
UCSF
UC San Francisco Previously Published Works

Title
HIV-1 Reverse Transcriptase Expression in HPV16-Infected Epidermoid Carcinoma Cells 
Alters E6 Expression and Cellular Metabolism, and Induces a Hybrid 
Epithelial/Mesenchymal Cell Phenotype.

Permalink
https://escholarship.org/uc/item/6wk777vh

Journal
Viruses, 16(2)

Authors
Zhitkevich, Alla
Bayurova, Ekaterina
Avdoshina, Darya
et al.

Publication Date
2024-01-26

DOI
10.3390/v16020193
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6wk777vh
https://escholarship.org/uc/item/6wk777vh#author
https://escholarship.org
http://www.cdlib.org/


Citation: Zhitkevich, A.; Bayurova, E.;

Avdoshina, D.; Zakirova, N.; Frolova, G.;

Jansons, J.; Chowdhury, S.; Ivanov, A.;

Gordeychuk, I.; Palefsky, J.M.; et al.

HIV-1 Reverse Transcriptase Expression

in HPV16-Infected Epidermoid

Carcinoma Cells Alters E6 Expression

and Cellular Metabolism, and Induces

a Hybrid Epithelial/Mesenchymal

Cell Phenotype. Viruses 2024, 16, 193.

https://doi.org/10.3390/v16020193

Academic Editor: Daniel DiMaio

Received: 21 December 2023

Revised: 22 January 2024

Accepted: 24 January 2024

Published: 26 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

viruses

Article

HIV-1 Reverse Transcriptase Expression in HPV16-Infected
Epidermoid Carcinoma Cells Alters E6 Expression and Cellular
Metabolism, and Induces a Hybrid Epithelial/Mesenchymal
Cell Phenotype
Alla Zhitkevich 1,* , Ekaterina Bayurova 1,2 , Darya Avdoshina 1 , Natalia Zakirova 3, Galina Frolova 1,
Juris Jansons 4,5 , Sona Chowdhury 6, Alexander Ivanov 2,3 , Ilya Gordeychuk 1,2 , Joel M. Palefsky 6

and Maria Isaguliants 5,7,*

1 Chumakov Federal Scientific Center for Research and Development of Immune-and-Biological Products
of Russian Academy of Sciences, 119991 Moscow, Russia; bayurova_eo@chumakovs.su (E.B.);
avdoshina_dv@chumakovs.su (D.A.); frolova_ga@chumakovs.su (G.F.); gordeychuk_iv@chumakovs.su (I.G.)

2 Gamaleya National Research Center for Epidemiology and Microbiology, 123098 Moscow, Russia;
aivanov@yandex.ru

3 Centre for Precision Genome Editing and Genetic Technologies for Biomedicine, Engelhardt Institute
of Molecular Biology, 119991 Moscow, Russia; nat_zakirova@mail.ru

4 Biomedical Research and Study Centers, LV-1067 Riga, Latvia; jansons@biomed.lu.lv
5 Institute of Microbiology and Virology, Riga Stradins University, LV-1007 Riga, Latvia
6 Division of Infectious Diseases, Department of Medicine, University of California, San Francisco, CA 94143, USA;

sona.chowdhury@ucsf.edu (S.C.); joel.palefsky@ucsf.edu (J.M.P.)
7 Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, 171 77 Stockholm, Sweden
* Correspondence: zhitkevich_as@chumakovs.su (A.Z.); maria.issagouliantis@rsu.lv (M.I.)

Abstract: The high incidence of epithelial malignancies in HIV-1 infected individuals is associated
with co-infection with oncogenic viruses, such as high-risk human papillomaviruses (HR HPVs),
mostly HPV16. The molecular mechanisms underlying the HIV-1-associated increase in epithelial
malignancies are not fully understood. A collaboration between HIV-1 and HR HPVs in the malignant
transformation of epithelial cells has long been anticipated. Here, we delineated the effects of HIV-1
reverse transcriptase on the in vitro and in vivo properties of HPV16-infected cervical cancer cells.
A human cervical carcinoma cell line infected with HPV16 (Ca Ski) was made to express HIV-1
reverse transcriptase (RT) by lentiviral transduction. The levels of the mRNA of the E6 isoforms
and of the factors characteristic to the epithelial/mesenchymal transition were assessed by real-time
RT-PCR. The parameters of glycolysis and mitochondrial respiration were determined using Seahorse
technology. RT expressing Ca Ski subclones were assessed for the capacity to form tumors in nude
mice. RT expression increased the expression of the E6*I isoform, modulated the expression of
E-CADHERIN and VIMENTIN, indicating the presence of a hybrid epithelial/mesenchymal pheno-
type, enhanced glycolysis, and inhibited mitochondrial respiration. In addition, the expression of
RT induced phenotypic alterations impacting cell motility, clonogenic activity, and the capacity of
Ca Ski cells to form tumors in nude mice. These findings suggest that HIV-RT, a multifunctional
protein, affects HPV16-induced oncogenesis, which is achieved through modulation of the expression
of the E6 oncoprotein. These results highlight a complex interplay between HIV antigens and HPV
oncoproteins potentiating the malignant transformation of epithelial cells.

Keywords: HIV-1; reverse transcriptase; HPV16-positive cells; E6*I isoform expression; glycolysis;
mitochondrial respiration

1. Introduction

People living with human immunodeficiency virus (HIV-1) (PLWH) are at an increased
risk of developing epithelial cell cancer, even with long-term successful antiretroviral ther-
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apy [1]. One of the driving mechanisms was suggested to be the direct tumorigenic effects
of some HIV-1 proteins, specifically their ability to cause the malignant transformation
of epithelial cells [2]. HIV proteins tat, nef, gp120, matrix protein p17, and reverse tran-
scriptase (RT) induce oxidative stress with serious consequences in the form of DNA,
protein, and lipid damage, as well as changes in intracellular signaling, and have a direct
carcinogenic potential in vivo [3–5]. Another potent driver is co-infection with oncogenic
viruses, such as the hepatitis B virus (HBV), hepatitis C virus (HCV), Epstein–Barr virus
(EBV), or cytomegalovirus (CMV) [6]. Individuals with HIV, especially with acquired
immunodeficiency syndrome (AIDS), are at a specifically high risk of developing cancers
associated with infection with human papilloma viruses (HPV) [7–12]. Infection with high
risk HPVs (HR HPVs) is responsible for most cases of cervical and anal cancer, as well as a
subset of cancers of the oropharynx, penis, vagina, and vulva [13–16]. Women living with
HIV are six times more likely to develop cervical cancer compared to women without HIV,
and an estimated 5% of new cervical cancer cases are attributable to HIV [15]. Cervical
cancer in HIV-infected women shows specific features: it occurs at a younger age than in
the general population, reveals advanced stages at presentation, develops metastases in
unusual locations, demonstrates a poor response to treatment, a higher recurrence rate, and
a shorter time interval to death [17]. Anal cancer is also more common in immunocompro-
mised individuals, specifically PLWH [18,19]. Even in HIV patients with CD4 cell counts
over 500/µL, the risk of developing anal cancer was shown to be more than 20-fold higher
than among the general population [20]. Anal infections with HR HPVs are very common
among HIV-infected women and men who have sex with men (MSM). The unadjusted anal
cancer incidence rates per 100,000 person years were reported to be 2 for HIV-uninfected
men, 46 for other HIV+ men and 131 for HIV + MSM [21–24].

Cooperation between HIV-1 and HR HPVs, specifically, HPV16 in the malignant
transformation of epithelial cells has long been anticipated, with HR HPVs infecting epithe-
lial cells [25,26], and HIV-1 entering these cells by multiple unconventional mechanisms
such as transversion of the epithelial lining or “natural pseudotyping” [27–30]. HIV-1
can also release into extracellular space viral antigens which affect the “innocent” by-
stander cells [2,31]. This enables an interaction between HIV-1 and HPV viral proteins
in HPV-infected epithelial cells. The possibility of molecular interactions between these
viruses and/or their antigens leading to an enhanced risk of developing cancer have been
independently addressed in several studies. As an example, HIV-1 nef is transported from
HIV-1-infected cells to the neighboring target cells via filopodia and/or exosomes [32–34]
and interacts with the ubiquitin (Ub)-protein ligase E3A (UBE3A/E6AP) complex [35] tar-
geting the tumor suppressor p53 for ubiquitination and degradation, thereby contributing
to HPV-induced cervical carcinogenesis [36–38]. The effects of HIV-1 and HR HPVs can be
independent or bidirectional, potentiating one another.

As of today, the data on the direct interactions between HPV and other HIV-1 proteins
is limited. HIV-1 tat was shown to increase the expression of HPV E6 and E7 oncoproteins,
enhancing the E6 and E7 mediated oncogenic effects of HPV [39–42], as well as to increase
E2 transcription, which modulated HPV replication [43]. HIV-1 rev was found to increase
the expression of HPV L1 [44], a phenomenon mechanistically unclear given the nuclear
localization of Rev in HIV-1-infected cells. The same applies to other HIV-1 antigens: the
nuclear protein vpr involved in cell cycle regulation [45], the envelope protein gp120, and re-
verse transcriptase (RT). Vpr was shown to interact with E6 in cervical cancer cells [46]. Both
gp120 and RT increase the expression of HPV16 E6 in HPV16 infected immortalized and/or
completely transformed epithelial cells, while other HIV-1 proteins, such as capsid protein
p24, had no effect [2]. Furthermore, the prolonged interaction of HIV-1 proteins gp120
and tat and cell-free HIV-1 virions with HPV16-immortalized anal, cervical, and oral ep-
ithelial cells was found to stimulate EMT and increase the invasiveness of HPV16-infected
cells [47,48]. Overall, these data indicate that the presence of HIV-1 and/or its antigens in
HPV16-infected neoplastic cells may potentiate HPV-associated tumorigenicity, making
HIV-1 infection an integral part of the process of HPV-associated tumorigenesis.
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Earlier, we have shown that the expression of HIV-1 RT in murine adenocarcinoma
cells induces the production of reactive oxygen species (ROS) and genetic instability; this, in
turn, increases the expression of factors promoting the epithelial–mesenchymal transition
(EMT). Furthermore, RT-expressing cancer cells acquire an enhanced capacity to grow
and metastasize in immunocompetent mice [2,5]. The aim of this study was to evaluate
the effect of HIV-RT on HPV16-infected human epithelial cancer cells and to determine
whether RT can modulate the phenotypic characteristics, metabolic activity, gene expression
patterns, and in vivo tumorigenicity of these cells.

2. Materials and Methods
2.1. Lentiviral Transduction of Ca Ski Cells and Isolation of Clones Expressing RT_A and
GFP Variants

The coding sequence for the consensus HIV-1 RT_A (RT_A) was synthesized by
Evrogen (Moscow, Russia). The coding sequence for RT_A was re-cloned from p6HRT_A
into the lentiviral vector pRRLSIN.cPPT.PGK (Addgene, Watertown, MA, USA) generating
the lentiviral vector pLV-RT_A as described earlier [5]. The production of lentiviral particles
was carried out in HEK293T culture cells by transfection of the pLV-RT_A in the presence
of a polyethyleneimine (PEI) (MW 25000, Polysciences, Warrington, PA, USA), as described
earlier [49]. After 48 h from transfection, cell culture medium containing viral particles
was harvested, clarified by low-speed centrifugation, and filtered through a 0.45 µm sterile
filter, followed by concentration using Amicon Ultra 100 K centrifuge concentrators (Merck-
Millipore, Darmstadt, Germany).

Infectious titers of the lentiviral particles were determined in HeLa cells by quantitative
real-time PCR using standard samples of HeLa DNA with a known number of copies of the
provirus [50]. Transduction of HPV16-infected human cervical squamous cell carcinoma Ca
Ski cells (CRL-1550) was performed with the multiplicity of lentiviral infection (MOI) of 5 and
10 transducing units per cell without the addition of polybrene. Monoclonal populations of
Ca Ski derivative clones were generated by limiting dilution in 96-well plates. Four subclones
containing RT_A DNA were re-cloned by limiting dilution, generating three derivatives from
the first-round subclone B8 (MOI 5; B8B5, B8D5, B8D2) and three from the subclone H6
(MOI 10; H6G11, H6D7, H6F8). The resulting Ca Ski derivatives were cultured in the full
RPMI-1640 (Paneco, Moscow, Russia) medium with 100 mg/mL penicillin/streptomycin
(Paneco) mix and 12% FBS (HyClone, Logan, UT, USA) (due to reduced re-cloning efficiency
and slow growth rate) at 37 ◦C with 5% CO2 and split every 2–3 days.

Control cell lines expressing a fluorescent marker were obtained with the help of the
lentiviral vector pRRLSIN.PGK.EGFP (Addgene) encoding GFP under the control of the
polyglycerate kinase (PGK) promoter. The transduced cells were cloned into 96-well plates
by limiting dilution. One individual subclone was selected based on the presence of a
fluorescent signal. The stability of GFP gene expression after two weeks in culture was
confirmed using a flow cytometer (Beckman Coulter CytoFLEX, San Jose, CA, USA).

2.2. Determination of the Number of Copies of the Provirus in the Genome of the Transduced Lines

A comparative analysis of the number of copies of the lentiviral genome in the DNA
of the Ca Ski derivatives was carried out using real-time PCR according to the protocol
used to determine the infectious titer [50]. The ∆Ct was defined as the difference between
the threshold values of two amplification reactions with primers to the housekeeping
gene (beta-actin) and to the 5′-region of the provirus genome (Supplementary Table S1).
The number of copies of the provirus was determined using a calibration curve using
control DNA samples of HeLa cells with a known number of copies of the provirus [50].

2.3. Confirmation of RT Production by Western Blotting

Production of RT_A protein was analyzed by Western blot of cell lysates. Lysates of
105 cells of each RT variant were resolved by PAGE and subjected to Western blotting using
polyclonal anti-RT rabbit antibodies [51] and anti-ß-actin monoclonal antibodies (AC-15,
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Invitrogen, Waltham, MA, USA). The lysate of the parental Ca Ski cell line was used as
a negative control. Recombinant RT_A obtained as described earlier [5] was loaded onto
the gel in fixed amounts from 1 to 27 ng per well and was used as a positive control to
build a calibration curve. Using this curve, we assessed the amount of RT in the aliquots
of cell lysates loaded onto the gel, and by dividing this value by the number of cells
used to prepare the lysate, we determined the levels of RT expression per cell for each
derivative clone. Signals from the bands were quantified by ImageJ software (version 9.4.0,
http://rsb.info.nih.gov/ij (accessed on 21 July 2021)).

2.4. Isolation of Nucleic Acids, Reverse Transcription, and Semiquantitative PCR

The cell culture medium was discarded; cells were detached using 0.05% trypsin
with EDTA (Paneco) and centrifuged at 600× g. RNA was isolated using the GeneJET
RNA Purification Kit (cat. K0731, Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions and reverse transcription was performed using the
MMLV RT kit (Evrogen, Moscow, Russia).

Gene-specific PCRs were performed on a RotorGene 6000 (Qiagen, Hilden, Ger-
many) cycler using primers specific to RT_A, E6FL, E6*I, E6*II, E7, NRF2, NQO1, GCLC,
A-TUBULIN, Y-TUBULIN, N-CADHERIN and VIMENTIN, E-CADHERIN, TWIST1, SNAI1,
and SNAI2 genes and SYBR Green (Evrogen) (Supplementary Table S1). Levels of mRNAs
were measured relative to GAPDH or GUSB mRNA. Relative gene expression levels were
calculated using the ddCt method [52].

2.5. Cell Culture and Microscopic Quantitation of Proliferation

Ca Ski and their derivative cells were maintained in RPMI-1640 (Paneco) with 10%
FBS (HyClone). The doubling time of derivative clones was estimated as described previ-
ously [5]. Briefly, adherent cells were washed with PBS and detached with 0.05% trypsin
with EDTA (Paneco). Thereafter, 10 µL of the resulting suspension was transferred to a
Gorjaev’s count chamber and cells were counted (×5). Scoring of the proliferation rate was
performed by counting cells in 20 fields of the counting grid.

The population doubling time, or the time required for a culture to double in number
were calculated using the following formula: DT = T ln2/ln(Xe/Xb), where T is the
incubation time in a given time unit; Xe is the cell number at the end of the incubation time;
and Xb is the cell number at the beginning of the incubation time (https://www.atcc.org/
resources/culture-guides/animal-cell-culture-guide (accessed on 14 June 2021)).

2.6. Measurement of Glycolysis and Mitochondrial Respiration

Glycolysis and mitochondrial respiration were assessed using Seahorse technology on
a XFe24 analyzer (Agilent Technologies, Santa-Clara, CA, USA) according to the manufac-
turer’s instructions with a number of modifications [53]. Briefly, 24 h prior to analysis, the
cells were seeded into an XF24 Cell Culture Microplate (3 × 104 cells/well) in RPMI-1640
(Paneco) with 10%FBS (HyClone), with four replicates.

For the MitoStress test, 45 min before analysis, the media were changed to DMEM
(Gibco, Thermo Fisher Scientific) lacking phenol red dye and bicarbonate and supplemented
with 2 mM glutamine. The plate was kept at 37 ◦C, in a normal atmosphere. To evaluate
respiration-linked ATP production, maximum respiratory capacity, and non-mitochondrial
respiration, ATP-synthase inhibitor oligomycin, uncoupler FCCP, and a mixture of complex
I and III inhibitors rotenone and antimycin were added to final concentrations of 1 µM
(Oligomycin), 0.75 µM and 1.5 µM (FCCP), and 1 µM each of rotenone/antimycin. For each
condition, three readings were performed at 3 min intervals.

In the case of the GlycoStress test, 30 min prior to analysis, the medium was changed
to DMEM lacking phenol red dye, bicarbonate, and glucose, and supplemented with 2 mM
glutamine. During the assay 11 mM and 30 mM glycose, 1 µM oligomycin and 50 mM
2-deoxyglucose were added to access basal glycolysis, maximal glycolytic capacity, and
non-glycolytic acidification, respectively.

http://rsb.info.nih.gov/ij
https://www.atcc.org/resources/culture-guides/animal-cell-culture-guide
https://www.atcc.org/resources/culture-guides/animal-cell-culture-guide
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After the analysis, the cells were lysed, and the total protein concentration was mea-
sured using the PierceBCA Protein Assay Kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The MitoStress and GlycoStress test results were normalized
to the total protein levels. The raw data were processed using Seahorse Wave Desktop
software (Agilent Technologies) and further analyzed using GraphPad Prism version
9.4.0 software (GraphPad Software, La Jolla, CA, USA).

2.7. Assessment of the Production of Reactive Oxygen Species (ROS)

The production of ROS was accessed using redox-sensitive fluorescent probes: dihy-
droethidium (DHE) and 2′,7′-dichlorodihydrofluoresceine diacetate (DCFH2-DA). The cells
were stained as described earlier [54]. Stained cells were incubated at room temperature
for 30 min in a fresh medium containing 25 µM DCFH2-DA, washed 10 times with 0.5 mL
PBS, and resuspended in 200 µL PBS. The fluorescence intensities (FLI) were recorded on a
Plate CHAMELEON V reader (Hidex Ltd., Turku, Finland). Specific levels of superoxide
anions were measured after treating the cells with 25 µM dihydroethidium (DHE) using
the protocol given above for DCFH2-DA. In the case of DHE, FLI were measured with
excitation at 510 nm and emission at 590 nm, and in the case of DCFH2-DA, with excitation
at 485 nm and emission at 535 nm.

2.8. Wound Healing Assay

The effect of RT_A and GFP expression on Ca Ski cell migration was assessed using the
wound healing assay [55]. Cells were grown in 96-well plates until a 100% monolayer was
achieved. The surface of the well was scratched with a pipette tip. Eight repeats per each
cell subclone were washed with PBS followed by medium change and continuously imaged
using CELENA® X High Content Imaging System (Anyang-si, Gyeonggi-do, Republic of
Korea) at 4× magnification for 24 h. The images were processed using the ImageJ/Fiji®

module, quantifying the entire area of the wound, the average width of the wound and the
standard deviation of the width in all images. Data reflecting the change in the area values
(size of the wound) for each individual repeat during each hour of monitoring were used
to build a slope-intercept from y = mx + b, where “m” is the slope (or steepness) of a line,
“b” is the y-intercept where the line crosses the y-axis, and therefrom calculate the slope
parameter by setting y = b/2 (i.e., the point at which the gap is half the original area) and
solving for x. The speed of migration (U) was calculated as U = |slope, m|/2×L, where
L is the length of the wound [55].

2.9. Clonogenic Assay

To analyze the effect of RT on clonogenic activity, cells were plated in 60 mm dishes
with 200 cells and incubated under standard conditions, after which single cells formed
colonies. The mean size and number of the colonies were measured at 21 days post seeding.
Colonies were washed three times with PBS, fixed with 100% methanol, and stained with
0.5% crystal violet. Thereafter, their number and mean size were quantified using ImageJ
software (https://imagej.net/ij/download.html (accessed on 21 July, 2021)). Each assay
was performed in triplicate.

2.10. Cell Cycle Analysis

The representation of Ca Ski subclones in different stages of the cell cycle was assessed
by flow cytometry as described previously [56]. In brief, cells were cultured in a T25 culture
flask, detached, sedimented, and washed twice with PBS. Thereafter, cells were fixed with
chilled 70% ethanol, incubated on ice for 30 min, washed again with cold PBS, stained with
propidium iodide (PI) dye (25 µg/mL), and treated with the solution of RNase A (50 µg/mL)
followed by incubation at room temperature for 30 min. Finally, the cell cycle distribution of
the cells was carried out by using a flow cytometer (Beckman Coulter CytoFLEX, San Jose,
CA, USA). The distribution of cells in G1/G0, S, and G2/M areas was assessed using FlowJo
software (https://www.flowjo.com (accessed on 29 November 2021)).

https://imagej.net/ij/download.html
https://www.flowjo.com
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2.11. Assessment of Tumorigenicity of Ca Ski Derivative Clones

The capacity of the derivative cell lines to form tumors was tested by ectopic implan-
tation into 8-week-old female Nu/J mice. The animal experiments were performed in the
animal facilities of the NF Gamaleya Research Center of Epidemiology and Microbiology
(GRCEM, Moscow, Russia), Ministry of Health of the Russian Federation (Moscow, Russia).
The experiments were carried out in accordance with the bioethical principles adopted by
the European Convention for the Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (Strasbourg, France, 1986). The experimental procedures
were approved by the ethical committee of the Gamaleya National Research Center for
Epidemiology and Microbiology (protocol N10, 14 March 2017 prolonged to protocol N39,
24 March 2023). Six-week-old 17 g Nu/J mice from the nursery of the Center for Collective
Use “SPF-vivarium” of the Federal Research Center Institute of Cytology and Genetics,
Siberian Branch of Russian Academy of Sciences (Novosibirsk, Russia) were housed un-
der a 12 h/12 h light–dark cycle with ad libitum access to water and food and used for
experiments after two weeks of adaptation.

Prior to injection, Ca Ski and derivative clones grown in the RPMI-1640 (Paneco) with
10% FBS (HyClone) were detached, sedimented, washed with serum-free medium, and
then stained for viability with trypan blue dye (Life Technologies, Carlsbad, CA, USA).
They were then counted in a Gorjaev count chamber and aliquoted 105 in 50 µL and 106 in
100 µL of RPMI-1640 in sterile tubes. Aliquots were injected subcutaneously into two sites,
to the right and to the left of the base of the tail with a 25 G needle mounted on an insulin
syringe (B Braun, Melsungen, Germany) (for injection scheme, see Figure 1).
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Figure 1. Mice were marked with a special label and placed in 4 groups of 6 animals per cage. Group
1—the control group implanted with Ca Ski; Group 2 implanted with the Ca Ski GFP G9 subclone;
Group 3, mice implanted with the Ca Ski RT_A B8B5 subclone; Group 4, mice implanted with the Ca
Ski RT_A H6G11 subclone. In each group, mice nn 1–3 were implanted with 105 cells on the left, and
105 cells on the right, and mice nn 4–6 were implanted with 106 cells on the left, 106 cells on the right
from the back of the tail.
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Tumor size was assessed by morphometric measurements obtained at regular intervals
on days 3, 5, 8, 11, 15, 18, 22, 25, and 29 after injection using calipers. Tumor volume was
calculated using the standard formula for xenograft volume [57]: V = L × W2/2, where
V is the tumor volume, L is the length (the longest dimension), W is the width (the distance
perpendicular to and in same plane as the length). The humane end point of the experiment
was considered when one of the parameters (length and/or width) of the tumor reached
1 cm. At the end of the experiment, 29 days after implantation, the mice were anesthetized
with Zoletil 100 (Virbac, Carros, France) and humanely euthanized by cervical dislocation.
The tumors and spleens were surgically excised and weighed.

2.12. Statistical Analysis

Data were analyzed using nonparametrical and parametrical statistics (GraphPad
Prism 9 Software, San Diego, CA, USA). Continuous but not normally distributed variables,
such as doubling time, cell cycle, count and size of colonies, tumor volume, and tumor
weight were compared in groups using Dunn’s test for pairwise multiple comparisons
of the ranked data as the post hoc test following the Kruskal–Wallis test and pairwise
using the Mann–Whitney U test with Bonferroni correction. Normally distributed variables
were analyzed using the Unpaired t test with Bonferroni correction. Correlation analysis
was performed using the Spearman Rank Correlation test. For all analyses, p < 0.05 was
considered significant.

3. Results
3.1. Lentivirally Transduced Ca Ski Cells Express HIV-1 Reverse Transcriptase

For the human cervical squamous carcinoma cell line Ca Ski with an integrated
HPV16 genome (CRL-1550; [58]), the supplementation of HIV-1 RT variants into the culture
medium led to an increase in the expression of HPV16 E6 [2]. Here, we aimed to assess
whether RT has a systemic effect on Ca Ski cells. Cells were transduced with lentiviral
particles expressing HIV-1 RT under the control of the human phosphoglycerate kinase
gene (hPGK) promoter. After two rounds of single cell cloning, we obtained a panel of
subclones, three derived from subclone B8 with one copy of the RT_A coding sequence
per cell genome (B8B5, B8D5, B8D2; Table 1), and three derived from subclone H6 with
six copies of the RT_A coding sequence per cell genome (H6G11, H6D7, H6F8; Table 1).
The expression of the RT mRNA was confirmed by RT PCR, and of the RT_A protein, by
Western blotting (Table 1; Figure 2A,B). All RT_A Ca Ski subclones produced a protein with
the expected molecular mass of 66 kDa, specifically recognized by anti-RT antibodies [59]
(Figure 2A). Subclones with six RT_A DNA inserts were characterized by a higher level of
RT_A production compared to subclones with one insert (Table 1; Figure 2B). The level of
RT_A expression per cell (determined based on the relative levels of RT_A and a calibration
curve built using recombinant RT [5]) varied from 20 to 55 fg per cell (Table 1).

Table 1. Subclones of Ca Ski expressing the consensus RT of HIV-1 clade A FSU_A strain (RT_A)
obtained by lentiviral transduction of Ca Ski cells at different multiplicities of infection (MOI).

Transgene Monoclonal
Cell Line MOI Number of Copies

per Genome Series Relative Expression of
mRNA (RT), 2−ddCt

Quantification of RT_A
Protein Expression (fg/Cell)

B8B5 5 1 2.40 ± 0.19 45.13 ± 4.0

B8D5 5 1 1 RT_A 1 ± 0.53 26.82 ± 13.66

RT_A B8D2 5 1 1.99 ± 0.19 20.50 ± 12.13

H6G11 10 6 12.61 ± 0.09 55.35 ± 12.82

H6D7 10 6 6 RT_A 12.64 ± 0.13 52.30 ± 6.87

H6F8 10 6 14.25 ± 0.32 53.26 ± 10.99
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Figure 2. Relative expression levels of the transgene in the Ca Ski subclones with genomic inserts
of the coding sequence of the consensus reverse transcriptase of HIV-1 FSU_A (RT_A). (A) Western
blot analysis of the lysates of Ca Ski subclones stained with rabbit polyclonal anti-RT antibodies [59]
(Panel I), and re-stained anti-β-actin monoclonal antibodies (Panel II).The parental Ca Ski cell line
and GFP control serves as a reference. Recombinant RT_A (9 ng) resolved in PAGE after Western
blotting (Panel III). The position of the weight mass markers is shown on the left. (B) Quantification
of RT_A expression using ImageJ. The signal in the lane corresponding to a given derivative clone
was quantified using the calibration curve built with the help of recombinant RT_A. The total amount
of the expressed RT_A variant was divided by the number of cells used to make the lysate. The results
are presented as the mean ± SD. Statistical significance was assessed using the unpaired t test with
Bonferroni correction. ns: not significant; * p < 0.05; ** p < 0.01.

An effective strategy for mitigating the nonspecific effects of viral transduction on cell
line properties is to generate control cells expressing unrelated proteins. This enables the
assessment of both the effects of lentiviral transduction per se, and of the metabolic burden
due to the overexpression of exogenic protein [60,61]. Here, we obtained control cells by
the transduction of Ca Ski with a lentivirus carrying a GFP coding sequence under the
control of the PGK promoter, as was done for RT_A. The respective Ca Ski GFP G9 subclone
carried six copies of the GFP gene per genome. The expression of GFP was confirmed by
flow cytometry (Supplementary Figure S1).

3.2. RT Increases the Expression of the HPV16 E6*I Isoform

Of the cell line properties that RT_A expression can modulate, we first evaluated the
levels of the expression of the mRNA of full-length E6 (E6FL), its constitutive isoforms
E6*I and E6*II [62,63], and E7. The expression levels of E6FL (full-length), E6*II, and E7
were increased in single subclones, but the effect was not associated with the expression of
RT_A and could have been due to lentiviral transduction (Supplementary Figure S2). E6*I
isoform expression was increased in Ca Ski GFP control cells as compared to Ca Ski, with
the difference attributable to the effect of lentiviral transduction (Figure 3A). Moreover, all
RT-expressing subclones, with one as well as with six RT_A DNA inserts, demonstrated
the increased expression of the E6*I isoform over that observed in the Ca Ski GFP control
(Figure 3A,B). Interestingly, we observed a decrease in E6*I expression in clones with six
copies of the RT_A DNA insert compared to one copy, suggesting that the overexpression
of RT_A was mitigating a nonspecific effect of lentiviral transduction (Figure 3B). The effect
was not related to the level of RT_A expression, as there was no difference in the levels of
E6*I in Ca Ski subclones with a high and a low level of RT_A expression (Figure 3B).
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Figure 3. Relative mRNA expression levels of isoform I of HPV16 E6 (E6*I) in Ca Ski subclones
expressing consensus HIV-1 FSU_A reverse transcriptase compared to Ca Ski expressing GFP and
parental Ca Ski cells. (A) Levels of mRNA of E6*I in individual subclones and parental Ca Ski.
* Significant difference from the value of the gene expression level in the GFP subclone (p < 0.05;
unpaired t test with Bonferroni correction). (B) Comparison of the levels of E6*I mRNA in Ca
Ski subclone groups according the number of RT_A DNA inserts: one RT_A (B8B5, B8D5, B8D2)
and 6 RT_A (H6G11, H6D7, H6F8), and the level of RT_A expression determined by Western blot
(<40 fg/cell, low, B8D5 and B8D2 subclones; >41 fg/cell, high, B8B5, H6G11, H6D7, H6F8 subclones)
(Table 1). The expression level was normalized to GAPDH expression and calculated as a fold change
compared to the parental Ca Ski line. The results are presented as the mean ± SD, ns: not significant;
* p < 0.05; ** p < 0.01. # Significant difference from the value of the gene expression level in the GFP
subclone (# p < 0.05; ## p < 0.01; #### p < 0.0001; unpaired t test with Bonferroni correction).

Thus, the constitutive expression of HIV-1 RT in Ca Ski cells increased the level of
expression of E6*I mRNA, but had little effect on the level of the transcripts of E6*II isoform,
or of the full length E6, or E7. Since the E6*I isoform plays a crucial role in HPV16-driven
carcinogenesis [64], we have launched a study of the features of Ca Ski subclones associated
with their tumorigenicity in vitro and in vivo.

3.3. HIV-1 RT Expression Increases the Extracellular Acidification Rate and Decreases the Oxygen
Consumption Rate of Ca Ski Cells

We sought to find out whether RT, when expressed in Ca Ski, caused changes in
their metabolism, specifically, in glycolysis and mitochondrial respiration. Changes in
glycolysis were quantified by assessing the extracellular acidification rate (ECAR) of the
culture medium, and changes in substrate utilization in mitochondrial respiration were
quantified by measuring the oxygen consumption rate (OCR).

3.3.1. HIV-1 RT Expression in Ca Ski Cells Increases Glycolysis

During glycolysis, glucose is converted to pyruvate, which is transported into mi-
tochondria by subsequent incorporation into the Krebs cycle or secreted in the form of
lactate. Enhanced aerobic glycolysis constitutes an additional source of energy for tumor
proliferation and metastasis [65]. The efficiency of glycolysis was evaluated using the
Seahorse analyzer, which allows for the evaluation of the levels of the acidification of the
culture medium using the GlycoStress test method (Figure 4A). Firstly, acidification was
assessed in the absence of glucose (the level of non-glycolytic acidification, which is caused
by cell processes other than glycolysis; Figure 4A), and thereafter, in the presence of glucose
in low- (11 mM; Figure 4A,B) and high-glucose DMEM medium (30 mM, Figure 4A,C).
Further, we assessed acidification in cells treated with the mitochondrial ATPase inhibitor
oligomycin, which activates glycolysis to the maximum possible level to compensate for
abrupted ATP synthesis [66] (Figure 4A,D), and lastly, in the cells treated with the inhibitor
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of the first stage of glycolysis, 2-deoxy-D-glucose (2-DG) (Figure 4A). The glycolytic reserve
was calculated as the difference between the maximum glycolytic capacity and the level of
glycolysis at 30 mM of glucose (Figure 4E).
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Figure 4. Expression of HIV-1 reverse transcriptase (RT_A) in Ca Ski cells causes an increase in
the intensity of glycolysis. The glycolysis efficiency of Ca Ski derivatives was evaluated using a
Seahorse analyzer according to the GlycoStress test method (A). The determination of ECAR in
medium with a low, 11 mM (B), and high, 30 mM glucose concentration (C); maximum ECAR values
upon stimulation with 1 µM oligomycin (D); the difference between the maximum glycolytic capacity
and the level of glycolysis at 30 mM glucose (E). ECAR values are expressed in units of mpH/min
and normalized to 1 mg of total cellular protein (mpH/min/Norm. Unit). The Ca Ski subclones with
one genomic insert of the RT_A coding sequence (B8B5, B8D5, B8D2) are designated as “1 RT_A”,
and those with six inserts as “6 RT_A” (H6G11, H6D7, H6F8), Ca Ski with six genomic inserts of
GFP is provided as a control. The efficiency of glycolysis in individual subclones is presented in
Supplementary Figure S3. Histograms are presented as the mean ± SD for the analysis performed in
quadruplicate. Significant difference from the value of the gene expression level in the GFP subclone
(p < 0.05; unpaired t test with Bonferroni correction). ns: not significant; * p < 0.05; *** p < 0.001.

The Ca Ski subclones with six RT_A gene inserts demonstrated increased acidification
at low and high glucose levels, reflecting an increase in the basal and maximal glycolysis,
respectively (Figure 4B,C), and an increased maximum glycolytic capacity (Figure 4D).
No changes were observed in the Ca Ski subclone expressing GFP (Figure 4B–D). Hence,
the above changes were not associated with either lentiviral transduction, or metabolic
burden on the cells due to the (over) expression of a foreign protein. Thus, the constitutive
expression of RT_A in Ca Ski cells caused an increase in the intensity of glycolysis under
aerobic conditions. A decrease in the glycolytic reserve was observed in both the GFP and
six RT-expressing subclones and could have been due to lentiviral transduction (Figure 4E).
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3.3.2. HIV-1 RT Expression in Ca Ski Cells Suppresses Mitochondrial Respiration

Mitochondrial respiration shows the activity of the oxidative phosphorylation system and
the related processes of the Krebs cycle, which provides the respiratory system with substrates.

The influence of HIV-1 RT_A on the respiratory activity of mitochondria was assessed
on a Seahorse analyzer using the MitoStress method (Figure 5A). Firstly, we determined
the basic level of respiration (Figure 5A,B), then the decrease in respiratory activity after
treatment with oligomycin which inhibits ATP synthase; the data obtained reflected the
level of ATP synthesis by the oxidative phosphorylation system (Figure 5A,C). Thereafter,
the respiration was induced to the maximum possible level by the addition of the pro-
ton transport uncoupler carbonyl cyanide-4-trifluoromethoxyphenylhydrazone (FCCP)
(Figure 5A,D). The difference between the levels of basal and maximum respiration defined
the “spare capacity” [67] (Figure 5E). At the final stage, we assessed the residual level
of respiration (non-mitochondrial respiration) by adding the inhibitors of mitochondrial
complexes I and III, rotenone and antimycin (Figure 5A,F). The difference between the
maximum level of oxygen uptake and the level after the addition of oligomycin reflected
the intensity of proton leakage (Supplementary Figure S4).
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Figure 5. The expression of HIV-1 reverse transcriptase (RT_A) in Ca Ski cells decreases the respiratory
activity of mitochondria. The respiratory activity of Ca Ski derivatives was analyzed using Seahorse
technology and the MitoStress reagent kit (A). Basal respiration rate determined as the difference
between baseline and non-mitochondrial OCR values (B). ATP-bound OCR determined as the
difference between the basal OCR and OCR inhibited by antimycin A (C). Maximum OCR value
stimulated by the addition of low FCCP at concentrations of 0.75 µM (D) and high 1.5 µM (E).
Difference between the levels of basal and maximum respiration (F). OCR values are expressed in
units of pmol/min and normalized to 1 mg of total cellular protein (pmol/min/Norm. Unit). Ca Ski
subclones with one genomic insert of RT_A coding sequence (B8B5, B8D5, B8D2) are designated as
“1 RT_A”, and those with six inserts as “6 RT_A” (H6G11, H6D7, H6F8), Ca Ski with six genomic
inserts of GFP is provided as a control. The respiratory activity of mitochondria in individual subclones
was presented in Supplementary Figure S4. Histograms are presented as the mean ± SD for the analysis
performed in quadruplicate. Significant difference from the value of the gene expression level in the GFP
subclone (p < 0.05; unpaired t test with Bonferroni correction). ns: not significant; * p < 0.05; ** p < 0.01.
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The Ca Ski GFP subclone demonstrated a decrease in the basal respiration, ATP pro-
duction, maximal respiration with low FCCP, and the spare capacity compared to Ca
Ski (Figure 5B–D,F), all of which are phenomena attributable to lentiviral transduction.
For maximal respiration with high FCCP, there were no statistical differences due to the
non-normal distribution of the data (Figure 5E). As most of the mitochondrial respiration
parameters in Ca Ski subclones with both one and six RT_A gene inserts (1 RT_A and
6 RT_A) did not differ from each other, these subgroups were pooled and compared to the
parameters of Ca Ski GFP. Overall, RT_A expressing Ca Ski subclones had decreased levels
of ATP production, maximal respiration with high FCCP, and the spare capacity as com-
pared to Ca Ski GFP (Figure 5C,E,F). The level of proton leak did not differ (Supplementary
Figure S4). Thus, on the background of the lentiviral transduction-associated decrease
in mitochondrial respiration parameters, the expression of RT_A has further suppressed
mitochondrial respiration beyond the levels observed in Ca Ski cells and in the GFP control.

3.4. The Expression of HIV-1 RT Did Not Lead to Changes in the Cytoskeleton

Changes in mitochondrial homeostasis can be due to the changes in the cell cytoskele-
ton. To determine if this was the case, we tested if the expression of RT affects the structure
of microtubule (MT) by assessing the expression of A-tubulin, and whether RT modulates
the MT-supported mitochondrial network by assessing the expression of Y-tubulin. No dif-
ferences were observed between the RT_A and GFP expressing Ca Ski subclones in the
levels of the mRNA of either A-TUBULIN or Y-TUBULIN. The single RT_A subclones and
the GFP subclone demonstrated a tendency for decreased levels of Y-TUBULIN mRNA, but
it did not reach a level of significance (Supplementary Figure S5). These data imply that
the observed changes in the glycolysis and mitochondrial respiration of RT_A-expressing
Ca Ski subclones were not due to RT_A induced rearrangements of the cytoskeleton.

3.5. The Expression of HIV-1 RT in Epithelial Ca Ski Cells Does Not Induce Oxidative Stress

Switching to a more glycolytic metabolism is associated with a decrease in ROS [68];
while E6*I expression increases ROS in HPV16-infected cells [69]. To test what would be the
cumulative effect of E6*I and RT expression, we assessed the levels of ROS in Ca Ski and in
Ca Ski subclones. The levels of ROS production in Ca Ski derivatives were assessed using
intracellular fluorescent probes: 2′,7′-dichlorodihydrofluoresceine diacetate (DCFH2-DA)
and dihydroethidium (DHE). DCFH2-DA reacts to various types of ROS, including H2O2,
O2

•−, and hydroxyl radicals, yielding a fluorescent product that allows for the assessment
of the general redox status of a cell, whereas DHE senses only superoxide (O2

•−) [70,71].
We could not use the GFP subclone as a control due to the overlap of the fluorescence

emission spectra for DCFH2-DA and GFP. A significant decrease in the overall level of ROS
production, compared to that in the parental Ca Ski cells, was observed in four out of six
RT_A expressing subclones except for B8D2 and H6D7 (Table 1) (Figure 6A). At the same
time, staining with DHE demonstrated no change in the levels of production of superoxide
in either in RT_A or control GFP-expressing Ca Ski cells (Figure 6B). Thus, the expression of
RT_A in Ca Ski cells caused a reduction in the production of ROS (H2O2, hydroxyl radicals),
but not of superoxide O2

•−. Due to the inability to use GFP subclone as the assay control,
we could not distinguish whether this effect was due to lentiviral transduction as such or
to the (over) expression of a foreign protein or, specifically, to (over) expression of RT_A.

To circumvent the limitation of the assays with fluorescent probes, we turned to
the assessment of the expression of the transcription factors involved in cellular redox
balance: nuclear factor erythroid 2–related factor 2 (Nrf2); enzymes performing glutathione
biosynthesis, namely glutamate-cystein ligase (GCLC); and the enzyme of Phase II of the
oxidative stress response, NAD(P)H quinone oxidoreductase 1 (NQO1). The levels of the
mRNA of NRF2, GCLC, and NQO1 in the RT-expressing Ca Ski subclones were compared
to their levels in the GFP control and in the parental Ca Ski cells. For all subclones,
we observed a significant decrease in the expression of NRF2 and NQO1 mRNA, but a
decrease in the levels of GCLC mRNA did not reach the level of significance (Figure 7A–C).



Viruses 2024, 16, 193 13 of 29

No differences were observed between the RT_A and GFP expressing subclones, indicating
that the effect was due to lentivirus transduction.
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Thus, in contrast to our observations for RT_A expressing mammary gland adenocar-
cinoma 4T1 cells [72], the stable expression of HIV-1 RT in Ca Ski cells did not increase the
production of ROS, or the expression of transcription factor NRF2 associated with oxidative
stress, or of the enzymes of Phase II protection from oxidative stress, i.e., had no effect on
the redox balance of Ca Ski cells.

3.6. Lentivirus-Transduced Ca Ski Express Reduced Levels of Factors Associated with
Epithelial–Mesenchymal Transition

As we have shown that the expression of HIV-1 RT causes a metabolic shift towards
glycolysis, we next determined whether RT_A expression modulates the epithelial-to-
mesenchymal transition (EMT), since EMT is tightly linked to the metabolism of glucose.
To normalize the expression level, we used the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene, which is one of the most commonly used housekeeping genes. The control



Viruses 2024, 16, 193 14 of 29

GFP Ca Ski subclone demonstrated an increased expression of the mRNA of the factors
associated with EMT, namely VIMENTIN and N-CADHERIN, the two markers of the
mesenchymal state which promote the acquisition of spindle-shaped mesenchymal cell
morphology [73], while the levels of E-CADHERIN mRNA were unchanged compared
to the parental cells (Supplementary Figure S6A–C). In contrast to Ca Ski GFP, Ca Ski
RT_A demonstrated an increase in the expression of E-CADHERIN mRNA (p < 0.05 for
one RT_A, and p < 0.1 for 6 RT_A subclones; Supplementary Figure S6A), manifesting the
loss of the typical heterogeneous morphology of epithelial cells. At the same time, Ca Ski
RT_A subclones did not differ from the GFP subclone in the levels of N-CADHERIN and
demonstrated decreased levels of VIMENTIN mRNA (Supplementary Figure S6B,C). The ex-
pression of TWIST1 did not differ from that in the GFP control (Supplementary Figure S7).
The expression of SNAI1 and SNAI2 in Ca Ski RT_A subclones was reduced compared to
the Ca Ski GFP control only in single subclones (Supplementary Figure S7).

However, GAPDH is known for its function in cellular metabolism [74], hence, it
may not constitute an optimal housekeeping gene for cells demonstrating alterations in
glycolysis. Hence, we have also assessed the expression level of EMT factors in relation to
the GUSB gene. The expression of VIMENTIN demonstrated the same pattern as the one
observed using GAPDH (Figure 8B). At the same time, in the GFP control cells, we observed
a decrease in the expression of E-CADHERIN, while the expression of N-CADHERIN re-
mained unchanged compared to the parental cells. When compared to the GFP control,
Ca Ski 6 RT_A subclones demonstrated an increase in the expression of the mRNA of both
E-CADHERIN and N-CADHERIN, as well as a decrease in the expression of VIMENTIN,
altogether indicating the acquisition of the hybrid epithelial/mesenchymal (E/M) phe-
notype by these cells (Figure 8A–C). In all transduced subclones, the expression of the
transcription factors TWIST1, SNAI1, and SNAI2 did not differ from that in the parental
cells (Supplementary Figure S8).
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Figure 8. Relative mRNA expression levels of E-CADHERIN (A), VIMENTIN (B), and N-CADHERIN
(C) in the derivatives of Ca Ski cells expressing HIV-1 RT_A. Ca Ski subclones with one genomic insert
of RT_A coding sequence (B8B5, B8D5, B8D2) are designated as “1 RT_A”, and those with six inserts
as “6 RT_A” (H6G11, H6D7, H6F8), Ca Ski with six genomic inserts of GFP are shown as a control.
The expression level was normalized to GUSB expression and calculated as a fold change compared
to the parental Ca Ski cell line. The results are presented as the mean ± SD, ns: not significant;
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 by unpaired t test with Bonferroni correction.

3.7. The Effects of HIV-1 RT Expression on the Phenotypical Properties of Ca Ski Cells—Motility
and Clonogenic Activity

We next assessed whether the expression of RT_A had any effect on the phenotypic
characteristics of Ca Ski cells that shape the metastatic activity of tumor cells, such as
cell cycle progression, doubling time, and cell migration rate. Collective cell migration
is the coordinated movement of a group of cells that maintain intracellular connections
and is crucial to various biological processes including embryo development, the immune
response, and cancer metastasis [75]. Another important criterion for the malignancy
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of tumor cells is a decrease in the need for growth factors and cytokines secreted by
microenvironmental cells, which can be revealed by the analysis of clonogenic activity.

3.7.1. Lentiviral Transduction Causes an Increase in Cell Doubling Time, but Does Not
Affect Cell Cycle Progression

Five out of six Ca Ski RT_A subclones as well as Ca Ski GFP had an increased dou-
bling time compared to the control Ca Ski cells over a month of consecutive observations
(Kruskal—Wallis, p < 0.05, n = 12) (Table 2, Supplementary Figure S9), which remained
insignificant for the B8D5 subclone (Table 1). While the Ca Ski GFP cells demonstrated
a decrease in the percentage of cells in the G1/G0 phase of the cell cycle as compared
to the parental cells (Table 2, Supplementary Figure S10), the RT_A subclones showed
no difference from the parental cells in the distribution of cells in all phases of the cell
cycle (Table 2, Supplementary Figure S10). Thus, the expression of RT_A had no effect on
cell cycle progression but might have served to overcome the G1/G0 stop caused by the
lentiviral transduction and/or (over) expression of the foreign protein.

Table 2. Phenotypic characteristics of Ca Ski expressing consensus RT of HIV-1 clade A FSU_A strain
(RT_A) and fluorescent marker GFP: doubling time, % of cells in the phases of the cell cycle, and the
migration rate for assessed using wound healing assay (WHA).

Cells Doubling Time,
h (n = 12) * % of Cells in Cell Cycle Phase (n = 3) ** Migration Rate in

WHA, µm/h (n = 6) ***

G1/G0, % S, % G2/M, %

Ca Ski 25.90 ± 3.26 50 ± 3.90 24.43 ± 4.90 18.47 ± 1.25 23.84 ± 1.56

GFP 35.95 ± 7.78 38.57 ± 2.63 27.67 ± 3.62 22.3 ± 3.60 11.61 ± 2.06

B8B5 32.59 ± 6.05 45.57 ± 1.01 28.17 ± 5.92 16.67 ± 4.88 13.57 ± 1.42

B8D5 31.05 ± 7.80 50.23 ± 0.94 24.1 ± 2.68 18.17 ± 1.97 15.87 ± 0.91

B8D2 31.04 ± 7.57 47.8 ± 4.07 23.87 ± 6.53 19.53 ± 4.96 31.12 ± 3.35

H6G11 35.04 ± 7.83 41.03 ± 3.27 27.53 ± 2.87 23.03 ± 1.79 20.71 ± 2.61

H6D7 30.47 ± 6.17 43.77 ± 0.25 23.77 ± 1.15 24.27 ± 1.50 27.55 ± 1.04

H6F8 38.60 ± 9.45 44.37 ± 3.73 26.33 ± 1.59 21.93 ± 1.80 15.84 ± 1.72

*, **, ***—Number of assay repeats.

3.7.2. The Overexpression of HIV-1 RT Reverses the Inhibitory Effect of Lentiviral
Transduction on Cell Mobility

The effect of RT_A expression on Ca Ski cell motility was assessed using a wound
healing assay.

Lentiviral transduction decreased cell motility for the control Ca Ski GFP subclone
(Supplementary Figure S11). The expression of RT_A in Ca Ski one copy subclones (1 RT_A)
had a discrepant effect on cell motility: the B8D5 and B8D2 subclones showed increased
cell motility compared to the GFP control, whereas the motility of B8B5 did not differ from
that of the GFP control (for a description of the clones, see Table 1). Ca Ski and RT_A
subclones with six inserts (6 RT_A) demonstrated a partial restoration of cell motility: for
all three subclones, the motility was significantly higher than that of the GFP subclone
(Table 2, Supplementary Figure S11). Thus, in Ca Ski cells, the expression of RT_A partially
compensated for a decrease in cell motility caused by lentiviral transduction and/or the
overexpression of the foreign protein. However, the phenotypic parameters, cell doubling
time, the distribution of cells by the phases of the cell cycle, and the migration rate were
not correlated with each other or to the levels of the RT_A mRNA or protein production by
the subclones (Supplementary Table S2).
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3.7.3. The Loss of Clonogenic Activity after Retroviral Transduction Is Compensated in Ca
Ski Cells Expressing High Levels of HIV-1 RT

Next, we performed a clonogenic analysis of Ca Ski subclones, as the formation of
clones characterizes the ability of cancer cells to initiate the formation of tumors. By day
21 following lentiviral transduction, the control subclone Ca Ski GFP demonstrated a
significant decrease in both colony counts (Figure 9A) and the mean size of the colonies
(Figure 9B) as compared to the parental Ca Ski cells. The Ca Ski 1 RT_A also demonstrated
a decrease in the number of colonies compared to the GFP control. However, the Ca Ski 6
RT_A were indistinguishable from the parental Ca Ski cells (Figure 9A). Also, the Ca Ski 1
RT_A subclones, as the GFP control, had a decreased colony size while the Ca Ski 6 RT_A
subclones were indistinguishable in size from the parental cells (Figure 9B). Thus, while
lentiviral transduction suppressed clonogenic activity, significantly decreasing the number
and size of the colonies, the (over) expression of RT_A reversed these effects, restoring both
colony counts and the mean size of the colonies to the levels similar to those of the parental
Ca Ski cells.
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Figure 9. Colony counts (A) and the mean colony size (B) of Ca Ski cells, subclone with six inserts
of GFP DNA (GFP) and subclones with one and six inserts of RT_A DNA (B8B5, B8D5, B8D2, and
H6G11, H6D7, H6F8, respectively; Table 1) on day 21 of the assay. The evaluation of clonogenic
growth in individual subclones is presented in Supplementary Figure S12. Statistical significance was
assessed using the Kruskal–Wallis test with Dunn’s multiple comparison test and in pairs using the
Mann–Whitney test (ns: not significant; * p < 0.05; ** p < 0.01; *** p < 0.001).

3.8. The Relationship between the Levels of mRNA and the Protein Production of RT_A and E6*I
mRNA and the Properties of Ca Ski Subclones

Finally, we asked whether the in vitro properties of the Ca Ski subclones, their
metabolic and phenotypic characteristics, are correlated to the expression of RT_A and/or
the E6*I isoform. The results of the series of linear correlation tests of these parameters with
the expression levels of RT_A and E6*I are presented in Table 3.

RT_A was found to have an effect that was independent from the effect of HPV16 E6
on the metabolism of Ca Ski cells by increasing glycolysis (ECAR at low and high glucose).
The latter was specifically sensitive to RT_A at low levels of glucose. The expression of
E6*I had a positive effect, but it did not reach statistical significance (Table 3). At the same
time, RT_A inhibited mitochondrial respiration (ATP production and maximal respiration).
In contrast to glycolysis, for these parameters, there was a negative association with E6*I
expression as well which was highly significant (p < 0.01), indicating that the inhibition



Viruses 2024, 16, 193 17 of 29

of mitochondrial respiration was determined by both the levels of RT_A and the levels of
E6*I. Since the significance (by R value) was higher for RT_A, one can assume that RT_A
may have played a leading role by inducing E6*I expression. Further, we found that the
production of ROS correlated with the levels of E6*I mRNA, but not with the levels of RT_A
(Table 3). Also, we found a correlation between the expression of N-CADHERIN, the levels
of RT_A mRNA, and RT_A protein (Table 3).

Table 3. Correlation of HIV-1 RT_A mRNA expression, protein production, and the expression of E6*I
mRNA with the metabolic and phenotypic characteristics of Ca Ski and Ca Ski subclones (Table 1)
(Spearman’s rank correlation test). Significant correlations with p < 0.01 (red), with p < 0.05 (blue); no
correlation p > 0.05 (black).

ECAR, Low
Glucose,
mpH/min

ECAR, High
Glucose,
mpH/min

ATP
Production,
pmol/min

Maximal
Respiration,
High FCCP,
pmol/min

Relative
Intensity of
DCFH2-DA

mRNA
N-Cadherin,
2DCt

Colony nn,
Day 21

Colony Area,
Day 21

RT_A mRNA,
2DCt 0.802027 0.696912 −0.798874 −0.778902 −0.13394 0.710645 0.218884 0.216436

RT_A, fg/cell 0.810437 0.764186 −0.632792 −0.587593 −0.340702 0.587969 0.003293 0.090255

mRNA E6*I,
2DCt 0.467492 0.399381 −0.603715 −0.669763 −0.619481 0.073913 −0.655339 −0.413913

We further analyzed whether the expression of RT_A as mRNA and as a protein and
the expression of E6*I mRNA had any effect on the phenotypic characteristics of Ca Ski
subclones and found a correlation of the colony forming capacity of the cells with the levels
of E6*I mRNA, but not with the levels of the expression of RT_A (Table 3). Specifically, the
expression of E6*I mRNA interfered with colony formation, reducing both the number of
colonies and their size (Table 3). There was no quantitative dependence of these processes
on the amount of RT stimulating E6*I expression (despite the RT-mediated increase in the
production of the E6*I isoform).

3.9. The Overexpression of RT Rescues the Tumorigenic Activity of Ca Ski Subclones Affected by
Retroviral Transduction

The effect of HIV-1 RT expression on the tumorigenic activity of Ca Ski was assessed
by its well-characterized ability to form tumors in the immunosuppressed mice [76]. The
experiment was performed on two Ca Ski subclones, one carrying one, and the other
carrying six copies of RT_A DNA (B8B5 and H6G11, respectively; Table 1). The parental Ca
Ski and its GFP derivative were used as controls. Cells were implanted subcutaneously at a
dose of 105 and 106 in two injection sites [77].

Tumor growth in the Ca Ski control group implanted at 106 cells was observed starting
from day 11, in the Ca Ski GFP group, from day 15, and for the 6 RT_A subclone H6G11
from day 22 post-injection (Figure 10A). Subclone B8B5 produced no tumors by the ex-
perimental endpoint, which was consistent with its reduced clonogenic activity in vitro
(Supplementary Figure S12). By the experimental endpoint on day 29, a significant dif-
ference in the tumor growth rate was noted only between the parental Ca Ski and the Ca
Ski GFP control, with the latter growing much slower than the parental cells (p = 0.0195;
Figure 10D). The H6G11 subclone did not differ from the parental Ca Ski cells (p > 0.1;
Figure 10D) in its ability to form solid tumors in immunosuppressed mice, although not all
injections resulted in palpable tumors. The late start of tumor growth and late entry into
the exponential growth phase did not allow us to evaluate the full effect of the restoration
for the RT-expressing subclone of the tumorigenicity of Ca Ski cells affected by lentivirus
transduction since the experiment had to be terminated when the first tumor that formed
in the mice in the experiment reached 1 mm3 in size (observed in the control Ca Ski group).
The implantation of 105 cells did not give tumors by day 29 post-injection for any of
the subclones.



Viruses 2024, 16, 193 18 of 29
Viruses 2024, 16, x FOR PEER REVIEW  20  of  32 
 

 

 

Figure 10. Formation of solid tumors by Ca Ski derived clones expressing HIV-1 FSU_A reverse
transcriptase (RT_A) variants and EGFP fluorescent marker on days 11, 18, and 25 after ectopic
implantation of 106 cells in Nu/J mice (A). Ex vivo Ca Ski, Ca Ski GFP G9, and Ca Ski RT_A H6G11
tumor size on day 29 (B). General kinetics of tumor growth (C). Comparison of the sizes of palpable
tumors on days 29 (D) and the weight of the tumors at the end point of the experiment (E). Statistical
significance was assessed using the Kruskal–Wallis test with Dunn’s multiple comparison test and in
pairs using the Mann–Whitney test (* p < 0.05).
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At the experimental endpoint, the mice were euthanized and the tumors were excised
and weighed. A significant difference was observed between the parental Ca Ski and Ca Ski
GFP controls, as the latter were much smaller. No difference was observed in the volumes
of the tumors formed by the Ca Ski and Ca Ski 6 RT_A subclones (Figure 10E), which was
consistent with the growth kinetics assessment by day 29 (Figure 10D,E).

In terms of the ability to form solid tumors in immunosuppressed mice, the 6 RT_A
Ca Ski subclone did not differ from the parental cells (p > 0.1), while the expression of
GFP led to a significant reduction in tumorigenicity. This indicated that although lentiviral
transduction and the further synthesis by tumor cells of a non-oncogenic exogenous protein
such as GFP decreases their tumorigenicity, the overexpression of HIV reverse transcriptase
restores the compromised tumorigenic activity to the levels observed in the parental Ca
Ski cells.

4. Discussion

The overall objective of this study was to understand the mechanism by which HIV-1
contributes to malignant transformation of the epithelial cells, particularly in the context
of its interaction with other oncoviruses such as HPV16. HPV16 is a major contributor to
non-AIDS related cancers in HIV-1 infected individuals, with its oncoproteins E6 and E7
playing a pivotal role in carcinogenesis. It is believed that possible molecular interactions
between these viruses and/or their antigens lead to an enhanced risk of developing can-
cer [7–12]. However, there is a paucity of data regarding direct interactions between HPV
and other HIV-1 proteins. We hypothesized that the HIV-1 protein reverse transcriptase
(RT), a multifunctional enzyme, which generates proviral HIV-1 DNA from an RNA tem-
plate and has three sequential biochemical activities: RNA-dependent DNA polymerase
activity, ribonuclease H (RNase H), and DNA-dependent DNA polymerase activity [78], is
associated with the malignant transformation of epithelial cells either alone or in collabo-
ration with HPV16 oncoproteins. Previous findings suggest that RT can induce oxidative
stress and can be secreted into the extracellular space, potentially influencing neighboring
cells [2]. In addition, the expression of HIV-1 RT leads to an increase in mitochondrial
respiration and the level of ATP synthesis in cancer cells, which is associated with the
restoration of the mitochondrial network [72]. The induction of E6 expression is a property
shared by a broad range of reverse transcriptase (RT) variants. Additionally, the indicates
that RT, when added extracellularly, has the ability to enter into the cell [2]. Our current
data reveal that the expression of HIV-1 RT in HPV16-infected epithelial cells confers a
certain adaptability or plasticity, allowing them to maintain key properties, i.e., overcoming
the effects of lentiviral transduction. Moreover, these co-infected transformed cells acquire
specific features that are associated with increased tumorigenicity.

We have selected a model cell line—Ca Ski cells (HPV-16 infected human cervical
squamous cell carcinoma, [58]) to determine whether HIV-1 RT can change their properties.
Ca Ski cells were transduced with the lentivirus encoding consensus RT of the HIV-1 clade
A FSU_A strain (RT_A) [5]. We generated subclones with one and six genomic inserts of
the RT_A coding sequence expressing from 20 to 55 fg protein per cell.

One HIV-1 virion contains approximately 50 molecules of RT [79] as a complex of a
66-kDa polypeptide and its 51-kDa proteolytic digestion product that lacks the carboxy-
terminal sequences present in the 66-kDa form [80]. For HIV-1, a single productively-
infected CD4+ T cell should carry a viral load of approximately 500 virions [81]. Another
estimation provides an average of 3900 (range 3162–5011) viral RNA copies per infected
cell, with two RNA molecules per virion, this accounts for approximately 2000 virions per
cell [82], i.e., four times more. After recalculation from kDa into fg, the total amount of RT
in CD4 + T cells could be estimated as 2.75 fg of the p66 and 2.12 fg of the p51 polypeptide,
with a total of 5 fg per infected cell based on the first estimation, and 20 fg per cell based on
the second estimation. Thus, Ca Ski subclones produced an adequate amount of HIV-1 RT
corresponding to protein levels in a natural infection (although in the epithelial cells, not in
CD4+ T lymphocytes).
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Lentiviral infection has been reported to change the properties of transduced cells [58,59].
Furthermore, the (over) expression of foreign proteins overloads protein synthesis machin-
ery and can grossly affect the properties of the cells. An effective strategy for mitigating the
nonspecific effects of viral transduction on cell line properties is to generate control cells
expressing unrelated proteins. To this end, we created a control Ca Ski cell line transduced
by a lentivirus encoding GFP, with a multiplicity of infection similar to the highest one
used to generate Ca Ski RT_A subclones. All of the in vitro and in vivo properties of the Ca
Ski RT_A subclones were compared to the Ca Ski GFP control.

First, we assessed the effect of HIV-1 RT on the expression of HPV16 oncoproteins,
determining the level of their transcription in Ca Ski cells. A bicistronic pre-mRNA encodes
HPV16 E6 and E7 oncoproteins and alternatively spliced transcripts encoding E6*I and
E6*II [83]. RT had no effect on the expression of the mRNA of E7, full-length E6, or the
E6*II isoform, but increased the expression of the E6*I isoform. This effect was only partly
due to lentiviral transduction, as it was also observed in the Ca Ski GFP subclone, but at a
significantly lower level. Interestingly, the phenomenon was observed in all RT-expressing
subclones, with both one and six RT_A DNA inserts and was not related to the level of RT_A
expression (as there was no difference in the levels of E6*I in the subclones expressing high
and low levels of RT_A). The latter indicated that RT_A was not a direct mediator of E6*I
expression, but rather an inducer of the expression in a concentration-independent manner.

E6/E7 splicing is regulated by the interaction of cis-acting elements, including branch
point sequences (BPSs) and splicing silencers, as well as trans-acting factors. The sequential
nucleotides AACAAAC (for HPV16) located in the E6 coding region upstream of the 3′

splice site of SA409 were identified as BPSs that are closely associated with E6*I splicing
efficiency and further influence E7 production [84]. A critical point mutation can interrupt
the binding activity of BPSs to trans-acting factors, causing inefficient splicing for the
production of the E6*I protein, but promoting the expression of significant amounts of E6*II.
Thus, it is possible that the RT could tip the balance of E6/E7 expression toward E6*I by
promoting binding of BPS to trans-activating factors.

We next investigated the effects of HIV-1 RT on cell metabolism. The alteration of glu-
cose metabolism is a basic property of cancer cells, as are increases in glucose consumption
and glycolytic rates as well as “aerobic glycolysis” or the Warburg effect in the presence
of oxygen. Oncoproteins E6 and E7 favor the Warburg effect through an increase in the
activity of glycolytic enzymes, as well as the inhibition of the Krebs cycle and the respiratory
chain [85]. With this, HPV16-infected Ca Ski cells employ the metabolic pathway of aerobic
glycolysis. Furthermore, the artificial overexpression of HPV16 E6/E7 in Ca Ski cells sig-
nificantly upregulates the glycolysis pathway [86]. One can expect that any factor leading
to an increase in E6 expression would tilt these cells further into the glycolytic pathway.
Indeed, the constitutive expression of RT_A in Ca Ski cells induced an increase in the levels
of E6*I isoform expression and led to an increase in the intensity of glycolysis under aerobic
conditions. Ca Ski subclones with six RT_A gene inserts demonstrated an increase in basal
and maximal glycolysis and increased the maximum glycolytic capacity, while no changes
in the glycolytic pathway were observed in the Ca Ski GFP subclone. At the same time,
the expression of RT_A suppressed mitochondrial respiration as compared to the GFP
control. An increase (no reduction in our case) in proton leak and a decrease in basal or
maximal respiration are indicators of mitochondrial dysfunction [87]. Linear correlation
analysis demonstrated a direct correlation of ECAR at low and high glucose. We also noted
an inverse correlation of the parameters of mitochondrial respiration with the levels of
RT_A mRNA and of RT_A protein, as well as with the levels of E6*I mRNA, although
the significance for the latter was lower (had lower R values). This pointed towards the
unidirectional effects of HIV-1 RT and E6*I, with RT as a primary factor modifying cell
metabolism by altering the amounts of the E6*I isoform. Expressed in Ca Ski cells, HIV-1
RT changed their metabolism by enhancing glycolysis and inhibiting mitochondrial respi-
ration, with the suppressive effect possibly mediated through the modulation of the levels
of the E6*I isoform. It was previously shown that another HIV-1 protein, the trans-activator
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of transcription (Tat) also induces a decreased maximal respiration and reduces spare
respiratory capacity in Lund human mesencephalic (LUHMES) cells [88]. In contrast, head
and neck squamous cell carcinoma (HNSCC) cells positive for human papillomavirus were
found to favor mitochondrial metabolism mediated by HPV16 and HPV18 E6 over glucose
metabolism [89]. Differences in the effects observed in Ca Ski RT_A subclones and HNSCC
could have been due to HIV-1 RT interference.

The E6-independent effect of HIV-1 RT must also be considered. We have earlier shown
RT to be able to alter the metabolism of cancer cells. Interestingly, in adenocarcinoma cells
characterized by the high levels of ROS, HIV-1 RT enhanced mitochondrial respiration
(OXPHOS), but not glycolysis [72]. The direction of metabolic changes is tightly linked to
the redox status of the cell. ROS are involved in glycolysis (dys)regulation. ROS inhibit
multiple glycolytic enzymes, including glyceraldehyde 3-phosphate dehydrogenase, pyru-
vate kinase M2, and phosphofructokinase-1 [90]. In contrast, a shift to glycolysis inhibits
the production of ROS. Glycolytic inhibition consistently promotes flux into the oxidative
arm (of the pentose phosphate pathway to generate NADPH) [91]. The enhancement of
OXPHOS in the background of high ROS reflected this process with HIV-1 RT adapting the
adenocarcinoma cells to the high-ROS environment by shifting their metabolism towards
mitochondrial respiration.

To determine if this was the case for Ca Ski subclones, we assessed their overall levels
of ROS using sensor dyes, DCFH2-DA sensing H2O2, hydroxyl radical, and superoxide
O2

•−, and DHE sensing only superoxide O2
•−. The majority of Ca Ski subclones demon-

strated decreased levels of total ROS, while the levels of superoxide production remained
unchanged compared to the parental cells. We could not delineate a specific effect of RT_A
on the total ROS due to the overlap of the signals of DCFH2-DA and GFP. To compensate
for this, we assessed the levels of transcription factors induced in response to the oxidative
stress: Nrf2; the enzymes of glutathione biosynthesis, GCLC; and of the enzyme of Phase
II of oxidative stress response, NQO1, which follow the changes in the levels of ROS [92].
The levels of the mRNA of NRF2, GCLC, and NQO1 in RT-expressing Ca Ski subclones
did not differ from that in the Ca Ski GFP control indicating that expression of HIV-1 RT
in human epithelioid cells infected with HPV16 is not associated with the induction of
oxidative stress. Thus, the shift towards glycolysis in Ca Ski expressing HIV-1 RT was not
associated with the change in the redox balance of the cells.

Metabolic changes often reflect changes in the mitochondrial dynamics and function-
ality caused by changes in the cell cytoskeleton [93,94]. We addressed this by assessing
the levels of the expression in Ca Ski subclones of A-tubulin as the parameter reflecting
the state of microtubules (MT) and of Y-tubulin as the parameter reflecting the condition
of the MT-supported mitochondrial network [95]. Lentiviral transduction and the (over)
expression of RT_A and of GFP had no effect on the expression of either A-TUBULIN or
Y-TUBULIN genes which could have affected the cytoskeleton of the Ca Ski subclones and
influenced their choice of metabolic pathway. Furthermore, in a previous study, we have
shown that the overexpression of HIV-1 RT by murine adenocarcinoma 4T1luc2 actually
restores the mitochondrial networks disrupted in the original tumor cells [72]. Overall,
these findings argue against the notion that metabolic changes in Ca Ski cells could have
been induced by the disruption of the cytoskeleton of Ca Ski cells.

Which properties of HIV-1 RT determine its capacity to regulate cell metabolism, apart
from inducing the expression of the E6*I isoform, remains unclear. One can hypothesize
that there are certain cell factors that interact with HIV-1 RT and, as a result, fail to carry out
their functions in the cells causing a metabolic shift. Warren et al. described a number of
cellular factors which can directly or indirectly bind to RT [96], including the kinase anchor
protein 121 (AKAP121), also referred to as AKAP1 or AKAP149 (human homologue).
AKAP121 is an essential regulator of the mitochondrial respiration. Decreased AKAP1
expression was detected in the glycolytic metabolism-dependent migrating cells found in
invasive populations of breast cancer cells [97]. Molecular, cellular, and in silico analyses
of breast cancer cell lines confirmed that AKAP1 depletion is associated with impaired
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mitochondrial function and dynamics, concomitant with the increased glycolytic potential
and invasiveness [98]. One can hypothesize that the interaction of HIV-1 RT with AKAP1
(AKAP121) may “deplete” functional protein from the cells, causing a shift towards the
glycolytic pathway.

Glucose metabolism is tightly linked to the epithelial-to-mesenchymal transition
(EMT) [99]. Cancer cells employ EMT to acquire the ability to migrate, resist therapeu-
tic agents, and escape immunity [100]. Metabolic dysregulation is known to trigger
EMT [74,101–104] which, in turn, modulates cell migration [105]. The process of EMT
is characterized by the profiles of the expression of a number of cellular factors, including
cadherins E and N, and the transcriptional factors Twist1, Snai1 (Snail), and Snai2 (Slug).
Our data show increases in the expression levels of VIMENTIN mRNA and a decrease in the
expression level of E-CADHERIN in lentiviral transduction control cells expressing GFP. In
an earlier study, the transfection of murine colon adenocarcinoma CT26 cells with an empty
lentivirus vector (GFP-vector group) did not lead to changes in the expression of EMT
factors [106]. It is likely that cell transfection does not have as strong effect as the lentiviral
transduction, whereas the genomic damage caused by the transduction may lead to changes
in the expression of the epithelial–mesenchymal factors. Despite this potential damage,
Ca Ski RT_A subclones demonstrated an increase in the expression of E-CADHERIN man-
ifesting the loss of the typical heterogeneous morphology of epithelial cells as well as
an increase in the expression of mesenchymal marker N-CADHERIN. Ca Ski RT_A also
exhibited decreased levels of the expression of VIMENTIN, a type III intermediate filament
that is expressed in the mesenchymal cells and upregulated during cancer metastasis [100].
There were no changes in the expression of the transcription factors TWIST, SNAI1 (SNAIL),
and SNAI2 (SLUG), master regulatory factors for organogenesis and wound healing tightly
involved in the EMT of cancer cells [107–109]. These data indicated that Ca Ski RT_A
subclones acquired features of the hybrid epithelial/mesenchymal (E/M) phenotype where
cells simultaneously demonstrate the epithelial traits of cell-to-cell adhesion and the mes-
enchymal characteristics of migration and invasion [110]. Hybrid E/M cells express both
epithelial markers (E-cadherin, cytokeratins, claudins, and occludins) and mesenchymal
markers (N-cadherin, vimentin, and fibronectins) and may display the phenotypic char-
acteristics of both cell types [111]. Hybrid E/M has been associated with the increased
tumorigenicity of tumor cells [112], indicating the potential consequences of the presence
of HIV-1 RT for Ca Ski cells.

We further assessed the effect of the biochemical and molecular characteristics of the
Ca Ski subclones described above on their phenotypic features, such as doubling time, cell
cycle progression, cell migration, and clonogenic activity. Lentiviral transduction and the
(over) expression of RT_A or the GFP control increased cell doubling time and significantly
decreased cell motility in the wound healing assay (WHA). The expression of RT_A had no
effect on cell cycle progression but might have helped to overcome the G1/G0 decrease
caused by lentiviral transduction (observed for the GFP control).

Lentiviral transduction in Ca Ski was found to suppress the clonogenic activity, sig-
nificantly decreasing the number and size of the colonies. However, as in the case of cell
migration, the (over) expression of RT_A (six RT_A inserts) reversed these effects, restoring
the colony counts and the mean size of the colonies to levels characteristic of the parental Ca
Ski cells. Both observations of cell motility in WHA and the results of the clonogenic analysis
indicated that the overexpression of HIV-1 RT was able to compensate for the adverse effects
of lentiviral transduction and/or foreign protein overexpression in Ca Ski cells.

To see the biological outcomes of the changes in in vitro cell properties, we character-
ized the ability of the Ca Ski RT_A subclones to form tumors in immunosuppressed mice,
a well-defined property of the parental Ca Ski cells [76]. Lentiviral transduction with the
expression of GFP grossly compromised the ability of Ca Ski cells to form tumors in nude
mice, while the tumorigenicity of highly expressing Ca Ski RT_A was partially restored,
reaching levels similar to the parental Ca Ski cells.
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Taken together, the analysis of the motility/migration and clonogenic and tumorigenic
activities of HPV16 infected epithelial cells in the presence of HIV-1 RT revealed that: (i) this
process depends on both HIV-1 RT and HPV16 E6; (ii) although HIV-1 RT increased the
expression of the E6*I isoform, the effects of HIV-1 RT and HPV16 E6 were not aligned
and often were not cooperative, especially in the clonogenic activity assays with HIV-1 RT
partially mitigating the effects of E6; (iii) the direct or indirect interactions of HIV-1 RT and
HPV16 E6 dysregulated the cells, switching on “non-classical” traits and pathways.

5. Conclusions

In summary, this study demonstrates that the interplay between HIV-1 RT and HPV16
E6 modifies the phenotypic features of Ca Ski cells, affecting their motility, clonogenic
activity, and tumorigenic potential, probably through the increased expression of the E6*I
isoform and/or shift to glycolysis. These findings highlight the complex and sometimes
opposing roles of specific molecular and cellular factors in the context of HIV-1 and HPV16
co-infection in these epithelial cells.

6. Limitations

Ca Ski is a cervical squamous carcinoma cell line, which is the late stage of HPV-
induced carcinogenesis; thus, this model is limited in its capacity to reproduce the early
stages of HPV/HIV-1 cooperation. These questions can be addressed using relevant patient
derived HSIL/LSIL cells transduced with RT gene.

The level of RT present in the epithelial cells (expressed or imported) is unknown.
In the Discussion section, we state that Ca Ski subclones produced an adequate amount
of HIV-1 RT corresponding to the levels of protein in a natural infection (although in the
epithelial cells, not CD4+ T lymphocytes). The RT protein levels could be lower in epithelial
cells. This limits the power of the current model to reproduce the state of epithelial cells in
an HIV-1/HPV16 co-infection.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/v16020193/s1, Table S1—Table of primers. The primers
used for the confirmation of the expression of RT HIV-1 in Ca Ski derivatives and for the relative
quantification of the mRNA expression of the HPV16 E7 and E6 oncoproteins and their constitu-
tive isoforms, transcription factors associated with oxidative stress, or of the enzymes of Phase
II protection from oxidative stress, factors associated with changes in the cell cytoskeleton, and
epithelial–mesenchymal transition markers. Table S2. Correlation of HIV-1 RT_A mRNA expression
and protein production with the phenotypic parameters: cell doubling time, distribution of cells
by the phases of the cell cycle, and the migration rate of Ca Ski and Ca Ski subclones (Spearman’s
rank correlation test). Figure S1—Confirmation of GFP expression in Ca Ski subclones by flow
cytometry. Histogram of the event count recorded in the FITC-A channel confirms GFP expression
in the Ca Ski GFP G9 subclone. Figure S2—Relative mRNA expression levels of the E6FL and E6*II
isoforms and E7 HPV16 in Ca Ski subclones expressing consensus HIV-1 FSU_A reverse transcriptase.
The graphs demonstrate no specific effect of RT_A production on the mRNA expression level of
HPV16 full-length E6, E6*II transcript, and E7. Changes are noted only for single subclones. The
expression level was normalized to GAPDH expression. Figure S3. The efficiency of glycolysis in Ca
Ski subclones expressing HIV-1 reverse transcriptase (RT_A). The graphs demonstrate the results
of the assessment of the extracellular acidification rate (ECAR) reflecting changes in glycolysis in
individual Ca Ski subclones using a Seahorse analyzer according to the GlycoStress test method.
The GlycoStress test results were normalized to total protein levels. Figure S4. The efficiency of
mitochondrial respiration in Ca Ski subclones expressing HIV-1 reverse transcriptase (RT_A). The
graphs demonstrate the measurement of the oxygen consumption rate (OCR) reflecting changes in
substrate utilization in mitochondrial respiration in individual Ca Ski subclones using a Seahorse
analyzer according to the MitoStress test method. The MitoStress test results were normalized to
total protein levels. Figure S5. Relative mRNA expression levels of A-TUBULIN and Y-TUBULIN in
the derivatives of Ca Ski cells expressing variants of consensus HIV-1 FSU_A reverse transcriptase.
Graphs show no effect of RT_A production on the cell cytoskeleton. There are no RT-associated
changes in the levels of A-tubulin reflecting the structure of the microtubules (MT) and in the levels of
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Y-tubulin reflecting the status of the MT-supported mitochondrial network. The expression levels were
normalized to the expression of GUSB. Figure S6. Relative mRNA expression levels of E-CADHERIN
(a), VIMENTIN (b), and N-CADHERIN (c) in the derivatives of Ca Ski cells expressing HIV-1 RT_A.
The graph shows an increase in the expression level of N-CADHERIN and VIMENTIN mRNA in
the lentiviral transduction control derivative cell line expressing GFP. We show an increase in the
expression level of E-CADHERIN mRNA in the RT_A-expressing subclones. RT-expressing subclones
demonstrate a decrease in VIMENTIN expression with no changes in the N-CADHERIN expression.
The expression levels were normalized to GAPDH expression. Figure S7. Relative mRNA expression
levels of factors associated with the epithelial–mesenchymal transition in individual derivatives of
Ca Ski cells expressing variants of the consensus HIV-1 FSU_A reverse transcriptase (RT). The graphs
show an increase in the expression level of N-CADHERIN, TWIST1, SNAI1, SNAI2, and VIMENTIN
mRNA in a lentiviral transduction control cell expressing GFP. All RT_A-expressing Ca Ski subclones
demonstrate no changes in TWIST1 expression and a decrease in the level of VIMENTIN expression.
For N-CADHERIN, SNAI1, and SNAI2 expression levels, we observed decreased expression only for
individual RT_A expressing subclones and this effect was not associated with RT. The expression
levels were normalized to GAPDH expression. Figure S8. Relative mRNA expression levels of the
factors associated with epithelial–mesenchymal transition in individual derivatives of Ca Ski cells
expressing consensus HIV-1 FSU_A reverse transcriptase. The expression level was normalized to
GUSB expression and calculated as a fold change compared to the parental Ca Ski line. The graphs
show an increase in the expression level of VIMENTIN mRNA in a lentiviral transduction control cell
expressing GFP. All RT_A-expressing Ca Ski subclones demonstrate no changes in TWIST1 expres-
sion. For SNAI1 and SNAI2 expression levels, we observed increased expression only for individual
RT_A expressing subclones and this effect was not associated with RT. The expression levels were
normalized to GUSB expression. Figure S9. Graphs showing increases of the doubling time for the
derivatives of Ca Ski cells expressing the consensus HIV-1 FSU_A reverse transcriptase (RT) and the
GFP control in contrast to the parental cells over a month of consecutive observations. The scoring of
the proliferation rate was performed by detaching cells using trypsin/EDTA transferred to a Gorjaev
count chamber and counted (×5) in 20 fields of the counting grid. Figure S10. Cell cycle distribution
in the G1/G0 phase, S phase, and G2/M phase for the subclones of Ca Ski expressing the consensus
HIV-1 FSU_A reverse transcriptase (RT). The representation of Ca Ski subclones in different stages of
the cell cycle was assessed with flow cytometry using FlowJo software (https://www.flowjo.com
(accessed on 29 November 2021)). The graphs show a decrease in the G1/G0 phase for GFP control
cells. There are no changes in the distribution of RT-expressing subclones in all phases of the cell
cycle and may have served to overcome the G1/G0 stop caused by lentiviral transduction. Figure S11.
Average migration rate of Ca Ski-derived subclones assessed by wound healing assay. Graph showing
decreased cell motility in lentiviral-transduced control cells expressing GFP and a restoration effect
for the RT-expressing subclones (except B8B5). The surface of the well was scratched with a pipette
tip and continuously imaged using CELENA® X High Content Imaging System for 24 h. The images
were processed using the ImageJ/Fiji® module, quantifying the entire area of the wound, the average
width of the wound, and the standard deviation of the width. Figure S12. Evaluation of clonogenic
activity on day 21 in the individual Ca Ski derivatives subclones. The graphs demonstrate a decrease
in the count and mean size of the colonies in GFP control cells and Ca Ski subclones with one RT_A
insert, which have a restorative effect on Ca Ski subclones with six RT_A inserts. Two hundred cells
were plated and incubated under standard conditions during 21 days followed by fixation. The
mean size and number of colonies were quantified using ImageJ software (http://rsb.info.nih.gov/ij
(accessed on 21 July 2021)).
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63. Pim, D.; Tomaić, V.; Banks, L. The Human Papillomavirus (HPV) E6* Proteins from High-Risk, Mucosal HPVs Can Direct
Degradation of Cellular Proteins in the Absence of Full-Length E6 Protein. J. Virol. 2009, 83, 9863–9874. [CrossRef]

64. Olmedo-Nieva, L.; Muñoz-Bello, J.O.; Contreras-Paredes, A.; Lizano, M. The Role of E6 Spliced Isoforms (E6*) in Human
Papillomavirus-Induced Carcinogenesis. Viruses 2018, 10, 45. [CrossRef] [PubMed]

65. Hu, C.; Liu, T.; Han, C.; Xuan, Y.; Jiang, D.; Sun, Y.; Zhang, X.; Zhang, W.; Xu, Y.; Liu, Y.; et al. HPV E6/E7 Promotes Aerobic
Glycolysis in Cervical Cancer by Regulating IGF2BP2 to Stabilize m6A-MYC Expression. Int. J. Biol. Sci. 2022, 18, 507–521.
[CrossRef]

66. Mookerjee, S.A.; Gerencser, A.A.; Nicholls, D.G.; Brand, M.D. Quantifying Intracellular Rates of Glycolytic and Oxidative ATP
Production and Consumption Using Extracellular Flux Measurements. J. Biol. Chem. 2017, 292, 7189–7207. [CrossRef]

67. Petrovskaya, A.V.; Tverskoi, A.M.; Barykin, E.P.; Varshavskaya, K.B.; Dalina, A.A.; Mitkevich, V.A.; Makarov, A.A.; Petrushanko,
I.Y. Distinct Effects of Beta-Amyloid, Its Isomerized and Phosphorylated Forms on the Redox Status and Mitochondrial Function-
ing of the Blood–Brain Barrier Endothelium. Int. J. Mol. Sci. 2023, 24, 183. [CrossRef]

https://doi.org/10.1128/jvi.69.9.5607-5620.1995
https://doi.org/10.1002/j.1460-2075.1996.tb01003.x
https://doi.org/10.1016/S0029-7844(99)00464-0
https://doi.org/10.1071/SHv10n6ab46
https://doi.org/10.1128/spectrum.03622-22
https://doi.org/10.3892/ol.2014.2684
https://doi.org/10.1007/978-1-61779-095-9_8
https://doi.org/10.1089/088922204773004914
https://doi.org/10.3390/antiox11010097
https://doi.org/10.1371/journal.pone.0024957
https://www.ncbi.nlm.nih.gov/pubmed/21931870
https://doi.org/10.4161/cam.36224
https://doi.org/10.1080/01635581.2020.1826989
https://doi.org/10.1007/BF00300234
https://www.ncbi.nlm.nih.gov/pubmed/2544306
https://doi.org/10.1126/science.867042
https://doi.org/10.1089/08892220050117032
https://doi.org/10.1111/gtc.12183
https://www.ncbi.nlm.nih.gov/pubmed/25307957
https://doi.org/10.1128/AEM.65.6.2710-2715.1999
https://doi.org/10.1128/JVI.01924-06
https://www.ncbi.nlm.nih.gov/pubmed/17267478
https://doi.org/10.1128/JVI.00539-09
https://doi.org/10.3390/v10010045
https://www.ncbi.nlm.nih.gov/pubmed/29346309
https://doi.org/10.7150/ijbs.67770
https://doi.org/10.1074/jbc.M116.774471
https://doi.org/10.3390/ijms24010183


Viruses 2024, 16, 193 28 of 29

68. Rodic, S.; Vincent, M.D. Reactive Oxygen Species (ROS) Are a Key Determinant of Cancer’s Metabolic Phenotype. Int. J. Cancer
2018, 142, 440–448. [CrossRef] [PubMed]

69. Paget-Bailly, P.; Meznad, K.; Bruyère, D.; Perrard, J.; Herfs, M.; Jung, A.C.; Mougin, C.; Prétet, J.-L.; Baguet, A. Comparative RNA
Sequencing Reveals That HPV16 E6 Abrogates the Effect of E6*I on ROS Metabolism. Sci. Rep. 2019, 9, 5938. [CrossRef]

70. LeBel, C.P.; Ischiropoulos, H.; Bondy, S.C. Evaluation of the Probe 2′,7′-Dichlorofluorescin as an Indicator of Reactive Oxygen
Species Formation and Oxidative Stress. Chem. Res. Toxicol. 1992, 5, 227–231. [CrossRef]

71. Robinson, J.P.; Carter, W.O.; Narayanan, P.K. Chapter 28 Oxidative Product Formation Analysis by Flow Cytometry. In Methods in
Cell Biology; Darzynkiewicz, Z., Paul Robinson, J., Crissman, H.A., Eds.; Flow Cytometry Second Edition, Part A; Academic Press:
Cmabridge, MA, USA, 1994; Volume 41, pp. 437–447.

72. Zakirova, N.F.; Kondrashova, A.S.; Golikov, M.V.; Ivanova, O.N.; Ivanov, A.V.; Isaguliants, M.G.; Bayurova, E.O. Expression of
HIV-1 Reverse Transcriptase in Murine Cancer Cells Increases Mitochondrial Respiration. Mol. Biol. 2022, 56, 795–807. [CrossRef]

73. Lu, W.; Kang, Y. Epithelial-Mesenchymal Plasticity in Cancer Progression and Metastasis. Dev. Cell 2019, 49, 361–374. [CrossRef]
[PubMed]

74. Liu, K.; Tang, Z.; Huang, A.; Chen, P.; Liu, P.; Yang, J.; Lu, W.; Liao, J.; Sun, Y.; Wen, S.; et al. Glyceraldehyde-3-Phosphate
Dehydrogenase Promotes Cancer Growth and Metastasis through Upregulation of SNAIL Expression. Int. J. Oncol. 2017,
50, 252–262. [CrossRef] [PubMed]

75. Mishra, A.K.; Campanale, J.P.; Mondo, J.A.; Montell, D.J. Cell Interactions in Collective Cell Migration. Development 2019, 146,
dev172056. [CrossRef] [PubMed]

76. Yoysungnoen, B.; Bhattarakosol, P.; Changtam, C.; Patumraj, S. Effects of Tetrahydrocurcumin on Tumor Growth and Cellular
Signaling in Cervical Cancer Xenografts in Nude Mice. BioMed Res. Int. 2016, 2016, e1781208. [CrossRef] [PubMed]

77. Xia, C.; Chen, R.; Chen, J.; Qi, Q.; Pan, Y.; Du, L.; Xiao, G.; Jiang, S. Combining Metformin and Nelfinavir Exhibits Synergistic
Effects against the Growth of Human Cervical Cancer Cells and Xenograft in Nude Mice. Sci. Rep. 2017, 7, 43373. [CrossRef]
[PubMed]

78. Purohit, V.; Balakrishnan, M.; Kim, B.; Bambara, R.A. Evidence That HIV-1 Reverse Transcriptase Employs the DNA 3′ End-
Directed Primary/Secondary RNase H Cleavage Mechanism during Synthesis and Strand Transfer. J. Biol. Chem. 2005,
280, 40534–40543. [CrossRef] [PubMed]

79. Hu, W.-S.; Hughes, S.H. HIV-1 Reverse Transcription. Cold Spring Harb. Perspect. Med. 2012, 2, a006882. [CrossRef]
80. Ferris, A.L.; Hizi, A.; Showalter, S.D.; Pichuantes, S.; Babe, L.; Craik, C.S.; Hughes, S.H. Immunologic and Proteolytic Analysis of

HIV-1 Reverse Transcriptase Structure. Virology 1990, 175, 456–464. [CrossRef]
81. Boer, R.J.D.; Ribeiro, R.M.; Perelson, A.S. Current Estimates for HIV-1 Production Imply Rapid Viral Clearance in Lymphoid

Tissues. PLoS Comput. Biol. 2010, 6, e1000906. [CrossRef]
82. Hockett, R.D.; Michael Kilby, J.; Derdeyn, C.A.; Saag, M.S.; Sillers, M.; Squires, K.; Chiz, S.; Nowak, M.A.; Shaw, G.M.; Bucy, R.P.

Constant Mean Viral Copy Number per Infected Cell in Tissues Regardless of High, Low, or Undetectable Plasma HIV RNA. J.
Exp. Med. 1999, 189, 1545–1554. [CrossRef]

83. Filippova, M.; Evans, W.; Aragon, R.; Filippov, V.; Williams, V.M.; Hong, L.; Reeves, M.E.; Duerksen-Hughes, P. The Small Splice
Variant of HPV16 E6, E6*, Reduces Tumor Formation in Cervical Carcinoma Xenografts. Virology 2014, 450, 153–164. [CrossRef]

84. Ajiro, M.; Jia, R.; Zhang, L.; Liu, X.; Zheng, Z.-M. Intron Definition and a Branch Site Adenosine at Nt 385 Control RNA Splicing
of HPV16 E6*I and E7 Expression. PLoS ONE 2012, 7, e46412. [CrossRef]

85. Martínez-Ramírez, I.; Carrillo-García, A.; Contreras-Paredes, A.; Ortiz-Sánchez, E.; Cruz-Gregorio, A.; Lizano, M. Regulation of
Cellular Metabolism by High-Risk Human Papillomaviruses. Int. J. Mol. Sci. 2018, 19, 1839. [CrossRef]

86. Ma, D.; Huang, Y.; Song, S. Inhibiting the HPV16 Oncogene-Mediated Glycolysis Sensitizes Human Cervical Carcinoma Cells to
5-Fluorouracil. Onco Targets Ther. 2019, 12, 6711–6720. [CrossRef]

87. Brand, M.D.; Nicholls, D.G. Assessing Mitochondrial Dysfunction in Cells. Biochem. J. 2011, 435, 297–312. [CrossRef]
88. Arjona, S.P.; Allen, C.N.S.; Santerre, M.; Gross, S.; Soboloff, J.; Booze, R.; Sawaya, B.E. Disruption of Mitochondrial-Associated ER

Membranes by HIV-1 Tat Protein Contributes to Premature Brain Aging. CNS Neurosci. Ther. 2023, 29, 365–377. [CrossRef]
89. Cruz-Gregorio, A.; Aranda-Rivera, A.K.; Aparicio-Trejo, O.E.; Coronado-Martínez, I.; Pedraza-Chaverri, J.; Lizano, M. E6

Oncoproteins from High-Risk Human Papillomavirus Induce Mitochondrial Metabolism in a Head and Neck Squamous Cell
Carcinoma Model. Biomolecules 2019, 9, 351. [CrossRef] [PubMed]

90. Liemburg-Apers, D.C.; Willems, P.H.G.M.; Koopman, W.J.H.; Grefte, S. Interactions between Mitochondrial Reactive Oxygen
Species and Cellular Glucose Metabolism. Arch. Toxicol. 2015, 89, 1209–1226. [CrossRef] [PubMed]

91. Mullarky, E.; Cantley, L.C. Diverting Glycolysis to Combat Oxidative Stress. In Innovative Medicine: Basic Research and Development;
Nakao, K., Minato, N., Uemoto, S., Eds.; Springer: Tokyo, Japan, 2015; ISBN 978-4-431-55650-3.

92. Wu, W.; Papagiannakopoulos, T. The Pleiotropic Role of the KEAP1/NRF2 Pathway in Cancer. Annu. Rev. Cancer Biol. 2020,
4, 413–435. [CrossRef]

93. Liu, A.; Lv, Z.; Yan, Z.; Wu, X.; Yan, L.; Sun, L.; Yuan, Y.; Xu, Q. Association of Mitochondrial Homeostasis and Dynamic Balance
with Malignant Biological Behaviors of Gastrointestinal Cancer. J. Transl. Med. 2023, 21, 27. [CrossRef] [PubMed]

94. Abel, E.D. Mitochondrial dynamics and metabolic regulation in cardiac and skeletal muscle. Trans. Am. Clin. Climatol. Assoc.
2018, 129, 266–278. [PubMed]

95. Binarová, P.; Tuszynski, J. Tubulin: Structure, Functions and Roles in Disease. Cells 2019, 8, 1294. [CrossRef] [PubMed]

https://doi.org/10.1002/ijc.31069
https://www.ncbi.nlm.nih.gov/pubmed/28940517
https://doi.org/10.1038/s41598-019-42393-6
https://doi.org/10.1021/tx00026a012
https://doi.org/10.1134/S0026893322050168
https://doi.org/10.1016/j.devcel.2019.04.010
https://www.ncbi.nlm.nih.gov/pubmed/31063755
https://doi.org/10.3892/ijo.2016.3774
https://www.ncbi.nlm.nih.gov/pubmed/27878251
https://doi.org/10.1242/dev.172056
https://www.ncbi.nlm.nih.gov/pubmed/31806626
https://doi.org/10.1155/2016/1781208
https://www.ncbi.nlm.nih.gov/pubmed/26881213
https://doi.org/10.1038/srep43373
https://www.ncbi.nlm.nih.gov/pubmed/28252027
https://doi.org/10.1074/jbc.M507839200
https://www.ncbi.nlm.nih.gov/pubmed/16221683
https://doi.org/10.1101/cshperspect.a006882
https://doi.org/10.1016/0042-6822(90)90430-Y
https://doi.org/10.1371/journal.pcbi.1000906
https://doi.org/10.1084/jem.189.10.1545
https://doi.org/10.1016/j.virol.2013.12.011
https://doi.org/10.1371/journal.pone.0046412
https://doi.org/10.3390/ijms19071839
https://doi.org/10.2147/OTT.S205334
https://doi.org/10.1042/BJ20110162
https://doi.org/10.1111/cns.14011
https://doi.org/10.3390/biom9080351
https://www.ncbi.nlm.nih.gov/pubmed/31398842
https://doi.org/10.1007/s00204-015-1520-y
https://www.ncbi.nlm.nih.gov/pubmed/26047665
https://doi.org/10.1146/annurev-cancerbio-030518-055627
https://doi.org/10.1186/s12967-023-03878-1
https://www.ncbi.nlm.nih.gov/pubmed/36647167
https://www.ncbi.nlm.nih.gov/pubmed/30166722
https://doi.org/10.3390/cells8101294
https://www.ncbi.nlm.nih.gov/pubmed/31652491


Viruses 2024, 16, 193 29 of 29

96. Warren, K.; Warrilow, D.; Meredith, L.; Harrich, D. Reverse Transcriptase and Cellular Factors: Regulators of HIV-1 Reverse
Transcription. Viruses 2009, 1, 873. [CrossRef] [PubMed]

97. Liu, Y.; Merrill, R.A.; Strack, S. A-Kinase Anchoring Protein 1: Emerging Roles in Regulating Mitochondrial Form and Function in
Health and Disease. Cells 2020, 9, 298. [CrossRef] [PubMed]

98. Aggarwal, S.; Gabrovsek, L.; Langeberg, L.K.; Golkowski, M.; Ong, S.-E.; Smith, F.D.; Scott, J.D. Depletion of dAKAP1–Protein
Kinase A Signaling Islands from the Outer Mitochondrial Membrane Alters Breast Cancer Cell Metabolism and Motility. J. Biol.
Chem. 2019, 294, 3152–3168. [CrossRef] [PubMed]

99. Schwager, S.C.; Mosier, J.A.; Padmanabhan, R.S.; White, A.; Xing, Q.; Hapach, L.A.; Taufalele, P.V.; Ortiz, I.; Reinhart-King, C.A.
Link between Glucose Metabolism and Epithelial-to-Mesenchymal Transition Drives Triple-Negative Breast Cancer Migratory
Heterogeneity. iScience 2022, 25, 105190. [CrossRef] [PubMed]

100. Usman, S.; Waseem, N.H.; Nguyen, T.K.N.; Mohsin, S.; Jamal, A.; Teh, M.-T.; Waseem, A. Vimentin Is at the Heart of Epithelial
Mesenchymal Transition (EMT) Mediated Metastasis. Cancers 2021, 13, 4985. [CrossRef]

101. Ahmad, A.; Aboukameel, A.; Kong, D.; Wang, Z.; Sethi, S.; Chen, W.; Sarkar, F.H.; Raz, A. Phosphoglucose Isomerase/Autocrine
Motility Factor Mediates Epithelial-Mesenchymal Transition Regulated by miR-200 in Breast Cancer Cells. Cancer Res. 2011,
71, 3400–3409. [CrossRef]

102. Chen, G.; Zhang, Y.; Liang, J.; Li, W.; Zhu, Y.; Zhang, M.; Wang, C.; Hou, J. Deregulation of Hexokinase II Is Associated with
Glycolysis, Autophagy, and the Epithelial-Mesenchymal Transition in Tongue Squamous Cell Carcinoma under Hypoxia. BioMed
Res. Int. 2018, 2018, e8480762. [CrossRef]

103. Funasaka, T.; Hogan, V.; Raz, A. Phosphoglucose Isomerase/Autocrine Motility Factor Mediates Epithelial and Mesenchymal
Phenotype Conversions in Breast Cancer. Cancer Res. 2009, 69, 5349–5356. [CrossRef]

104. Kang, H.; Kim, H.; Lee, S.; Youn, H.; Youn, B. Role of Metabolic Reprogramming in Epithelial−Mesenchymal Transition (EMT).
Int. J. Mol. Sci. 2019, 20, 2042. [CrossRef] [PubMed]

105. Bhattacharya, S. Metabolic Reprogramming and Cancer: 2022. Qeios 2022, CK9VJB.3. [CrossRef]
106. Song, G.-L.; Jin, C.-C.; Zhao, W.; Tang, Y.; Wang, Y.-L.; Li, M.; Xiao, M.; Li, X.; Li, Q.-S.; Lin, X.; et al. Regulation of the

RhoA/ROCK/AKT/β-Catenin Pathway by Arginine-Specific ADP-Ribosytransferases 1 Promotes Migration and Epithelial-
Mesenchymal Transition in Colon Carcinoma. Int. J. Oncol. 2016, 49, 646–656. [CrossRef] [PubMed]

107. Nieto, M.; Nieto, M.A. The Snail Superfamily of Zinc-Finger Transcription Factors. Nat. Rev. Mol. Cell Biol. 2002, 3, 155–166.
[CrossRef] [PubMed]

108. Elloul, S.; Bukholt Elstrand, M.; Nesland, J.M.; Tropé, C.G.; Kvalheim, G.; Goldberg, I.; Reich, R.; Davidson, B. Snail, Slug, and
Smad-Interacting Protein 1 as Novel Parameters of Disease Aggressiveness in Metastatic Ovarian and Breast Carcinoma. Cancer
2005, 103, 1631–1643. [CrossRef] [PubMed]

109. Storci, G.; Sansone, P.; Trere, D.; Tavolari, S.; Taffurelli, M.; Ceccarelli, C.; Guarnieri, T.; Paterini, P.; Pariali, M.; Montanaro, L.; et al.
The Basal-like Breast Carcinoma Phenotype Is Regulated by SLUG Gene Expression. J. Pathol. 2008, 214, 25–37. [CrossRef]

110. Canciello, A.; Cerveró-Varona, A.; Peserico, A.; Mauro, A.; Russo, V.; Morrione, A.; Giordano, A.; Barboni, B. “In Medio Stat
Virtus”: Insights into Hybrid E/M Phenotype Attitudes. Front. Cell Dev. Biol. 2022, 10, 1038841. [CrossRef]

111. Sample, R.A.; Nogueira, M.F.; Mitra, R.D.; Puram, S.V. Epigenetic Regulation of Hybrid Epithelial-Mesenchymal Cell States in
Cancer. Oncogene 2023, 42, 2237–2248. [CrossRef]

112. Shah, S.; Philipp, L.-M.; Giaimo, S.; Sebens, S.; Traulsen, A.; Raatz, M. Understanding and Leveraging Phenotypic Plasticity
during Metastasis Formation. NPJ Syst. Biol. Appl. 2023, 9, 48. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/v1030873
https://www.ncbi.nlm.nih.gov/pubmed/21994574
https://doi.org/10.3390/cells9020298
https://www.ncbi.nlm.nih.gov/pubmed/31991888
https://doi.org/10.1074/jbc.RA118.006741
https://www.ncbi.nlm.nih.gov/pubmed/30598507
https://doi.org/10.1016/j.isci.2022.105190
https://www.ncbi.nlm.nih.gov/pubmed/36274934
https://doi.org/10.3390/cancers13194985
https://doi.org/10.1158/0008-5472.CAN-10-0965
https://doi.org/10.1155/2018/8480762
https://doi.org/10.1158/0008-5472.CAN-09-0488
https://doi.org/10.3390/ijms20082042
https://www.ncbi.nlm.nih.gov/pubmed/31027222
https://doi.org/10.32388/CK9VJB.2
https://doi.org/10.3892/ijo.2016.3539
https://www.ncbi.nlm.nih.gov/pubmed/27277835
https://doi.org/10.1038/nrm757
https://www.ncbi.nlm.nih.gov/pubmed/11994736
https://doi.org/10.1002/cncr.20946
https://www.ncbi.nlm.nih.gov/pubmed/15742334
https://doi.org/10.1002/path.2254
https://doi.org/10.3389/fcell.2022.1038841
https://doi.org/10.1038/s41388-023-02749-9
https://doi.org/10.1038/s41540-023-00309-1

	Introduction 
	Materials and Methods 
	Lentiviral Transduction of Ca Ski Cells and Isolation of Clones Expressing RT_A and GFP Variants 
	Determination of the Number of Copies of the Provirus in the Genome of the Transduced Lines 
	Confirmation of RT Production by Western Blotting 
	Isolation of Nucleic Acids, Reverse Transcription, and Semiquantitative PCR 
	Cell Culture and Microscopic Quantitation of Proliferation 
	Measurement of Glycolysis and Mitochondrial Respiration 
	Assessment of the Production of Reactive Oxygen Species (ROS) 
	Wound Healing Assay 
	Clonogenic Assay 
	Cell Cycle Analysis 
	Assessment of Tumorigenicity of Ca Ski Derivative Clones 
	Statistical Analysis 

	Results 
	Lentivirally Transduced Ca Ski Cells Express HIV-1 Reverse Transcriptase 
	RT Increases the Expression of the HPV16 E6*I Isoform 
	HIV-1 RT Expression Increases the Extracellular Acidification Rate and Decreases the Oxygen Consumption Rate of Ca Ski Cells 
	HIV-1 RT Expression in Ca Ski Cells Increases Glycolysis 
	HIV-1 RT Expression in Ca Ski Cells Suppresses Mitochondrial Respiration 

	The Expression of HIV-1 RT Did Not Lead to Changes in the Cytoskeleton 
	The Expression of HIV-1 RT in Epithelial Ca Ski Cells Does Not Induce Oxidative Stress 
	Lentivirus-Transduced Ca Ski Express Reduced Levels of Factors Associated with Epithelial–Mesenchymal Transition 
	The Effects of HIV-1 RT Expression on the Phenotypical Properties of Ca Ski Cells—Motility and Clonogenic Activity 
	Lentiviral Transduction Causes an Increase in Cell Doubling Time, but Does Not Affect Cell Cycle Progression 
	The Overexpression of HIV-1 RT Reverses the Inhibitory Effect of Lentiviral Transduction on Cell Mobility 
	The Loss of Clonogenic Activity after Retroviral Transduction Is Compensated in Ca Ski Cells Expressing High Levels of HIV-1 RT 

	The Relationship between the Levels of mRNA and the Protein Production of RT_A and E6*I mRNA and the Properties of Ca Ski Subclones 
	The Overexpression of RT Rescues the Tumorigenic Activity of Ca Ski Subclones Affected by Retroviral Transduction 

	Discussion 
	Conclusions 
	Limitations 
	References



