortal. The overall alteration frequencies associated with these 

Hi-SIFs for TCGA, Firehose Legacy and TCGA, Pancancer Atlas cervical cancer studies are 

displayed on top of the bars. Data from cBioPortal. (E) Model showing how HIV and HPV 

infections alter PI3K-AKT signaling. In the context of coinfection, both HPV proteins and 

HIV-induced SIFs activate PI3K signaling pathway leading to aberrant cell proliferation and 

migration thereby enhancing progression to ICC and metastasis.
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