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Abstract

The high-risk subtype human papillomaviruses (hrHPVs) infect and oncogenically transform basal 

epidermal stem cells associated with the development of squamous-cell epithelial cancers. The 

viral E6 oncoprotein destabilizes the p53 tumor suppressor, inhibits p53 K120-acetylation by the 

Tat-interacting protein of 60 kilodaltons (TIP60, or Kat5), and prevents p53-dependent apoptosis. 
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Intriguingly, the p53 gene is infrequently mutated in HPV+ cervical cancer clinical isolates 

which suggests a possible paradoxical role for this gatekeeper in viral carcinogenesis. Here, 

we demonstrate that E6 activates the TP53-induced glycolysis and apoptosis regulator (TIGAR) 

and protects cells against oncogene-induced oxidative genotoxicity. The E6 oncoprotein induces 

a Warburg-like stress response and activates PI3K/PI5P4K/AKT-signaling that phosphorylates 

the TIGAR on serine residues and induces its hypoxia-independent mitochondrial targeting in 

hrHPV-transformed cells. Primary HPV+ cervical cancer tissues contain high levels of TIGAR, 

p53, and c-Myc and our xenograft studies have further shown that lentiviral-siRNA-knockdown 

of TIGAR expression inhibits hrHPV-induced tumorigenesis in vivo. These findings suggest the 

modulation of p53 pro-survival signals and the antioxidant functions of TIGAR could have key 

ancillary roles during HPV carcinogenesis.
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1. Introduction

There are myriad mechanisms by which oncogenic viruses cooperate with and deregulate 

host cellular growth/proliferative-signaling pathways to cause human cancers. The human 

papillomaviruses (HPVs) are members of the Papovaviridae family and are small spherical, 

non-enveloped dsDNA viruses that infect basal epithelial stem cells associated with the 

development of benign localized skin lesions (common or plantar warts; papillomas). 

However, many of the alpha-genus, high-risk HPV subtypes (hrHPVs; e.g., HPV16, HPV18, 

HPV31, HPV33, and HPV45) are sexually transmitted and can infect urogenital and 

oropharyngeal mucosal squamous epithelia and have been etiologically linked to uterine 

cervical dysplasia and a number of HPV+ epithelial malignancies, including cervical, 

vaginal, penile, and anogenital carcinomas, as well as certain subsets of head-and-neck 

cancers (Mix et al., 2021; Graham, 2017b; The Cancer Genome Atlas Network, 2015; 

Castellsagué et al., 2016). The viral genome is maintained and replicates as non-integrated 

circular episomes within the nuclei of HPV-infected cells. The switch from latency to 

vegetative genomic replication for the production of infectious particles is intricately linked 

to the keratinocyte differentiation program and is mediated by a viral regulatory nucleotide 

sequence, known as the long control region (LCR), and the early proteins: E1, E2, E4, 

E5, E6, and E7 (Münger et al., 2004; Graham, 2017a; Longworth and Laimins, 2004; 

Jones and Münger, 1997; Genther et al., 2003; Wang et al., 2009). Whereas the E1 and E2 

proteins are responsible for episomal replication in HPV-infected basal epithelial cells, the 

E5, E6, and E7 proteins regulate vegetative genomic replication within infected suprabasal 

keratinocytes and differentiated spinous epithelial cells by reprogramming these cells to 

express S-phase-promoting components, such as Myc, Piwil2, and cyclin/cyclin-dependent 

kinases, which promote nucleotide biogenesis and DNA-replication (Genther et al., 2003; 

Wang et al., 2009; Feng et al., 2016; Vande Pol and Klingelhutz, 2013; Roman and Munger, 

2013; Malanchi et al., 2002; Martin et al., 1998).
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The viral E6 and E7 oncoproteins deregulate the cell-cycle by interfering with the functions 

of the tumor suppressor proteins, p53 and retinoblastoma (Rb; Vande Pol and Klingelhutz, 

2013; Roman and Munger, 2013; Scheffner et al., 1993; Huibregtse et al., 1991; Münger et 

al., 1989; Boyer et al., 1996). The amino terminus of E7 binds to the pocket protein Rb and 

induces its ubiquitin-dependent degradation and dissociates Rb-E2F inhibitory complexes 

to promote the G1/S transition in infected differentiated keratinocytes (Münger et al., 

1989; Boyer et al., 1996). The hrHPV E7 oncoprotein also degrades the protein tyrosine 

phosphatase PTPN14, independent of its ability to inactivate Rb, which inhibits keratinocyte 

differentiation and could contribute to cellular immortalization and viral carcinogenesis 

(Hatterschide et al., 2019). Although the p53 gene is infrequently mutated in primary 

HPV+ cervical cancer clinical isolates (Schultheis et al., 2021; Lee et al., 1994), the E6 

oncoprotein ubiquitinates and reduces the expression of p53 through interactions with the 

E6-associated protein (E6AP) and inhibits acetylation of the p53 protein on lysine residue 

K120 and prevents p53-dependent cellular apoptosis by destabilizing the Tat-interacting 

protein of 60 KiloDaltons (TIP60, or Kat5) through interactions with the E3 ubiquitin 

ligase, EDD1/UBR5 (Scheffner et al., 1993; Huibregtse et al., 1991; Martinez-Zapien et 

al., 2016; Jha et al., 2010; Subbaiah et al., 2016). The hrHPV E6/E7 oncoproteins also 

cooperate with cellular protooncogenes and augment the expression and transactivation 

functions of the basic domain/leucine zipper (bZIP) transcription factor, Myc. Strickland 

and Vande Pol, 2016 have demonstrated that the E7 protein enhances the cap-independent 

translation of c-Myc by increasing the utilization of an internal ribosome entry site (IRES) 

within c-myc mRNA transcripts. Further, the E6 oncoprotein directly interacts with Myc and 

recruits E6/Myc/Max complexes to E-box enhancer elements within the human telomerase 
reverse transcriptase (htert) gene promoter associated with Myc-dependent transactivation 

and keratinocyteimmortalization (Zhang et al., 2017; McMurray and McCance, 2003; Liu 

et al., 2008). As mounting evidence suggests the remaining p53 protein present in HPV-

transformed epithelial cells is transcriptionally active, and p53 is a downstream target of 

the Myc protooncogene (Butz et al., 1995; Banuelos et al., 2003; Kimple et al., 2013; 

Reisman et al., 1993; Roy et al., 1994; Zindy et al., 1998), it remains to be fully determined 

how E6 cooperates with Myc to induce the G1/S transition in HPV-infected keratinocytes, 

while overcoming the oxidative stress and p53-dependent genotoxicity associated with the 

unscheduled activation of Myc pro-replicative signals (Zindy et al., 1998; Vafa et al., 2002; 

Hermeking and Eick, 1994; Chen et al., 2013; Gorrini et al., 2007).

The TP53-induced glycolysis and apoptosis regulator (TIGAR) is a 2,6-bisfructose-

phosphatase that localizes to the outer membranes of mitochondria under conditions of 

hypoxia, glucose-deprivation, or ischemic injury and contributes to mitochondrial quality 

control and prevents ischemia-induced mitophagy and the accumulation of damaging 

reactive oxygen species (ROS) by increasing the intracellular levels of NADPH and 

reduced glutathione (Bensaad et al., 2006; Cheung et al., 2012; Cheung et al., 2013; Li 

et al., 2014; Zhou et al., 2016; Bensaad et al., 2009). The mitochondrial targeting of 

TIGAR occurs through a mechanistic process that requires activation of hypoxia-inducible 

factor-1 alpha (HIF-1α) and molecular interactions with hexokinase-2 (HK2; Cheung et 

al., 2012). The TIGAR protein also increases the production of ribose-5-phosphate through 

glucose catabolism by the pentose-phosphate pathway which could promote nucleotide 
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biosynthesis in proliferating cells (Bensaad et al., 2006). Several studies have implicated 

the overexpression of TIGAR as a key determinant of therapy-responsiveness and indicator 

of aggressive disease progression and poor clinical outcomes for many types of cancers, 

including gliomas, colorectal, esophageal, nasopharyngeal, and renal cell carcinomas, 

gastric cancers, multiple myeloma, chronic lymphocytic leukemia, acute myeloid leukemia, 

adult T-cell leukemia, lymphoblastic leukemia, and non-Hodgkin’s lymphoma (Cheung et 

al., 2013; Tang and He, 2019; Maurer et al., 2019; Chu et al., 2020; Wong et al., 2015; 

Wang et al., 2020; Liu et al., 2019; Yin et al., 2014; Hong et al., 2016; Qian et al., 2016; 

Romeo et al., 2018; Hutchison et al., 2018). The TIGAR has also been shown to contribute 

to the epithelial-to-mesenchymal transition (EMT), tumor cell migration/invasiveness, and 

metastasis related to Met-signaling in non-small-cell lung cancers (Shen et al., 2018). 

Here, we demonstrate that hrHPV E6 oncoproteins activate HIF-1α/HIF-2α and cellular 

kinases which phosphorylate the TIGAR protein on serine residues to induce its hypoxia-

independent mitochondrial targeting and prevent c-Myc-induced oxidative DNA-damage, 

associated with enhanced oncogenic cellular transformation in vitro and HPV tumorigenesis 

in vivo. Hypoxia has been reported to transcriptionally inhibit the expression of the 

viral E6/E7 oncoproteins in HPV-infected cells through the phosphatidylinositol-3-kinase 

(PI3K)/AKT/mechanistic target of rapamycin (mTOR) complex 2 (mTORC2) pathway 

(Bossler et al., 2019) and, therefore, our studies allude to a functionally distinct role for 

E6-induced HIF-1α/HIF-2α pseudohypoxic signaling for the activation of mitochondrial 

TIGAR. These findings shed new light on the molecular mechanisms by which hrHPVs 

cooperate with cellular growth/proliferative signals to reprogram differentiated cells and 

suggest that the E6 oncoprotein augments p53 pro-survival functions by inducing a 

pseudohypoxic stress response to counter the metabolic cytotoxicity and replicative stress 

caused by aberrant protooncogene activation which could contribute to viral carcinogenesis. 

These studies further provide the first evidence that phospho-signaling regulates the 

mitochondrial localization and antioxidant functions of TIGAR which could lead to new 

therapeutic strategies to target this key pro-oncogenic factor in human cancers.

1. Materials and methods

1.1. Cell culture

All cells used for these studies were grown at 37°C under 5% CO2 in a humidified 

incubator. The HPV18+ Hela cervical adenocarcinoma cell-line was cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM; No. 30–2002; ATCC, Manassas, VA), supplemented 

with 10% fetal bovine serum (FBS; Biowest, Riverside, MO), 100 U/ml penicillin and 100 

Pg/ml streptomycin sulfate (Invitrogen, Waltham, MA). The HPV18+ C-4 I, HPV18/45+ 

MS751, and HPV16+ SiHa cervical carcinoma cell-lines were cultured in Eagle’s Minimum 

Essential Medium (EMEM; ATCC No. 30–2003), supplemented with 10% FBS and 

antibiotics as described. The HPV16+ Ca Ski cervical carcinoma cell-line was cultured 

in Roswell Park Memorial Institute-1640 (RPMI-1640) Medium (ATCC No. 30–2001), 

supplemented with 10% FBS and antibiotics. The HFL1 immortalized human fibroblast cell-

line was cultured in F-12K Medium (ATCC No. 30–2004), supplemented with 10% FBS and 

antibiotics; and the HT-1080 fibrosarcoma and 293 HEK cell-lines were cultured in EMEM, 

supplemented with 10% FBS and antibiotics as described. The HCT116 p53-null (CRISPR 
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KO) carcinoma cell-line (No. HD 104–001; Horizon Discovery Biosciences, Cambridge, 

UK) was grown in McCoy’s 5A Medium (ATCC No. 30–2007), supplemented with 10% 

FBS and antibiotics; and the 293FT cell-line was cultured in EMEM, supplemented with 4% 

D-(+)-glucose, 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin sulfate, 

and 500 μg/ml Geneticin (G418; ATCC No. 30–2305). Primary epidermal keratinocytes, 

human neonatal foreskin (HEKn; ATCC No. PCS-200–010), were cultured in Dermal Cell 

Basal Medium (ATCC No. PCS-200–030), supplemented with Keratinocyte Growth Kit 

(ATCC No. PCS-200–040) components (0.4% Extract-P, 0.5 ng/ml recombinant human 

TGF-α, 6 mM L-glutamine, 100 ng/ml hydrocortisone hemisuccinate, 5 μg/ml recombinant 

human insulin, 1.0 μM epinephrine, and 5 μg/ml apo-transferrin), 10 U/ml penicillin, 10 

μg/ml streptomycin, 0.025 μg/ml amphotericin B, and 33 μM phenol red (ATCC No. 

PCS-999–001). Primary dermal fibroblasts, human neonatal foreskin (HDFn; ATCC No. 

PCS-201–010), were cultured at 37°C under 5% CO2 in Iscove’s Modified Dulbecco’s 

Medium (IMDM; ATCC No. 30–2005), supplemented with 10% FBS, 100 U/ml penicillin 

and 100 μg/ml streptomycin sulfate. All plasmid DNA transfections were performed 

using Lipofectamine LTX with Plus reagent (ThermoFisher Scientific, Rockford, IL) as 

per the manufacturer’s recommended protocol. The source information for the cell-lines, 

chemicals and reagents, lentiviruses, and DNA plasmids used in this study is provided in the 

Supplemental information (Table S1).

1.2. Colony-formation assays

In vitro colony-formation experiments to assess oncogenic anchorage-independent cell 

growth were performed as follows: 2 × 105 primary human dermal fibroblasts (HDFn) were 

seeded on 12-well tissue-culture plates and cotransfected with various expression constructs 

for c-Myc (FLAG) and HPV16 E6 (HA) or HPV18 E6 (HA), or a CβS vector as negative 

control. After 24 hrs, certain samples were also transduced with lentiviral-siRNA-tigar or an 

empty lentiviral vector. The samples were then trypsinized and re-seeded on a 12-well plate 

coated with 0.5% base agar + IMDM, supplemented with 10% FBS, 100 U/ml penicillin and 

100 μg/ml streptomycin sulfate, and mixed with 0.3% top agar + IMDM, supplemented 10% 

FBS and antibiotics. After 3 weeks, the transformed colonies were stained with a solution of 

0.005% crystal violet in 10% ethanol/dH2O, rinsed and destained with dH2O, and visualized 

and quantified by counting using an inverted microscope. Three independent experiments 

were performed and the data are representative of the mean ± SD.

1.3. Lentiviral vectors

The lentiviral pLenti-siRNA-tigar vector was generated by annealing and TA-

cloning the oligodeoxynucleotide primers: 5’-ATATACCAGCAGCTGCTGCA-3’ and 5’-

GCAGCAGCTGCTGGTATATA-3’ (Biosynthesis, Lewisville, TX), into the spectinomycin-

resistant GATEWAY pCR8/GW/TOPO entry vector (Invitrogen) which was transformed 

into chemically competent TOP10 E. coli bacteria (Invitrogen). The orientation of the 

dsDNA insert was verified by PCR and sequencing using the M13 forward and reverse 

primers. Clonase recombination reactions were then performed with the pLenti6.2/V5-

DEST destination plasmid (Invitrogen) and the subcloned products were transformed into 

One Shot Stbl3 E. coli cells (Invitrogen) to generate pLenti-siRNA-tigar. The selected 

recombinant clones were screened by restriction endonuclease digestion with Afl II and 
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Xho I, or Eco RI alone, and then cotransfected together with ViraPower Lentiviral 

Packaging Mix (Invitrogen) plasmids (i.e., pLP1, pLP2, and pLP/VSVG) into 293FT cells 

using Lipofectamine 2000 reagent (Invitrogen). The transfected cultures were monitored 

by microscopy for syncytia formation and, after 96 hrs, the supernatants were collected 

and clarified by centrifugation at 260 x g at 4°C for 10 min and passed through 

a 0.22 μm polyethersulfone filter. The pLenti-siRNA-tigar lentivirus contains a CMV 

promoter which drives the expression of a siRNA specifically targeted against tigar 
mRNA transcripts, and the ability of this vector to inhibit TIGAR protein expression was 

demonstrated by transducing HeLa cells and then performing denaturing sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting using an Anti-

TIGAR primary antibody.

1.4. Immunoprecipitations and immunoblotting

The expression of the TIGAR, c-Myc, p53, H-Ras, HIF-1α, HIF-2α, and HPV16/18 E6 

proteins was analyzed in HPV-transformed epithelial cell-lines and cotransfected cells 

by SDS-PAGE and immunoblotting and quantified by densitometry. For immunoblotting, 

the cultured cells were harvested by scraping and then washed 2x in PBS, pH 7.4, and 

centrifuged at 260 x g for 7 min at 4°C. The cell pellets were resuspended in 100 Pl of Lysis 

Buffer (Promega, Madison, WI); and the cells were lysed by repeated freeze-thawing over 

dry-ice and shearing using a 27-gauge tuberculin syringe. The samples were clarified by 

brief centrifugation at 10,000 x g for 2 min and then mixed with 2x Laemmli Sample Buffer 

with 2-mercaptoethanol (BioRad Laboratories, Hercules, CA), heated at 95°C for 5 min, 

and resolved by denaturing SDS-PAGE using a 4% Tris-glycine polyacrylamide stacking 

gel and either 12.5% or 15% running gel. The electrophoresed proteins were transferred 

onto a Protran BA83 0.2 3μm nitrocellulose membrane (Whatman, Maidstone, UK) using 

a model TE 77 PWR semi-dry blotting unit (Amersham Biosciences, Little Chalfont, UK). 

The membranes were then incubated in Blocking buffer (3% w/v bovine serum albumin and 

0.5% v/v Tween-20 in PBS, pH 7.4) with gentle agitation for 1 hr at room temperature, 

and incubated with various primary antibodies (diluted 1:1000 or 1:2000 in Blotto buffer: 

50 mM Tris-HCl, pH 8.0, 0.2 mM CaCl2, 80 mM NaCl, 0.2% v/v IGEPAL-CA630, 0.02% 

w/v sodium azide, and 5% w/v nonfat dry milk) for 2 hrs on an orbital shaker at room 

temperature. The membranes were washed 2x by incubating with Blotto buffer with gentle 

agitation for 10 min, followed by incubation with horseradish peroxidase (HRP)-conjugated 

secondary antibodies (diluted 1:500; Jackson Immunoresearch Laboratories, West Grove, 

PA) for 1.5 hrs with agitation at room temperature. The membranes were subsequently 

washed 2x with Blotto buffer and once with TMN buffer (100 mM NaCl, 5 mM MgCl2, 100 

mM Tris-HCl, pH 9.5) for 10 min each, and then analyzed by chemiluminescence detection 

with Pierce ECL Western Blot Reagent (ThermoFisher Scientific) and a ChemiDoc Touch 

imaging system (BioRad Laboratories). The protein bands were quantified by densitometry 

using Image Lab 6.0.1 software (BioRad Laboratories) and the mean levels of TIGAR, 

c-Myc, H-Ras, and p53 were normalized relative to Actin protein expression with statistical 

analysis and standard deviations shown for three experimental replicates.

The phosphorylation of the TIGAR protein was analyzed by performing 

immunoprecipitations with various monoclonal phospho-specific antibodies (i.e., Anti-

Yapindi et al. Page 6

Virology. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Phospho-Serine, Anti-Phospho-Threonine, or Anti-Phospho-Tyrosine; Millipore-Sigma, St. 

Louis, MO) and Protein-G agarose beads (BioRad Laboratories). As a control for 

the phospho-specific antibodies, in certain experiments the HPV16+ SiHa cell extracts 

were treated for 1 hr at 37°C with a recombinant Serine/threonine-protein phosphatase 

(2,000 U; Abcam, Cambridge, MA) prior to immunoprecipitation. Also, the effects of 

overexpressing TIP60 upon the acetylation of the p53 protein on lysine residue K120 in 

the HPV18-transformed cervical carcinoma cell-lines, HeLa and C-4 I, were determined by 

immunoprecipitations using a monoclonal Anti-K120-Acetyl-p53 antibody (Abcam). The 

cells were harvested by scraping, pelleted by centrifugation at 260 x g for 7 min at 4°C, 

and then resuspended in RIPA buffer (0.15 M NaCl, 50 mM Tris-HCl, pH 7.4, 0.5% sodium 

deoxycholate, 0.5% Nonidet P-40, 0.1% SDS) containing 50 ng/ml of each of the protease 

inhibitors: pepstatin, leupeptin, chymostatin, bestatin, and antipain-dihydrochloride (Roche 

Applied Science, Indianapolis, IN). The cells were lysed by repeated freeze-thawing and 

syringe shearing using a 27-gauge tuberculin syringe, and then clarified by centrifugation 

at 10,000 x g for 2 min at 4°C. The extracts were pre-cleared by incubating the samples 

with 20 μl of a 50% slurry of Protein-G agarose in PBS, pH 7.4, for 5 min at 4°C 

with gentle agitation. The samples were centrifuged at 5,000 x g for 5 min at 4°C and 

the supernatants were transferred to new 1.5 ml microtubes. Immunoprecipitations were 

performed by adding 4 μl of either Anti-Phospho-Serine, Anti-Phospho-Threonine, Anti-

Phospho-Tyrosine (Millipore-Sigma), or an Anti-K120-Acetyl-p53 (10E5; Abcam) antibody 

and then incubating the samples overnight at 4°C on a roller shaker. Forty microliters of a 

50% slurry of Protein-G agarose beads were then added and the samples were incubated for 

2 hrs at 4°C with gentle agitation. Following incubation, the agarose beads were pelleted by 

centrifugation at 5,000 x g for 5 min at 4°C, washed 2x by resuspension in 250 μl of ice-cold 

PBS, pH 7.4, with incubation for 5 min at 4°C on a roller shaker, followed by centrifugation, 

and finally the beads were resuspended in 30 μl of 2x Laemmli Sample Buffer with 

2-mercaptoethanol. The precipitated products were eluted by heating the samples at 95°C 

for 5 min and then briefly centrifuged before loading them onto denaturing SDS-PAGE gels 

for subsequent analysis by immunoblotting and chemiluminescence-detection. The amounts 

of precipitated serine-phosphorylated TIGAR or K120-acetylated p53 were quantified by 

densitometry using Image Lab 6.0.1 software and normalized relative to the input levels of 

these proteins with statistical analysis and standard deviations provided for three replicates. 

The source information for all antibodies used throughout this study is in the Supplemental 

information (Table S1).

1.5. Isolation of mitochondria

To determine if phosphorylation effects the subcellular trafficking and mitochondrial 

targeting of the TIGAR protein, cytoplasmic and mitochondrial fractions were 

prepared from HPV18-transformed cervical carcinoma cell-lines (HeLa and MS751) and 

cotransfected HT-1080 cells containing TIGAR (FLAG) and the HPV16/18 E6 (HA) 

oncoproteins or an empty CβS vector as negative control. The cells were cultured in 

100 mm2 poly-L-lysine-coated dishes (Corning, Glendale, AZ) and then harvested by 

scraping and pelleted by centrifugation at 260 x g for 10 min at 4°C. Mitochondria 

were isolated using a Qproteome Mitochondria Isolation Kit (Qiagen, Germantown, MD) 

per the manufacturer’s suggested protocol. The cells were lysed by sonication over an 
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ice-bath using a Misonix S-4000 instrument (Cole-Parmer, Vernon Hills, IL) equipped with 

a microtip probe set at 70% amplitude. The lysates were then clarified by centrifugation 

at 1,200 x g for 10 min at 4°C and the supernatants were transferred to new 1.5 ml 

microtubes. The supernatants were centrifuged again at 6,400 x g for 10 min at 4°C and the 

microsomal fractions were transferred to separate 1.5 ml microtubes. The pellets containing 

isolated mitochondria were resuspended in 1 ml of ice-cold Mitochondrial Storage Buffer 

(Qiagen) and washed by centrifugation at 6,400 x g for 20 min at 4°C. Finally, the 

mitochondria were resuspended in 100 μl of Mitochondrial Storage Buffer and subsequently 

analyzed by performing immunoprecipitations using monoclonal Anti-Phospho-Serine and 

Anti-Phospho-Tyrosine antibodies (Millipore-Sigma) and Protein-G agarose beads (BioRad 

Laboratories), followed by SDS-PAGE, Western blotting and densitometry to quantify the 

relative ratios of serine-phosphorylated and tyrosine-phosphorylated (i.e., as a negative 

control) TIGAR present in the mitochondrial and cytoplasmic fractions. The Mit/Cyt 

Phospho-Ser Indices were calculated by dividing the ratio of mitochondrial phospho-

Ser:phospho-Tyr by the ratio of cytoplasmic phospho-Ser:phosho-Tyr with the mean values, 

statistical analysis, and standard deviations shown for three experimental replicates. The 

purity of the cytoplasmic and mitochondrial input fractions was assessed by SDS-PAGE and 

immunoblotting to detect IκB-α as a cytoplasmic marker and the outer membrane protein 

TOM20 as a mitochondrial marker.

1.6. Measuring ROS and mitochondrial membrane depolarization

The effects of inhibiting TIGAR expression upon the accumulation of damaging ROS 

and mitochondrial membrane polarity were determined by transducing HPV18-transformed 

cervical carcinoma cell-lines (HeLa, MS751, and C-4 I) and cotransfected HT-1080 

cells, containing c-Myc, the HPV16/18 E6 oncoproteins, or an empty CβS vector, with 

lentiviral-siRNA-tigar or the pLenti vector as a negative control. For certain experiments, 

HT-1080 cells were transfected with expression constructs for either TIP60 or the dominant-

negative p53-R175H DNA-binding mutant. The samples were stained using a fluorescent 

chemical ROS probe, CellROX-Deep Red (Invitrogen), or JC-1 (Invitrogen) to detect 

changes in mitochondrial membrane polarity and then analyzed by fluorescence-confocal 

microscopy. The chemical uncoupler, carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 

50 μM; Millipore-Sigma), was included as a positive control for ROS and mitochondrial 

membrane depolarization. The relative percentages of ROS (CellROX-Deep Red)-positive 

cells per field were quantified by counting triplicate visual fields at 200x magnification. A 

differential interference contrast (DIC) filter was used to visualize all the cells. The ratios 

of damaged/depolarized mitochondria (i.e., JC-1 green fluorescence) to normal polarized 

mitochondria (i.e., JC-1 red fluorescence) were determined by measuring the relative 

fluorescence intensities for the green and red signals across a randomly positioned, standard 

5 μm2 area using Carl Zeiss ZEN OS imaging software (Carl Zeiss Microscopy, Jena, 

Germany). Twenty individual cells were analyzed for each data point.

1.7. Quantification of apoptosis and DNA-damage

To assess whether the lentiviral siRNA-inhibition of TIGAR expression causes oxidative 

genotoxicity and programmed cell-death, the relative percentages of apoptotic cells were 

quantified by washing the samples 2x with PBS, pH 7.4, and then staining them with 
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Annexin V-FITC and a propidium iodide (PI) solution (10 mg/ml; BD Biosciences, Franklin 

Lakes, NJ) for subsequent analysis by fluorescence-confocal microscopy. The chemical 

uncoupler CCCP was included as a positive control for apoptosis. The percentages of 

Annexin V-FITC and/or PI-positive cells within each field was determined by counting 

triplicate visual fields at 200x magnification. A DIC filter was used to visualize all the 

cells. To determine whether HPV+ cells are generally more resistant to oxidative stress-

induced cytotoxicity, HPV18+ HeLa cells and 293 HEK (HPV-neg) cells were treated with 

hydrogen peroxide (H2O2, 2 μM) for 2 hrs and then the samples were stained with Annexin 

V-FITC and PI and the relative percentages of apoptotic cells were quantified by confocal 

microscopy and counting triplicate visual fields at 20x magnification. Alternatively, the 

samples were stained using a 594 nm fluorescent Click-IT Plus Terminal deoxynucleotidyl 

dUTP nick end-labeling (TUNEL) kit (Invitrogen) to detect ssDNA breaks and the relative 

numbers of TUNEL-positive foci per cell were quantified by confocal microscopy. Certain 

samples were permeabilized and treated with deoxyribonuclease I (DNAse I; Qiagen) as a 

positive TUNEL control. Cell nuclei were stained using Hoechst 33342. Twenty individual 

cells were analyzed for each data point.

To determine the effects of inhibiting TIGAR expression upon oncogene-induced DNA-

damage, HPV18-transformed cervical carcinoma cells (HeLa, MS751, and C-4 I) or HPV-

negative HFL1 fibroblasts, and cotransfected HT-1080 cells containing c-Myc and the 

HPV16/18 E6 oncoproteins or an empty CβS vector were transduced with either lentiviral-

siRNA-tigar or the pLenti vector as a negative control. For certain experiments, HT-1080 

cells were transfected with expression constructs for TIP60 or the dominant-negative 

p53-R175H mutant. The samples were then immunostained using a rabbit polyclonal 

Anti-Phospho-γH2A.X (Ser 139) primary antibody (Santa Cruz Biotechnology, Dallas, 

TX) and a rhodamine red (TRITC)-conjugated fluorescent secondary antibody (Jackson 

Immunoresearch Laboratories) and the relative numbers of phospho-γH2A.X foci per cell 

were quantified by immunofluorescence-confocal microscopy. Cell nuclei were visualized 

by 4’6-diamidino-2-phenyl-indole (DAPI; Invitrogen)-staining. Twenty individual cells (or 

fifteen in Fig. 4C) were analyzed for each data point.

1.8. In vivo xenograft model of HPV tumorigenesis

In vivo xenograft studies of HPV tumorigenesis were performed as follows: 

immunodeficient NIH III-nude mice (Crl:NIH-Lystbg-J Foxn1nu Btkxid; Charles River 

Laboratories, Shrewsbury, MA), all between 6–12 months of age, were anesthetized by 

inhalation of 3–5% isoflurane/O2 and then subcutaneously engrafted over each hind flank 

with 1 × 106 HPV18+ HeLa adenocarcinoma cells that were transduced with lentiviral-

siRNA-tigar or an empty pLenti vector as negative control, and suspended in 250 μl of 

the vehicle (i.e., sterile Ca2+/Mg2+-free PBS, pH 7.4) using a 27-gauge tuberculin syringe 

(n-value = 12 animals per sample group). Another sample group was injected with the 

Vehicle alone for comparison. The experimental animals were housed and maintained in a 

sterile individually ventilated cage (IVC) rack system and monitored daily over a period 

of 8 weeks for the development/growth of primary tumor masses at the injection sites as 

well as any signs of pain, morbidity, or other changes to their overall health status. After 8 

weeks, the experimental animals were humanely sacrificed in accordance with 2020 AVMA 
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guidelines using inhalation of 30% CO2 to induce rapid loss of consciousness, followed 

by 70% CO2 to cause death, with cervical dislocation as a secondary physical method 

to ensure expiration. Necropsies were performed to harvest the HPV18+ HeLa xenograft 

tumor tissues, which were weighed using a Mettler Toledo XP26 microanalytical balance 

(ThermoFisher Scientific) and measured using a digital caliper. The volumes of the primary 

tumor masses were determined using the calculation: (D × d2)/2, where ‘D’ equals the 

longest diameter and ‘d’ equals the shortest diameter. The tumor tissues were fixed in a 

10% neutral-buffered formalin solution (3.75% formaldehyde, 33.3 mM sodium phosphate 

monobasic, 45.8 mM sodium phosphate dibasic, in distilled deionized water, pH 6.8), 

dehydrated by incubation at room temperature with gentle agitation in 50x volume of 70% 

ethanol for 1 hr, 95% ethanol for 1.5 hrs, 100% ethanol for 1.5 hrs, and xylene (Millipore-

Sigma) for 1 hr, and then embedded in Histoplast IM paraffin (ThermoFisher Scientific) 

and stored frozen at −80°C until ready for use. The HPV+ xenograft tumor tissues were 

sectioned using a Microm HM360 rotary microtome (Carl Zeiss Microscopy), mounted on 

glass microscope slides, deparaffinized, and subsequently analyzed by immunofluorescence-

confocal microscopy to detect the expression of TIGAR and the c-Myc oncoprotein within 

the engrafted HeLa tumor (i.e., Anti-human Ki67-positive) tissues. At least three tissue 

sections were analyzed for each sample. The in vivo tumorigenesis studies were carried 

out in accordance with protocol A16–001-HARR which was approved by the Southern 

Methodist University-Institutional Animal Care & Use Committee.

1.9. Analysis of primary HPV16+ cervical cancer clinical samples

To determine if the expression of p53-regulated pro-survival signals coincides with 

oncogene dysregulation associated with viral carcinogenesis, the expression of the p53, 

TIGAR, c-Myc, and H-Ras proteins in primary HPV-infected cervical cancer clinical 

specimens was analyzed by immunofluorescence-confocal microscopy. De-identified 

HPV16+ cervical carcinoma tissue samples (from 9 different patients) were provided as 

formalin-fixed paraffin-embedded (FFPE) sections under approved Institutional Review 

Board protocols: 2016-HARR-HARR (Southern Methodist University) and CHS No. 

22431 (University of Hawaii) in accordance with Declaration of Helsinki Principles, by 

the Pathology Shared Resource of the University of Hawaii Cancer Center to support 

these studies. These samples were immunostained to detect and quantify the expression 

of TIGAR, c-Myc, p53, and H-Ras within tumor cells that were positive for the 

HPV16 E6 oncoprotein. Immortalized human HFL1 fibroblasts (HPV-negative) were 

also immunostained for comparison as an antibody control. The tissue sections were 

deparaffinized by treating the samples 2x with xylene for 3 min at room temperature, 

followed by a 1:1 solution of xylene/ethanol for 3 min, 2x with 100% ethanol for 3 min, 

95% ethanol for 3 min, 70% ethanol for 3 min, 50% ethanol for 3 min, and then rinsing 

2x with distilled deionized water. The microscope slides with the mounted sections were 

incubated in fixative solution (2% formaldehyde and 0.2% glutaraldehyde in PBS, pH 7.4) 

for 20 min at room temperature, washed 2x with PBS, and incubated in Blocking buffer 

for 1 hr with gentle agitation. After the buffer was removed, the tissue samples were 

immunostained using primary antibodies (diluted 1:1000 or 1:2000 in BLOTTO buffer) 

that recognize TIGAR, c-Myc, p53, H-Ras, or the HPV16 E6 oncoprotein (see Table S1) 

for 2 hrs on an orbital shaker at room temperature. The slides were then washed 2x with 
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BLOTTO buffer for 10 min, followed by incubation with various fluorescence-conjugated 

secondary antibodies (diluted 1:500 in BLOTTO) for 1 hr with gentle agitation. DAPI was 

included for the visualization of cell nuclei. The samples were washed 2x with BLOTTO 

buffer and 1x with PBS for 10 min, fluorescence mounting medium (Kirkegaard & Perry 

Laboratories, Gaithersburg, MD) and glass coverslips were added, and the tissue sections 

were subsequently analyzed by immunofluorescence-confocal microscopy. The relative 

numbers of HPV16 E6-positive cells which contained TIGAR, c-Myc, and p53 protein 

expression were quantified by counting triplicate visual fields at 200x magnification.

1.10. Confocal microscopy

Immunofluorescence and direct confocal microscopy analyses were performed on a Zeiss 

LSM800 instrument with an Airyscan detector and stage CO2 incubator (Carl Zeiss 

Microscopy). All images were taken using either a Plan-Apochromat 20x/0.8 objective or 

Plan-Apochromat 40x/1.3 oil immersion objective lens and Zeiss ZEN OS software, with 

eight averages for each. The colocalization between the Anti-TIGAR and MitoTracker 

Orange fluorescent signals was measured across a standard 5 μm2 area using the 

ZEN Colocalization tool and Pearson correlation coefficient. The expression of GFP in 

transfected primary human keratinocytes and dermal fibroblasts was visualized using a 

Nikon Eclipse TE2000-U inverted microscope and D-Eclipse C1 confocal system (Nikon 

Instruments, Melville, NY) with a 488 nm Ar laser, differential interference contrast (DIC) 

filter, and Plan Apo 20x/0.75 objective lens.

1.11. Statistical analysis

The statistical significance of experimental data sets was determined using unpaired two-

tailed Student’s t-tests (alpha = 0.05) and calculated P-values using the Shapiro-Wilk 

normality test and GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA), with 

the P-values defined as: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), < 0.0001 (****). 

The numbers of animals to include in each sample group to ensure robust statistically-

significant results were determined by power analyses using NCSS PASS 2020 sample-size 

statistical software (NCSS Statistical Software LLC, Kaysville, UT); and these calculations 

allow for a 20% dropout rate due to non-experimental causes. All experiments were 

performed at least three times (N-value ≥ 3), except for the in vivo xenograft tumorigenesis 

studies using NIH III-nude mice with 12 animals per sample group.

2. Results

2.1. High-risk HPV E6 proteins induce hypoxia-independent mitochondrial targeting of 
the TIGAR

The expression of TIGAR is positively regulated by p53 and the myc protooncogene and 

protects proliferating cells from toxic metabolic byproducts, such as damaging ROS, by 

increasing the levels of NADPH and reduced glutathione (Bensaad et al., 2006; Bensaad et 

al., 2009; Romeo et al., 2018; Cheung et al., 2016). The TIGAR protein is predominantly 

cytoplasmic, although a significant fraction has been shown to relocate to the outer 

membranes of mitochondria under conditions of hypoxic stress or ischemic injury –which 

requires HIF-1α activation and molecular interactions with HK2 (Cheung et al., 2012; Li 
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et al., 2014). Interestingly, the HPV E6 oncoprotein has been shown to induce HIF-1α 
protein expression by preventing the degradation of HIF-1 by the von Hippel Lindau (VHL) 

ubiquitin ligase (Guo et al., 2014) and to enhance the expression of HK2 in HeLa cells 

(Hoppe-Seyler et al., 2017). We therefore investigated whether HPV E6 might induce a 

pseudohypoxic stress response, associated with the activation of HIF-1α and HIF-2α, and 

promote the mitochondrial targeting of TIGAR –which could help protect HPV-infected 

cells against c-Myc-induced oxidative damage. Indeed, these experiments revealed that the 

HPV16/18 E6 oncoproteins markedly induced the expression of both HIF-1α and HIF-2α 
in transfected primary human keratinocytes that were cultured under normal oxygen levels 

(19.95% O2; Figs. 1A and 1B). Our studies have further revealed that HIF-1α and HIF-2α 
are upregulated in HPV18+ (HeLa and C-4 I) and HPV16+ (SiHa) cervical carcinoma 

cell-lines, as compared to cultured primary keratinocytes (supplementary Fig. S1A). Also, 

ectopic expression of the HPV16/18 E6 (HA-tagged) oncoproteins induced the expression 

of HIF-1α and HIF-2α as determined by immunoblotting, compared to an empty vector 

control in transfected HT-1080 cells (Fig. S1B). Whereas HIF-1α is stabilized in response 

to reduced oxygen levels (i.e., hypoxia), the HIF-2α protein is frequently upregulated 

in tumor cells under normoxic conditions which represents a phenomenon known as 

“pseudohypoxia” (Pietras et al., 2010). We next examined the expression of TIGAR, p53, 

c-Myc, and the viral E6 oncoprotein in HPV18 and HPV16-transformed cervical carcinoma 

cell-lines, as compared to HPV-negative cells (i.e., human HFL1 fibroblasts or primary 

keratinocytes). These studies revealed that TIGAR is upregulated in the hrHPV+ cell-lines 

and correlated with oncogenic c-Myc dysregulation and detectable p53 protein levels (Figs. 

1C and 1D). We then tested whether ectopic expression of the E6 oncoprotein might 

augment TIGAR expression and found that the hemagglutinin (HA)-tagged HPV16/18 E6 

oncoproteins moderately increased (~5-fold) the levels of TIGAR in transfected HT-1080 

cells as compared to an empty vector control (Fig. 1E). The expression of Myc and 

p53 was not significantly altered (Fig. 1E). As the HPV16/18 E6 oncoproteins were 

found to induce pseudohypoxic signaling associated with the activation of HIF-1α/HIF-2α, 

we investigated whether these viral proteins could induce mitochondrial targeting of the 

TIGAR in transfected cells. These experiments surprisingly revealed that the hrHPV E6 

oncoproteins induced hypoxia-independent mitochondrial targeting of the TIGAR protein 

as compared to an empty vector control (Fig. 1F), suggesting the E6 oncoprotein could 

cooperate with cellular protooncogenes by activating the pro-survival functions of TIGAR in 

HPV-infected differentiated cells.

We next examined the subcellular localization of TIGAR in HPV18 (HeLa, MS751, and 

C-4 I) and HPV16 (Ca Ski and SiHa)-transformed cervical carcinoma cell-lines using 

immunofluorescence-confocal microscopy. As shown in Fig. 1G and supplementary Fig. 

S2A, the TIGAR protein was significantly targeted to mitochondria in the HPV16/18-

transformed cell-lines under normoxic conditions as compared to primary keratinocytes 

or HFL1 fibroblasts which exhibited a diffuse, primarily cytoplasmic distribution of 

TIGAR (micrographs for the HPV16-transformed cell-lines, SiHa and Ca Ski, the HPV18-

transformed cell-lines, MS751 and C-4 I, and HFL1 fibroblasts are provided in Fig. 

S2A). As a control for antibody-staining, we examined the localization of a FLAG epitope-

tagged TIGAR protein in transfected HPV18+ HeLa cells. These studies demonstrated 
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that FLAG-tagged TIGAR exhibited a punctate mitochondria-like immunostaining pattern 

and colocalized with the MitoTracker Orange probe in a hypoxia-independent manner in 

hrHPV-transformed cells (Fig. 1G, right panels). The colocalization between the TIGAR and 

MitoTracker Orange-specific fluorescent signals in HPV18 and HPV16-transformed cervical 

carcinoma cell-lines and transfected HT-1080 cells expressing the HA-tagged HPV16/18 E6 

oncoproteins was quantified across a randomly positioned 5 μm2 area using the ZEN OS 

colocalization module and is graphically represented in Fig. 1H. To further validate these 

findings, we demonstrated that the HPV18 E6 oncoprotein induced hypoxia-independent 

mitochondrial targeting of FLAG-tagged TIGAR in cotransfected HT-1080 cells, in contrast 

to cells expressing the TIGAR (FLAG) protein and an empty vector control (Fig. S2B; the 

expression of the FLAG-TIGAR protein was demonstrated by immunoblotting as shown in 

Fig. S2C).

2.2. The hrHPV E6 oncoproteins activate cellular kinases and induce serine-
phosphorylation of the TIGAR associated with its mitochondrial targeting

The hrHPV E6 oncoproteins activate cellular signaling pathways –in particular, the Met-

receptor which is a tyrosine kinase receptor that binds to hepatocyte growth factor/scatter 

factor (HGF/SF) and has been shown to promote TIGAR-induced cellular invasiveness/

metastasis in certain cancers (Shen et al., 2018; Qian et al., 2016; Scott et al., 2018). 

Moreover, the inhibition of c-Met kinase activity was found to downregulate TIGAR 

associated with the depletion of NADPH in nasopharyngeal carcinoma cells (Lui et al., 

2011). Intracellular signaling by HGF/SF-Met also coordinately activates the small GTPase, 

Ras, which stimulates its downstream effectors, PI3K and the Raf1 mitogen-activated 

protein kinase (MAPK; Hartmann et al., 1994). Beyond the ubiquitination of TIGAR 

by the E3 ligase, tripartite motif-31 (TRIM31), which promotes its degradation under 

conditions of ischemic injury (Zeng et al., 2021), there exists a general knowledge gap 

regarding other posttranslational modifications that could potentially modulate the functions 

of TIGAR. We thus investigated whether phosphorylation contributes to the E6-induced 

hypoxia-independent mitochondrial targeting of TIGAR. The results shown in Fig. 2A 

demonstrate that the chemical kinase inhibitors, wortmannin (a broad-specificity PI3K-

inhibitor) and SB203580 (a p38MAPK-inhibitor), but not staurosporine (an inhibitor of 

protein kinase C and other calcium-dependent kinases) or a dimethyl sulfoxide (DMSO) 

solvent control, significantly blocked the mitochondrial localization of TIGAR in treated 

HPV18+ HeLa cells (representative micrographs are provided in Fig. S3A). We next 

performed immunoprecipitations using various phospho-specific monoclonal antibodies and 

discovered the TIGAR protein is strongly phosphorylated on serine residues in HeLa cells, 

which was not altered by treatment with staurosporine (Fig. 2B). These data were similarly 

reproduced in HPV16+ SiHa cells treated with the chemical kinase-inhibitors, staurosporine, 

wortmannin, and SB203580, followed by immunoprecipitation with the Anti-Phospho-

Serine or Anti-Phospho-Threonine monoclonal antibodies and immunoblotting to detect 

the phosphorylated TIGAR protein (supplementary Fig. S4). A phospho-specific antibody 

control was included by treating the HPV16+ SiHa extract with a recombinant Serine/

threonine-protein phosphatase prior to immunoprecipitation (Fig. S4). Consistent with our 

confocal imaging data, the chemical inhibitors wortmannin and SB203580 prevented the 

phosphorylation of TIGAR on serine residues in treated HPV18+ HeLa cells and HPV16+ 
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SiHa cells (Figs. 2B and S4). We then tested whether constitutively-active mutants of PI3K, 

or the closely-related phosphatidylinositol-5-phosphate 4-kinase-beta (PI5P4Kβ; Emerling 

et al., 2013), or AKT could induce mitochondrial targeting of a FLAG-tagged TIGAR 

protein in cotransfected HT-1080 cells (the expression of the mutant kinases and FLAG-

tagged TIGAR is shown in Fig. S3B). These studies demonstrated that the kinase mutants, 

PI3K, PI5P4K, and AKT, induced mitochondrial targeting of the TIGAR (FLAG) in these 

cells, as compared to an empty vector control which exhibited diffuse cytoplasmic TIGAR 

immunostaining (Fig. 2C). As PI3K and AKT are downstream effectors of Ras-signaling, 

and others have reported that the H-Ras oncoprotein is dysregulated in aggressive hrHPV+ 

cervical cancers associated with metastasis and high incidences of recurrence (Landro et 

al., 2008), we examined the expression of H-Ras in HPV18-transformed cervical carcinoma 

cell-lines. These results are provided in Fig. S3C and demonstrate that H-Ras is elevated in 

these cells as compared to an HPV-negative control.

To determine if the E6-induced serine-phosphorylation of the TIGAR protein correlates 

with its translocation to mitochondria, we isolated mitochondrial and cytoplasmic 

fractions from the HPV18-transformed cell-lines, HeLa and MS751, and then performed 

immunoprecipitations using various phospho-specific antibodies. The purity of the input 

fractions was confirmed by immunoblotting to detect the inhibitor of kappa B-alpha (IκB-

α; a cytoplasmic marker) and TOM20 (a mitochondrial marker; Figs. 2D and 2E, Input 

panels). As noted by others, the majority of the TIGAR protein was localized in the 

cytoplasm with a minor fraction targeted to mitochondrial membranes (Figs. 2D and 2E, 

Input panels). Surprisingly, the TIGAR protein immunoprecipitated from mitochondrial 

fractions was strongly phosphorylated on serine-residues in both HPV18+ cell-lines (Figs. 

2D and 2E, IP panels). Our microscopy data in Figs. 1F and 1H, and supplementary 

Figs. S2B and S2C demonstrated that the ectopically expressed hrHPV E6 oncoproteins 

induce hypoxia-independent mitochondrial targeting of the TIGAR. We therefore isolated 

mitochondrial and cytoplasmic fractions from HT-1080 cells that were cotransfected with 

expression constructs for FLAG-tagged TIGAR and either HPV16/18 E6 (HA) or an empty 

vector as negative control. TOM20 and IκB-α served as markers for the mitochondrial and 

cytoplasmic fractions, respectively (Fig. 2F). Immunoprecipitations were performed using 

phospho-specific antibodies and these experiments demonstrated that the mitochondrial 

TIGAR (FLAG) protein, consistently, was strongly phosphorylated on serine residues in 

cells expressing the hrHPV E6 oncoproteins as compared to an empty vector control (Fig. 

2G). We would note that tyrosine-phosphorylation of the TIGAR protein was also observed 

in some experiments; however, this modification was not consistently associated with the 

subcellular trafficking and mitochondrial targeting of TIGAR (i.e., compare the mean 

Cyt/Mit Anti-Phospho-Tyr signals in Figs. 2D and the lower panel of Fig. 2G). Furthermore, 

the tyrosine-phosphorylation signal was much weaker than the serine-phosphorylation of 

TIGAR in the IP results for untreated HeLa cells in Fig. 2B. Based upon these findings, 

we conclude that E6 activates cellular signaling components (possibly through HGF/SF-Met 

and/or Ras) and induces the serine-phosphorylation and hypoxia-independent mitochondrial 

targeting of TIGAR which could protect proliferating HPV-infected cells against metabolic 

oxidative stress and ROS-induced cytotoxicity.
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2.3. The hrHPV E6 proteins cooperate with the cellular c-Myc oncoprotein in a TIGAR-
dependent manner

The E6 and E7 proteins coordinately activate the expression of S-phase-promoting genes 

to drive vegetative replication of the HPV episomal dsDNA genome in differentiated 

keratinocytes during the infection cycle. The E7 oncoprotein has been shown to increase the 

expression of c-Myc by enhancing its cap-independent translation through an IRES which 

is independent of the ability of E7 to degrade Rb (Strickland and Vande Pol, 2016). The 

E6 protein also functionally cooperates with c-Myc and induces cellular immortalization 

through c-Myc-dependent transactivation of E-box enhancer elements within the htert 
promoter (McMurray and McCance, 2003; Liu et al., 2008; Peta et al., 2018). Interestingly, 

the p53 gene is a downstream target of Myc and aberrant oncogenic expression of c-Myc can 

result in increased ROS production, oxidative genomic DNA-damage and p53-dependent 

cellular apoptosis (Reisman et al., 1993; Zindy et al., 1998; Vafa et al., 2002; Hermeking 

and Eick, 1994). We therefore investigated whether the hypoxia-independent activation 

of mitochondrial TIGAR is required for cooperation between the hrHPV E6 and c-Myc 

oncoproteins. Our results in Fig. 3A demonstrate that lentiviral small-interfering RNA 

(siRNA)-knockdown of TIGAR expression resulted in the accumulation of damaging ROS 

in transduced HPV18-transformed cervical cancer cell-lines (HeLa, MS751, and C-4 I), as 

compared to HPV18+ cells transduced with an empty lentiviral vector or HPV-negative 

(HFL1) cells. Representative micrographs are provided in Fig. 3A (lower panels). Next, 

to determine if the HPV16/18 E6 proteins could inhibit the production of ROS in 

cells which overexpress the c-Myc oncoprotein, HT-1080 cells were cotransfected with 

expression constructs for HPV16/18 E6 and/or c-Myc. The samples were then transduced 

with lentiviral-siRNA-tigar to inhibit endogenous TIGAR expression, or an empty pLenti 

vector as negative control. As shown in Fig. 3B, these studies revealed that the E6 

oncoproteins cooperate with c-Myc and prevented the oxidative stress and accumulation 

of ROS induced by aberrant c-Myc overexpression. The transduction of c-Myc/hrHPV 

E6-expressing cells with lentiviral-siRNA-tigar countered the ability of E6 to protect against 

c-Myc-induced ROS, as compared to cells transduced with an empty lentiviral vector (Fig. 

3B). We further tested whether the induction of TIGAR’s antioxidant functions by hrHPV 

E6 oncoproteins could prevent c-Myc-induced mitochondrial membrane depolarization by 

staining the cotransfected cells with the fluorescent probe, JC-1 (Invitrogen), which emits 

red fluorescence when it aggregates on polarized mitochondrial membranes, but releases 

a cytoplasmic green fluorescent signal associated with damaged/depolarized mitochondria. 

As shown in Fig. 3C, oncogenic c-Myc expression resulted in a higher green-to-red signal 

ratio, indicative of increased mitochondrial membrane depolarization, that was countered 

by ectopic co-expression of the HPV16/18 E6 proteins (see representative micrographs). 

The transduction of c-Myc/hrHPV E6-expressing cells with lentiviral-siRNA-tigar interfered 

with the ability of E6 to prevent damage to mitochondrial membranes caused by c-

Myc overexpression, as compared to an empty lentiviral vector control (Fig. 3C). The 

siRNA-knockdown of TIGAR similarly resulted in increased mitochondrial membrane 

depolarization in transduced HPV18-transformed cervical cancer cell-lines, compared to 

HPV18+ cells transduced with an empty lentiviral vector or HPV-negative cells (Fig. 1D). 

The inhibition of TIGAR expression in transduced HeLa cells by lentiviral-siRNA-tigar 
was demonstrated by immunoblotting and quantified by densitometry and is shown in Fig. 
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3E; also, the expression of the FLAG-tagged c-Myc protein in transfected cells is shown 

in Fig. 1F. Consistent with a general protective role of TIGAR’s antioxidant functions 

in HPV+ cells, our studies further demonstrated that HPV18-transformed HeLa cells are 

more resistant to oxidative stress-induced cytotoxicity than HPV-negative 293 HEK cells as 

determined by treating the cultures with hydrogen peroxide, followed by the quantitation of 

cellular apoptosis by Annexin V-FITC/PI-staining and confocal microscopy analysis (Figs. 

S5A and S5B).

To determine if the activation of mitochondrial TIGAR by the E6 oncoprotein could prevent 

c-Myc-induced oxidative genomic DNA-damage, we performed 594 nm fluorescent terminal 

deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) analyses on HT-1080 

cells transfected with expression constructs for c-Myc and the HPV16/18 E6 proteins 

that were also transduced with lentiviral-siRNA-tigar or an empty lentiviral vector. The 

results in Fig. 4A demonstrate that oncogenic c-Myc resulted in increased numbers of 

TUNEL-positive intracellular foci that were markedly reduced in the presence of the 

HPV16/18 E6 oncoproteins (see representative micrographs). This protective effect was 

countered by transducing c-Myc/hrHPV E6-expressing cells with lentiviral-siRNA-tigar, as 

compared to an empty lentiviral vector (Fig. 4A). We then tested the effects of inhibiting 

TIGAR upon recruitment of the serine-139 phosphorylated histone variant, γH2A.X, 

to sites of damaged chromatin associated with c-Myc-induced oxidative DNA-damage 

by performing immunofluorescence-confocal microscopy using an Anti-Phospho-γH2A.X 

primary antibody (see Table S1). The data in Fig. 4B demonstrate that c-Myc overexpression 

resulted in DNA-damage, as evidenced by increased numbers of phospho-γH2A.X foci (red 

fluorescent nuclear structures in the micrographs), that was countered by ectopic expression 

of the hrHPV E6 proteins. The lentiviral-siRNA-tigar knockdown of TIGAR blocked the 

ability of the viral E6 oncoproteins to prevent c-Myc-induced DNA-damage in transduced 

cells, compared to the empty lentiviral vector control (Fig. 4B). The siRNA-inhibition of 

TIGAR also resulted in increased genomic DNA-damage and phospho-γH2A.X foci in the 

transduced HPV18-transformed cervical cancer cell-lines, in contrast to the empty vector or 

HPV-negative cells (Fig. 4C; see circled nuclear foci in the enlarged inset).

We next investigated whether the hypoxia-independent activation of mitochondrial TIGAR 

by E6 could prevent oncogene-induced apoptosis. Our results in Fig. 4D demonstrate that 

lentiviral-siRNA-tigar inhibition of TIGAR expression resulted in increased apoptosis in 

the HPV18-transformed cell-lines (HeLa, MS751, and C-4 I) compared to HPV18+ cells 

transduced with an empty lentiviral vector or HPV-negative cells, as determined by staining 

the samples with Annexin V-fluorescein isothiocyanate (Annexin V-FITC) and propidium 

iodide (PI) followed by confocal microscopy analysis. Moreover, as shown in supplementary 

Figs. S6A and S6B, the oncogenic overexpression of c-Myc resulted in significant apoptosis 

and an increased number of Annexin V-FITC and/or PI-positive cells that were countered 

by the hrHPV E6 oncoproteins. However, the inhibition of TIGAR functions by transducing 

c-Myc/hrHPV E6-expressing cells with lentiviral-siRNA-tigar interfered with the ability 

of E6 to protect cells against c-Myc-induced programmed cell death (Figs. S6A and 

S6B). Additional representative micrographs, demonstrating that the ability of the HPV18 

E6 oncoprotein to protect against c-Myc-induced oxidative damage and genotoxicity is 

dependent upon TIGAR functions, are provided in supplementary Figs. S7A–D.
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2.4. The activation of TIGAR by hrHPV E6 oncoproteins is dependent upon wild-type p53 
functions and the inhibition of p53-K120-acetylation by TIP60

The HPV E6 oncoprotein destabilizes the acetyltransferase TIP60 through interactions with 

the ubiquitin ligase EDD1/UBR5 and inhibits TIP60-mediated p53-K120-acetylation and 

p53-dependent apoptosis (Jha et al., 2010; Subbaiah et al., 2016). We therefore investigated 

the effects of ectopic TIP60 overexpression upon p53-K120-acetylation and TIGAR protein 

expression in the HPV18-transformed cell-lines, C-4 I and HeLa. The data in Figs. 5A 

and 5B demonstrate that the overexpression of TIP60 markedly reduced the expression of 

TIGAR in these cells and correlated with increased p53-K120-acetylation, as determined by 

immunoprecipitations using a monoclonal Anti-K120-Acetyl-p53 antibody (the expression 

of HA-tagged TIP60 and p53 in the transfected HPV18+ cell-lines was visualized by 

immunofluorescence-microscopy as shown in Fig. S8C; and the TIP60 (HA) protein was 

also detected by immunoblotting as shown in Fig. S8B). To determine if the induction and 

mitochondrial targeting of TIGAR by the hrHPV E6 and c-Myc oncoproteins are dependent 

upon wild-type p53 functions, a p53-null carcinoma cell-line, HCT116 (which contains a 

homozygous CRISPR knockout of p53), was transfected with various expression constructs 

for HPV16/18 E6, c-Myc, wild-type p53, or a transcriptionally-inactive p53-R175H DNA-

binding mutant (Hermeking et al., 1997) and the relative expression and subcellular 

localization of TIGAR were quantified by immunofluorescence-confocal microscopy. These 

results demonstrated that the induction of TIGAR expression by hrHPV E6/c-Myc requires 

p53 functions, since the co-expression of wild-type p53 resulted in higher TIGAR protein 

levels, in contrast to the DNA-binding mutant p53-R175H (Figs. 5C and 5D). We also 

observed that the TIGAR protein in HPV18 E6/c-Myc/wild-type p53-expressing cells was 

targeted to punctate mitochondria-like structures, as compared to HPV18 E6/c-Myc/p53-

R175H-expressing cells or the ectopic TIGAR protein which exhibited a diffuse/cytoplasmic 

subcellular distribution (Fig. 5D, inset panels). The expression of the wild-type p53 protein 

in HPV18 E6/c-Myc-expressing HCT116 p53-null cells was confirmed by immunoblotting 

(Fig. S8A).

Based upon these findings, we next sought to determine whether wild-type p53 functions 

and the inhibition of TIP60-mediated p53-K120-acetylation are needed to protect hrHPV-

infected cells against oncogene-induced oxidative damage and cytotoxicity. For these 

studies, the HPV18+ cervical cancer cell-lines, HeLa, MS751, and C-4I, were transfected 

with expression constructs for the dominant-negative p53 DNA-binding mutant, p53-R175H, 

or wild-type TIP60, or an empty vector as negative control. These results demonstrate that 

the inhibition of endogenous p53 functions by the p53-R175H mutant, or overexpression 

of TIP60, caused the accumulation of damaging ROS (Fig. 5E) and greater numbers 

of phospho-γH2A.X foci in HPV18-transformed cells as compared to the empty vector 

control (Figs. 5E–G). We also found that the p53-R175H mutant or overexpression of the 

acetyltransferase TIP60 resulted in increased apoptosis in the HPV18-transformed cell-lines, 

as determined by staining the samples with Annexin V-FITC and PI, followed by confocal 

microscopy analysis (Fig. 5H).
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2.5. TIGAR expression is essential for HPV-induced tumorigenesis and correlates with 
oncogenic c-Myc dysregulation in HPV16+ cervical cancer clinical isolates

The hrHPV E6 oncoproteins have been shown to cooperate with c-Myc and deregulate 

cellular growth/proliferation in vitro (McMurray and McCance, 2003; Liu et al., 2008; Peta 

et al., 2018). We therefore tested if the viral E6 oncoproteins and c-Myc could induce the 

anchorage-independent growth of cotransfected primary human dermal (neonatal foreskin) 

fibroblasts in soft agar colony-formation assays and whether the oncogenic cooperation 

between hrHPV E6/c-Myc is dependent upon TIGAR functions. The data in Fig. 6A 

demonstrate that the co-expression of either HPV18E6/c-Myc or HPV16E6/c-Myc resulted 

in significant colony-formation and increased numbers of anchorage-independent spheroids 

which were inhibited by transducing these cells with lentiviral-siRNA-tigar, as compared 

to an empty lentiviral vector control. The representative micrographs in the lower panels 

show the relative numbers of colonies formed in HPV16 E6/c-Myc transfected cells and 

the HPV16 E6/c-Myc/siRNA-tigar or HPV16 E6/c-Myc/pLenti vector transduced cells (Fig. 

6A). These functional studies demonstrate that the cooperation between the hrHPV E6 

oncoproteins and c-Myc is dependent upon the pro-survival activity of TIGAR.

Next, to determine if the antioxidant effector TIGAR contributes to HPV-induced 

tumorigenesis and neoplastic disease progression in vivo, immunodeficient NIH III-nude 

mice (n-value = 12) were anesthetized and subcutaneously engrafted over each hind quarter 

with HPV18+ HeLa adenocarcinoma cells that were transduced with lentiviralsi-RNA-tigar 
or an empty lentiviral vector as negative control. For comparison, another sample group was 

injected with the Vehicle alone. The experimental animals were closely monitored over a 

period of 8 weeks for the development of tumors and other signs of disease progression 

(e.g., aggressive tumor growth, lethargy, or difficulty with ambulation). As shown in Fig. 

6B, the siRNA-inhibition of TIGAR resulted in markedly reduced tumor growth and the 

development of fewer masses (see arrows), in contrast to the HeLa/pLenti vector-engrafted 

animals. A Kaplan-Meier plot of tumor development in the HeLa/lentiviral-siRNA-tigar and 

HeLa/pLenti vector animals, as compared to the Vehicle alone, is provided in Fig. S9A (the 

percentages of animals positive for tumor growth and that developed bilateral tumors are 

shown in Figs. S9B and S9C). The tumors from the HeLa/lentiviral-siRNA-tigar animals 

were notably smaller and exhibited poor vascularization compared to the larger tumors in the 

HeLa/pLenti vector animals (Figs. 6C–E). Consistent with these findings, the xenograft 

tumor tissues (i.e., human Ki67-positive) from HeLa/pLenti vector animals contained 

high levels of the pro-angiogenic markers, HIF-1α and vascular endothelial growth factor 

(VEGF), in addition to p53 and the H-Ras oncoprotein (Fig. S9D). These tumor tissues also 

exhibited significant TIGAR protein expression that correlated with c-Myc dysregulation, 

in contrast to the smaller tumors in HeLa/lentiviral-siRNA-tigar experimental animals (Fig. 

6F).

We next analyzed the expression of TIGAR, c-Myc, and p53 in the E6-positive tumor cells 

of primary HPV16+ cervical cancer clinical isolates (from 9 different patients) obtained 

from the University of Hawaii Cancer Center (see Table S1). The formalin-fixed tumor 

tissue sections were deparaffinized and used for immunofluorescence-confocal microscopy 

experiments to quantify the relative percentages of HPV16 E6/p53, E6/c-Myc, and E6/
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TIGAR-positive cells in each visual field at 200x magnification (representative micrographs 

as well as data for the HPV-negative HFL1 antibody-staining control are provided in Fig. 

S7A). All HPV16+ cervical cancer tissues contained detectable expression of TIGAR, 

c-Myc, and p53 as compared to the HPV-negative HFL1 control cells (Figs. 6G and S10A). 

Moreover, these clinical samples also expressed the H-Ras oncoprotein, consistent with 

the deregulation of Ras effector-signaling (PI3K and MAPK) in hrHPV-infected cells (Fig. 

S10B). These findings collectively suggest that E6-induced pseudohypoxic signaling and 

the activation of mitochondrial TIGAR contribute to the cooperation between hrHPVs and 

cellular oncogenes during viral carcinogenesis (Fig. 7).

3. Discussion

The MYST-family acetyltransferase TIP60 (Kat5) is a transcriptional cofactor for both 

c-Myc and p53 (Patel et al., 2004; Frank et al., 2003; Awasthi et al., 2005; Tang et al., 2006; 

Sykes et al., 2006; Kurash et al., 2008); and the p53 gene is a downstream target of c-Myc 

(through the activation of E-box elements within the p53 promoter and protein stabilization 

by p14ARF) which has been shown to mediate oncogene-induced DNA-damage, genomic 

instability and cellular apoptosis (Reisman et al., 1993; Roy et al., 1994; Zindy et al., 

1998; Vafa et al., 2002; Hermeking and Eick, 1994; Chen et al., 2013; Gorrini et al., 2007; 

Chen et al., 2010). Intriguingly, the E6 oncoproteins of hrHPVs cooperate with c-Myc 

and destabilize TIP60 through interactions with the E3 ubiquitin ligase, EDD1/UBR5, 

and thereby inhibit p53-K120-acetylation and p53-dependent apoptosis (Jha et al., 2010; 

Subbaiah et al., 2016; Strickland and Vande Pol, 2016; McMurray and McCance, 2003; Liu 

et al., 2008). Although the viral E6 oncoprotein is known to ubiquitinate and constitutively 

destabilize the p53 tumor suppressor through molecular interactions with E6AP (Scheffner 

et al., 1993; Huibregtse et al., 1991; Martinez-Zapien et al., 2016), the p53 protein is 

nevertheless detectably expressed in HPV16 and HPV18-transformed epithelial cell-lines 

and HPV16+ cervical cancer clinical isolates (Figs. 1C, 1D, and 6G); and others have shown 

that the remaining p53 present within hrHPV-transformed cells is transcriptionally active 

(Butz et al., 1995; Banuelos et al., 2003; Kimple et al., 2013). These findings, together with 

the fact that p53 mutations are infrequently observed in HPV+ clinical samples (Schultheis 

et al., 2021; Lee et al., 1994), prompted us to investigate whether the hrHPVs might 

paradoxically exploit the functions of certain p53-regulated pro-survival genes –independent 

of the E6-E6AP-p53 axis, to protect HPV-infected cells against oncogene-induced oxidative 

stress, genomic DNA-damage, and cytotoxicity associated with viral carcinogenesis.

Our results in the present study have demonstrated that the TIGAR protein is highly 

expressed in hrHPV-transformed cervical cancer cell-lines and correlates with oncogenic 

c-Myc and p53 expression (Figs. 1C and 1D). We were surprised to discover that the 

viral E6 oncoprotein induces hypoxia-independent mitochondrial targeting of the TIGAR 

protein in transfected cells and HPV16/18-transformed cervical carcinoma cell-lines (Figs. 

1E–H, S2A–C). The HPV16/18 E6 oncoproteins induced the expression of HIF-1α as 

well as the HIF-2α subunit in transfected keratinocytes cultured under normal oxygen 

(normoxic) conditions (Figs. 1A and 1B), suggesting the hrHPVs may induce a Warburg-

like pseudohypoxic stress response to activate p53-regulated pro-survival signals and the 

mitochondrial targeting of TIGAR to help protect proliferating infected cells against 
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metabolic byproducts (e.g., ROS) that could cause oxidative damage and apoptosis (Bensaad 

et al., 2006; Cheung et al., 2012; Bensaad et al., 2009). The HPV+ cervical carcinoma 

cell-lines: HeLa, C-4 I, and SiHa, also exhibited upregulation of HIF-1α/HIF-2α as 

compared to cultured primary keratinocytes (Fig. S1A). Bossler et al., 2019 have reported 

that hypoxic conditions activate AKT-signaling and transcriptionally repress the expression 

of the viral E6/E7 oncoproteins through the upstream modulators PI3K and mTORC2 

which, by contrast, alludes to a functional distinction with E6-induced HIF-1α/HIF-2α 
pseudohypoxia and the activation of PI3K/AKT that phosphorylates TIGAR and induces its 

mitochondrial targeting in HPV-infected cells under normoxic conditions. While previous 

studies by others have shown that hrHPV E6 oncoproteins induce the expression of HIF-1α 
and HK2 (Guo et al., 2014; Hoppe-Seyler et al., 2017), it remains to be determined whether 

these factors contribute to the E6-induced hypoxia-independent mitochondrial targeting of 

TIGAR (Fig. 7). Interestingly, Blancher et al., 2001 have demonstrated the expression 

of HIF-1α, but not HIF-2α, in breast cancer cells cultured under hypoxic conditions 

was associated with Ras-signaling and dependent upon PI3K-activation. Moreover, the 

PI3K/AKT pathway is constitutively deregulated in many HPV+ cervical cancers through 

3q26.3 chromosomal alterations affecting the p110α catalytic subunit of class IA PI3K 
(PIK3CA) locus and contributes to HPV-induced cellular transformation and oncogenesis 

(Bertelsen et al., 2006; Henken et al., 2011). The Ras effector, p38MAPK, is also 

essential for HPV genomic replication in differentiated keratinocytes (Satsuka et al., 

2015). Our results in Figs. 2A, 2B, and S3A demonstrate that the chemical kinase 

inhibitors, wortmannin and SB203580, inhibited serine-phosphorylation of the TIGAR 

protein and prevented its subcellular trafficking and mitochondrial targeting in treated 

HPV18+ HeLa cells. We have also shown that wortmannin and SB203580, but not 

staurosporine, inhibited the phosphorylation of the TIGAR protein in HPV16+ SiHa cells 

(Fig. S4). Consistent with these data, the constitutively-active mutants of PI3K, PI5P4K, 

and AKT induced the mitochondrial localization of FLAG-tagged TIGAR in cotransfected 

HT-1080 cells which suggests the activation of cellular kinases and phosphorylation of 

TIGAR are important for its mitochondrial targeting under normoxic conditions (Fig. 2C 

and S3B). Immunoprecipitation experiments, using various phospho-specific antibodies and 

isolated mitochondrial or cytoplasmic fractions from HPV16/18 E6-expressing cells and 

HPV18-transformed cervical carcinoma cells (HeLa and MS751), further demonstrated that 

the TIGAR protein in mitochondria was specifically phosphorylated on serine residues 

(Figs. 2D–G). This work provides the first evidence that phosphorylation modulates the 

antioxidant functions and translocation of TIGAR to mitochondrial membranes. However, 

the specific amino acid residue(s) within the TIGAR protein that is phosphorylated by 

E6 remains to be biochemically identified and these studies are ongoing. Although the 

primary sequence of the TIGAR protein doesn’t appear to contain a consensus AKT peptide 

recognition sequence, there are potential MAPK D-motif target sites for phosphorylation 

at aa residues 203–209 (RSLFDYF) and 214–224 (KCSLPATLSRS) and an S/P site 

which spans residues 157–163 (SPSNCL), and these may be targeted through site-directed 

mutagenesis experiments. The hrHPV E6 oncoproteins are known to activate the Met-

receptor tyrosine kinase (Qian et al., 2016; Scott et al., 2018), and Shen et al., 2018 

have shown that oncogenic c-Met signaling mediates the TIGAR-induced EMT and cell 

invasiveness/metastasis in non-small-cell lung cancers. It is therefore possible that E6 could 
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activate cellular kinases and induce serine-phosphorylation of the TIGAR through the HGF/

SF-Met receptor signaling pathway, with concomitant activation of the Ras GTPase and its 

downstream effectors, PI3K/AKT and Raf1/MAPK (Qian et al., 2016; Scott et al., 2018).

The aberrant oncogenic expression of c-Myc can lead to the increased production of 

damaging metabolic byproducts (e.g., ROS) that cause oxidative stress, genomic instability, 

and cytotoxicity in proliferating cells (Zindy et al., 1998; Vafa et al., 2002; Hermeking and 

Eick, 1994). By inhibiting endogenous TIGAR expression with a lentiviral-siRNA-tigar 
vector, we demonstrated that TIGAR is essential for the ability of HPV16/18 E6 to 

suppress the accumulation of oncogene-induced ROS in transduced cells containing E6 

and c-Myc (Figs. 3B, 3E, and 3F). These studies have further shown that the oncogenic 

cooperation between hrHPV E6 oncoproteins and c-Myc and the ability of E6/c-Myc to 

induce colony-formation in vitro are dependent upon TIGAR functions (Fig. 6A). The 

siRNA-knockdown of TIGAR markedly inhibited tumor development and growth in an 

in vivo xenograft model of HPV-induced adenocarcinoma using NIH III-nude mice that 

were subcutaneously engrafted with HeLa cells transduced with lentiviral-siRNA-tigar or an 

empty lentiviral (pLenti) vector as negative control (Figs. 6B–F, S9A–C). The tumors that 

formed in the HeLa/siRNA-tigar experimental animals were comparatively smaller and were 

poorly vascularized and contained fewer blood vessels than the HeLa/pLenti vector tumors 

(Figs. 6B–E). Consistent with these results, the angiogenic markers HIF-1α and VEGF 

were expressed in the huKi67-positive cells of the HeLa/pLenti vector tumor tissues (Fig. 

S9D). The physiological relevance and impact of these findings were underscored by the 

expression of TIGAR and wild-type p53 that correlated with oncogenic c-Myc and H-Ras 

dysregulation in the E6-positive tumor cells of HPV16+ cervical cancer clinical isolates 

(Fig. 6G, S10A, and S10B; see Table S1 for source information). The TCGA-cervical 

cancers database has shown that the p53 protein and p53 tetrameric complexes are present 

and many p53-regulated genes, including tigar, are activated in HPV16/18+ tumors (The 

Cancer Genome Atlas Network, 2017). In particular, although TIGAR was detectable 

in most tumor types (i.e., adenocarcinomas, keratin-high squamous-cell carcinomas, and 

keratin-low basal-cell carcinomas), TIGAR was most upregulated in adenocarcinomas and 

the less-differentiated basal-cell carcinomas and correlated with c-Myc dysregulation. Many 

HPV+ cervical cancers also exhibited HIF-1α activation and a hypoxic gene expression 

profile (The Cancer Genome Atlas Network, 2017) in agreement with our present findings 

which provide a mechanistic link between E6-mediated pseudohypoxia, PI3K/PI5P4K/AKT-

signaling, and the activation of mitochondrial TIGAR functions in HPV+ tumor cells.

4. Conclusions

These aggregate data demonstrate that hrHPVs modulate the expression of certain p53-

regulated pro-survival genes by inhibiting TIP60-mediated p53-K120-acetylation (Jha et 

al., 2010; Subbaiah et al., 2016), and induce a pseudohypoxic stress response to promote 

the serine-phosphorylation and mitochondrial targeting of TIGAR which could help protect 

HPV-infected cells against oncogene-induced oxidative stress and genotoxicity associated 

with the development and progression of hrHPV+ epithelial cancers (Fig. 7). Targeting 

the cellular kinases that phosphorylate the TIGAR protein and modulate its subcellular 
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trafficking and antioxidant functions could lead to new therapeutic strategies to inhibit the 

pro-oncogenic activity of TIGAR in malignant tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• HPV E6 oncoproteins induce a pseudohypoxic stress response mediated by 

HIF-1α/2α.

• E6 activates cellular kinases that phosphorylate the TIGAR protein on Ser 

residues.

• The viral E6 protein induces hypoxia-independent mitochondrial targeting of 

TIGAR.

• siRNA-inhibition of TIGAR expression inhibits HPV xenograft tumorigenesis 

in vivo.

• • HPV+ cervical cancer clinical samples contain high levels of TIGAR, p53, 

and c-Myc.
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Fig. 1. 
The hrHPV E6 oncoproteins induce hypoxia-independent mitochondrial targeting of TIGAR 

in HPV+ cervical carcinoma cells. (A and B) The hrHPV E6 oncoproteins activate 

the hypoxia-inducible factors, HIF-1α and HIF-2α, in transfected cells cultured under 

normoxic conditions. Primary human keratinocytes were transfected with expression 

constructs for HPV16/18 E6 (HA-tagged) or an empty CβS vector as negative control, 

and immunofluorescence-confocal microscopy was performed to visualize and quantify the 

expression of HIF-1α or HIF-2α (green signal) within the HPV16/18 E6 (HA)-positive (red 

signal) cells as shown in B. A green fluorescent protein (N3-pEGFP) transfection control is 

also shown. The relative fluorescence intensities of the HIF-1α and HIF-2α-specific signals 

were measured relative to the vector control (graph in A). (C) The HPV18-transformed 

cervical carcinoma cell-lines, HeLa, MS751, and C-4 I, were analyzed for the expression 

of TIGAR, c-Myc, p53, and HPV18 E6 by immunoblotting using the indicated primary 

antibodies (*MS751 cells also contain HPV45 sequences). Human HFL1 fibroblasts were 
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included as a negative control. The increased levels of TIGAR in the HPV18+ cell-lines 

correlated with expression of the c-Myc oncoprotein and p53. (D) The expression of 

TIGAR, c-Myc, and p53 was also analyzed in the HPV16-transformed cell-lines, SiHa and 

Ca Ski. The HPV16 E6 oncoprotein was detected by immunoblotting. Primary keratinocytes 

were included as a negative control. “ns” denotes a nonspecific band. (E) HT-1080 cells 

were transfected with HPV18 E6 or HPV16 E6 (HA-tagged) expression constructs and 

the induction of TIGAR was analyzed by immunoblotting and quantified relative to Actin 

protein levels. (F) To determine if the HPV16/18 E6 (HA)-tagged) oncoproteins could 

induce hypoxia-independent mitochondrial targeting of the TIGAR protein, the cells were 

transfected and then labeled with MitoTracker Orange and immunofluorescence-confocal 

microscopy was performed using an Anti-TIGAR primary antibody (green signal). The 

E6-expressing cells exhibited punctate colocalization of the TIGAR-specific signal with 

the MitoTracker Orange probe, as compared to the vector control which showed diffuse 

cytoplasmic TIGAR immunostaining (see insets). (G and H) The hypoxia-independent 

mitochondrial targeting of the TIGAR protein (green signal) in HPV18+ (HeLa, MS751, and 

C-4 I) and HPV16+ (SiHa and Ca Ski) cervical carcinoma cells was visualized by labeling 

the cells with MitoTracker Orange (red signal) and then performing immunofluorescence-

confocal microscopy. Primary keratinocytes are shown for comparison. An enlarged inset 

area is depicted in the lower panels. As a positive control for antibody-staining, HeLa cells 

were transfected with a CMV-TIGAR (FLAG-tagged) expression construct and these cells 

exhibited punctate TIGAR immunostaining that colocalized with the MitoTracker Orange 

probe. Scale bar, 20 μm. The colocalization between TIGAR and the MitoTracker Orange 

signal was quantified using the ZEN OS colocalization module in H (micrographs for the 

SiHa, CaSki, MS751, and C-4 I cell-lines are provided in Fig. S2A). Data is mean ± SD. 

N-value = 3. The asterisks denote statistical significance as determined using unpaired 

two-tailed Student’s t-tests (****P<0.0001).
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Fig. 2. 
The viral E6 oncoprotein activates cellular kinases and induces serine-phosphorylation of 

the TIGAR protein associated with its mitochondrial localization. (A) The mitochondrial 

targeting of TIGAR in HPV18+ HeLa cervical carcinoma cells that were treated with 

various chemical kinase inhibitors (i.e., staurosporine, wortmannin, or SB203580) was 

assessed by measuring the colocalization between TIGAR and the MitoTracker Orange label 

by immunofluorescence-confocal microscopy using the ZEN OS colocalization module. 

Representative micrographs depict colocalization between the TIGAR protein (green 

signal; see arrows) and MitoTracker Orange-labeled structures (red signal) in staurosporine-

treated cells, as compared to the kinase inhibitors wortmannin and SB203580 (additional 

micrographs are provided in Fig. S3A). (B) The effects of the chemical kinase inhibitors, 

staurosporine, wortmannin, and SB203580, upon the phosphorylation of TIGAR were 
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determined by immunoprecipitating the TIGAR protein from HeLa cell extracts using 

monoclonal Anti-Phospho-Tyrosine, Anti-Phospho-Serine, and Anti-Phospho-Threonine 

antibodies (Millipore-Sigma) and Protein G-agarose beads and then immunoblotting with a 

rabbit polyclonal Anti-TIGAR antibody (Millipore-Sigma, ab2). The serine-phosphorylation 

of TIGAR was inhibited by the chemical PI3K-inhibitor, wortmannin, and the p38MAPK-

inhibitor, SB203580, but not by staurosporine. (C) To determine whether constitutively-

active mutants of PI3K, or the closely related PI5P4K, and AKT could effect mitochondrial 

targeting of the TIGAR protein, HT-1080 cells were cotransfected with CMV-TIGAR 

(FLAG) and expression constructs for the various kinase mutants or an empty pLNCX2 

vector as negative control. The expression of the constitutively-active kinase mutants 

and TIGAR-FLAG was detected by immunoblotting as shown in Fig. S3B. The cells 

were labeled with MitoTracker Orange (red signal) and immunofluorescence-confocal 

microscopy was performed to visualize mitochondrial localization of the TIGAR protein 

(green signal). DAPI nuclear-staining (blue signal) was included for reference in the merged 

images. Scale bar, 20 μm. (D and E) To confirm the role of serine-phosphorylation in the 

mitochondrial targeting of TIGAR, cytoplasmic and mitochondrial extracts were prepared 

from HPV18-transformed HeLa (in D) and MS751 cells (in E; *MS751 cells also contain 

HPV45 sequences) and immunoprecipitations were performed using Anti-Phospho-Serine 

and Anti-Phospho-Tyrosine antibodies and Protein G-agarose beads. The relative input 

levels of TIGAR are shown in the left panels. The precipitated phosphorylated TIGAR 

protein was detected by immunoblotting and the Mitochondrial/Cytoplasmic Phospho-

Serine Index was calculated as described in the Materials and methods. (F and G) 

To determine if the HPV E6 oncoprotein induces serine-phosphorylation of the TIGAR 

protein associated with its mitochondrial targeting, HT-1080 cells were cotransfected with 

CMV-TIGAR (FLAG-tagged) and expression constructs for HPV16/18 E6 (HA-tagged) 

or an empty CβS vector as negative control. The input levels of TIGAR (FLAG) and 

the HPV16/18 E6 (HA) proteins were assessed by immunoblotting (in F). Cytoplasmic 

and mitochondrial fractions were prepared and immunoprecipitations were performed as 

described. The precipitated phosphorylated TIGAR protein was detected by immunoblotting 

and quantified using densitometry (in G). Data is mean ± SD. N-value = 3. The asterisks 

denote statistical significance as determined using unpaired two-tailed Student’s t-tests 

((*P<0.0332, **P<0.0021, ****P<0.0001).
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Fig. 3. 
The hrHPV E6 oncoproteins cooperate with c-Myc and inhibit oncogene-induced oxidative 

stress and mitochondrial membrane depolarization in HPV-transformed cervical carcinoma 

cells through the activation of TIGAR. (A) To determine the effects of inhibiting TIGAR 

upon the accumulation of damaging ROS, the HPV18+ cell-lines, HeLa, MS751, and C-4 I 

were transduced with a lentiviral siRNA-tigar expression vector to knockdown endogenous 

TIGAR protein levels or an empty lentiviral vector (pLenti) as negative control. The 

transduced cells were labeled with a fluorescent ROS chemical probe, CellROX-Deep Red 

(Invitrogen), and the relative percentages of ROS-positive cells were quantified by confocal 

microscopy. HeLa cells treated with the chemical uncoupler CCCP (50 μM; Millipore-

Sigma) were included as a positive control. Human HFL1 fibroblasts (HPV-negative) 

are shown for comparison. Representative micrographs are provided in the lower panels. 

(B) The ability of hrHPV E6 oncoproteins to cooperate with c-Myc and prevent the 

accumulation of oncogene-induced ROS was assessed by cotransfecting HT-1080 cells with 
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a CβF-c-Myc (FLAG-tagged) construct and either an HPV16/18 E6 expression plasmid 

or empty CβS vector as negative control. To determine if the protective effects of E6 

were dependent upon TIGAR’s antioxidant functions, certain samples were transduced with 

an empty pLenti vector or lentiviral-siRNA-tigar to inhibit TIGAR expression. (C and 

D) The effects of the viral E6 oncoprotein and TIGAR functions upon c-Myc-induced 

mitochondrial membrane depolarization were determined by transducing HT-1080 cells, 

cotransfected with expression constructs for c-Myc and/or the HPV16/18 E6 oncoproteins 

(in C), or the HPV18+ cell-lines: HeLa, MS751, and C-4 I (in D), with lentiviral-siRNA-

tigar or an empty pLenti vector as negative control. The samples were then stained with 

the fluorescent chemical probe JC-1 (Invitrogen) and confocal microscopy was performed 

to quantify the ratios of the relative fluorescence intensities for the JC-1 red (indicative 

of polarized mitochondrial membranes) and green (which indicates depolarization) signals 

using Carl Zeiss Microscopy ZEN OS imaging software. The open circles indicate data 

out-of-range. Graphed data in A-D is mean ± SD. Representative micrographs are shown 

in the lower panels. Scale bar, 20 Pm. (E) HPV18-transformed HeLa cells were transduced 

with various lentiviral-siRNA-tigar clones and the effective knockdown of TIGAR protein 

expression was assessed by immunoblotting and densitometry quantitation relative to 

Tubulin levels. UT, untransduced cells. (F) The FLAG-tagged c-Myc oncoprotein was 

also detected in transfected cells by immunoblotting. N-value = 3. The asterisks denote 

statistical significance as determined using unpaired two-tailed Student’s t-tests (*P<0.0332, 

**P<0.0021, ***P<0.0002, ****P<0.0001).
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Fig. 4. 
The viral E6 oncoproteins inhibit oncogene-induced genotoxicity and cellular apoptosis 

in a TIGAR-dependent manner. (A) HT-1080 cells were cotransfected with expression 

constructs for c-Myc and/or HPV16/18 E6 and then transduced with either lentiviral-siRNA-

tigar or an empty pLenti vector as negative control. The samples were stained using 

a 594 nm fluorescent Click-iT Plus TUNEL kit (Invitrogen) and confocal microscopy 

was performed to quantify the relative numbers of TUNEL-positive foci per cell (red 

signal in the micrographs). Hoechst 33342 nuclear-staining (blue signal) is shown for 

reference. (B) To determine if the induction of TIGAR by hrHPV E6 oncoproteins 

protects c-Myc-expressing cells against oxidative DNA-damage, HT-1080 cells were 

transfected and transduced as described and then immunostained using a rabbit polyclonal 

Anti-Phospho-γH2A.X primary antibody and Rhodamine red-X-conjugated Anti-Rabbit 

secondary antibody to detect recruitment of this phosphorylated histone variant to sites 

of DNA-damage. Immunofluorescence-confocal microscopy was performed to quantify the 
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relative numbers of phospho-γH2A.X foci per cell (red signal in the micrographs). (C) The 

accumulation of DNA-damage and nuclear phospho-γH2A.X foci in the HPV18+ cervical 

cancer cell-lines, HeLa, MS751, and C-4 I, that were transduced with either lentiviral-

siRNA-tigar or an empty pLenti vector as negative control was detected and quantified 

using immunofluorescence-confocal microscopy as in B. The open circles indicate data 

out-of-range. Representative micrographs are provided in the lower panels. The red punctate 

phospho-γH2A.X foci are indicated by circles in the enlarged inset. (D) The requirement 

for TIGAR functions to protect against oncogene-induced apoptosis was confirmed by 

transducing HPV18-transformed cervical carcinoma cell-lines (HeLa, MS751, and C-4 I) 

with lentiviral-siRNA-tigar or an empty pLenti vector and then staining the cells with 

Annexin V-FITC and propidium iodide (PI; BD-Pharmingen). HeLa cells treated with CCCP 

were included as a positive apoptosis control; and transduced (HPV-negative) HFL1 cells 

are shown for comparison. The relative percentages of apoptotic (Annexin V-FITC and/or 

PI-positive) cells per field were quantified using confocal microscopy and counting triplicate 

fields at 200x magnification. The data in A-D is mean ± SD. N-value = 3. The asterisks 

denote statistical significance as determined using unpaired two-tailed Student’s t-tests 

(*P<0.0332, **P<0.0021, ***P<0.0002, ****P<0.0001). Representative micrographs are 

shown in the lower panels. Scale bar, 20 μm.
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Fig. 5. 
The activation of TIGAR by the E6 oncoprotein is dependent upon p53 functions and 

the inhibition of p53 lysine K120-acetylation in hrHPV-transformed cells. (A and B) To 

determine if the inhibition of TIP60-mediated lysine K120-acetylation of p53 is required for 

the expression of TIGAR in hrHPV-transformed cells, the HPV18+ C-4 I (in A) and HeLa 

(in B) cell-lines were transfected with either an expression construct for wild-type TIP60 

(HA-tagged) or an empty CβS vector as negative control. The overexpression of TIP60 (HA) 

was confirmed by immunofluorescence-microscopy and immunoblotting and is shown in 

Figs. S8B and S8C. The input levels of TIGAR and p53 were quantified and normalized 

relative to Actin expression. The K120-acetylated p53 protein was immunoprecipitated 

using a monoclonal Anti-K120-Acetyl-p53 antibody (Abcam) and Protein G-agarose 

quantified with normalization for the relative input levels of p53 (right panels). (C and D) To 

Yapindi et al. Page 37

Virology. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



determine whether p53 is required for the expression and mitochondrial targeting of TIGAR 

by the viral E6 oncoproteins, the p53-null human carcinoma cell-line, HCT116 p53−/− 

(which contains a homozygous CRISPR-knockout of the p53 gene; Horizon Discovery), 

was transfected with various expression constructs for c-Myc, HPV18 E6 (HA), wild-type 

p53, or a dominant-negative p53-R175H DNA-binding mutant, and immunofluorescence-

confocal microscopy was performed to quantify and visualize the TIGAR protein in punctate 

mitochondrial structures (see arrows in D). The relative fluorescence intensity of the 

TIGAR-specific signal was measured using ZEN OS imaging software and graphed in C. 

The expression of wild-type p53 in the HCT116 p53-null cells cotransfected with expression 

constructs for HPV18 E6, c-Myc, and p53 was detected by immunoblotting and is shown in 

Fig. S8A. (E) The effects of the dominant-negative p53-R175H mutant and overexpression 

of TIP60 upon the accumulation of damaging ROS in hrHPV-transformed cells were 

assessed by transfecting the HPV18+ cell-lines, HeLa, MS751, and C-4 I, with CMV-p53-

R175H, pOZ-TIP60 (HA), or an empty CβS vector control and then staining the cells with 

a fluorescent chemical ROS probe, CellROX-Deep Red, followed by confocal microscopy 

analysis. (F and G) The HPV18+ cell-lines, HeLa, MS751, and C-4 I, were transfected as 

described in E and then immunostained using an Anti-Phospho-γH2A.X primary antibody 

to visualize the recruitment of this phosphorylated histone variant to sites of DNA-damage. 

HeLa cells treated with CCCP were included as a positive control. Immunofluorescence-

confocal microscopy was performed to quantify the relative numbers of phospho-JH2A.X 

foci (red signal in G) per cell. The open circles indicate data out-of-range. DAPI nuclear-

staining (blue signal in G) is provided for reference. An enlarged inset area shows several 

phospho-γH2A.X-positive punctate structures (circles) within the nucleus of a C-4 I cell 

transfected with the pOZ-TIP60 expression construct. Scale bar, 20 μm. (H) The requirement 

for p53 functions and the effects of TIP60 overexpression upon cellular apoptosis in hrHPV-

transformed cells were determined by transfecting HPV18+ cell-lines (HeLa, MS751, and 

C-4 I) with CMV-p53-R175H, pOZ-TIP60 (HA), or an empty CβS vector and then staining 

the cells with Annexin V-FITC and PI (BD-Pharmingen). A DIC filter was used to visualize 

all cells in the merged images. Data in C, E, F, and H is mean ± SD. N-value = 3. The 

asterisks denote statistical significance as determined using unpaired two-tailed Student’s 

t-tests (*P<0.0332, **P<0.0021, ***P<0.0002, ****P<0.0001, not significant (ns) 0.1234).
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Fig. 6. 
TIGAR is required for the oncogenic cooperation between E6/c-Myc and hrHPV-induced 

tumorigenesis in vivo. (A) The role of TIGAR in oncogenic cellular transformation 

by the viral E6 oncoprotein and c-Myc was assessed by cotransfecting primary human 

dermal fibroblasts (neonatal foreskin, HDFn; ATCC) with various expression constructs 

for HPV16/18 E6, c-Myc, or an empty CβS vector and then transducing the cells with 

lentiviral-siRNA-tigar or the pLenti vector as a negative control. The transfection efficiency 

was evaluated using a N3-pEGFP plasmid and performing fluorescence-microscopy with 

a DIC filter overlay to visualize GFP expression (bottom left). Soft agar colony assays 

were performed over a period of 3 weeks and the transformed anchorage-independent 

spheroids were quantified by counting. Representative micrographs of the transformed 

colonies are shown in the lower panels. Scale bar, 100 μm. Data is mean ± SD. N-value 
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= 3. The asterisks denote statistical significance as determined using unpaired two-tailed 

Student’s t-tests (*P<0.0332, not significant (ns) 0.1234). (B) To determine if TIGAR 

functions are required for hrHPV-induced tumorigenesis in vivo, athymic NIH III-nude mice 

were subcutaneously engrafted over each hind flank with HPV18+ HeLa cells that were 

transduced with lentiviral-siRNA-tigar to inhibit TIGAR expression, or an empty lentiviral 

(pLenti) vector as negative control. Alternatively, a group of animals was injected with the 

vehicle alone (i.e., sterile Ca2+/Mg2+-free PBS, pH 7.4) for comparison (n-value = 12). 

After 8 weeks, the experimental animals were humanely sacrificed and necropsies were 

performed to analyze the growth of the primary xenograft tumors (a Kaplan-Meier plot of 

tumor development, as well as graphs of the relative percentages of animals that developed 

tumors or exhibited bilateral tumor growth are provided in Figs. S9A–C). The arrows in 

B indicate the significantly larger tumor masses present in the HeLa/pLenti vector animals 

as compared to the HeLa/lentiviral-siRNA-tigar animals. (C) The harvested tumor masses 

were weighed and their volumes were determined by measuring with a digital caliper. 

Representative images are provided. Scale bar, 2 mm. (D) The tumors derived from HeLa/

lentiviral-siRNA-tigar engrafted animals exhibited a reduced average weight as compared to 

the HeLa/pLenti vector animals. (E) The tumor masses from the HeLa/lentiviralsiRNA-tigar 
animals also exhibited a smaller average volume than the HeLa/pLenti vector sample group. 

(F) The expression of TIGAR and c-Myc (green signals) in the xenograft tumor tissues from 

engrafted HeLa/pLenti vector and HeLa/siRNA-tigar experimental animals was analyzed by 

immunofluorescence-confocal microscopy. The engrafted HeLa tumor cells were visualized 

by co-staining the samples with an Anti-human-Ki67 (huKi67) primary antibody (red 

signal). DAPI nuclear-staining (blue signal) is included in the merged images for reference. 

Scale bar, 20 μm. (G) The TIGAR, c-Myc, and p53 proteins are detectably expressed in 

the E6-positive tumor cells of primary HPV16+ cervical cancer patient isolates. Clinically 

biopsied HPV16+ cervical cancer tissue specimens were provided by the Pathology Shared 

Resource of the University Hawaii Cancer Center and the relative percentages of HPV16 

E6/TIGAR-positive, HPV16 E6/c-Myc-positive, and HPV16 E6/p53-positive cells per field 

were quantified by immunofluorescence-confocal microscopy and counting triplicate visual 

fields at 200x magnification (representative micrographs for the HPV16+ clinical samples as 

well as the HPV-negative HFL1 antibody control are provided in Figs. S10A–B). The error 

bars are mean ±SD, n-value = 3.
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Fig. 7. 
Model of the roles of p53-regulated pro-survival signals and hypoxia-independent 

mitochondrial targeting of TIGAR in the cooperation between hrHPV E6 and cellular 

oncogenes during viral carcinogenesis. The HPV E6/E7 oncoproteins have been shown 

to activate c-Myc-dependent transcription and cooperate with c-Myc to induce cellular 

proliferation and immortalization (Strickland and Vande Pol, 2016; Zhang et al., 2017; 

McMurray and McCance, 2003). However, aberrant oncogenic c-Myc expression can 

cause DNA-damage, activate p53, and induce p53-K120-acetylation and p53-dependent 

cellular apoptosis (shaded in red; Vafa et al., 2002; Hermeking and Eick, 1994; Romeo 

et al., 2018). The HPV E6 oncoprotein destabilizes the p53-cofactor TIP60 through 

recruitment of the E3 ubiquitin-ligase, EDD1/UBR5, and inhibits p53-K120-acetylation 

and p53-dependent apoptosis (Jha et al., 2010; Subbaiah et al., 2016). Whereas the 

TIGAR protein has been shown to target mitochondrial membranes and protect cells 

against the accumulation of damaging ROS under hypoxic conditions –dependent upon 

HIF-1α activation and interactions with hexokinase-2 (HK2) (Bensaad et al., 2006; 

Cheung et al., 2012), our studies demonstrate that the hrHPV E6 oncoproteins induce a 

pseudohypoxic response and activate PI3K/PI5P4K/AKT-signaling to promote the serine-

phosphorylation and mitochondrial targeting of TIGAR which counters the oxidative stress/

cytotoxicity associated with oncogenic proproliferative signaling during HPV-associated 

cervical carcinogenesis (shaded in blue).
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