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Abstract

The seven members of the A3 family of cytidine deaminases (A3A to A3H) share a conserved
catalytic activity that converts cytidines in single-stranded (ss) DNA into uridines, thereby
inducing mutations. After their initial identification as cell-intrinsic defenses against HIV and
other retroviruses, A3s were also found to impair many additional viruses. Moreover, some of the
A3 proteins (A3A, A3B and A3H haplotype I) are dysregulated in cancer cells, thereby causing
chromosomal mutations that can be selected to fuel progression of malignancy. Viral mechanisms
that increase transcription of A3 genes or induce proteasomal degradation of A3 proteins have
been characterized. However, only a few underlying biological mechanisms regulating levels of
A3s in uninfected cells have been described. Here, we characterize that the von Hippel-Lindau
tumor suppressor (pVHL), via its CRLPVHL induces degradation of all 7 A3 proteins. Two
independent lines of evidence supported the conclusion that the multi-protein CRLPVHL complex
is necessary for A3 degradation. CRLPVHL more effectively induced degradation of nuclear, pro-
cancer A3 (A3B) than the cytoplasmic, anti-retroviral A3 (A3G). These results identify specific
cellular factors that regulate A3s post-translationally.

Introduction

Evidence indicates that the 7 members of the apolipoprotein B mRNA-editing enzyme
catalytic polypeptide-like 3 (APOBEC3; A3) family of cellular cytidine deaminases (A3A,
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-B, -C, D, F, G, and -H) have been positively selected throughout primate evolution

by their interplay with endogenous retroelements and exogenous pathogens.1- This
conserved deaminase catalytic function results in different A3s introducing mutations in
both exogenous and endogenous single-stranded DNA (ssDNA) substrates.® Variation in
levels of A3s in different human cell types is associated with differences in pathogenesis of
human immunodeficiency virus (HIV) infection and cancer, albeit in opposite directions.

Studies have proven that cytoplasmic A3D, A3F, A3G, and A3H can be encapsidated

in virions budding from HIV-producing cells and that this decreases infectivity of those
virions.”15 Levels of those A3s in the cytoplasm that enable this incorporation into
virions are higher in some T lymphocyte and myeloid cell differentiation states.16: 17 HIV
infectivity is decreased more if virions are produced from specific types of T lymphocytes
with relatively up-regulated cytoplasmic A3s, in comparison to those produced from T
lymphocytes with lower levels of cytoplasmic A3s.16: 18 Virion A3, after entry into the
next target cell, causes hypermutations in the ssDNA intermediate of the HIV genome
produced during reverse transcription that can restrict virus production from that target
cell 10 11,13, 19-21 Fyrthermore, A3-mediated mutations have also been implicated in the
editing of a broad range of other viral genomes.® In some such cases, A3 proteins have been
shown to also restrict replication of these other viruses.22

On the other hand, nuclear-localized A3A, A3B, and A3H haplotype | (A3H 1) are

a source of chromosomal mutations in cancer cells that has been associated with
accelerated progression in a range of cancers.23-31 In particular, A3B signature, clustered
hypermutations (kataegis) are evident in many cancer types and not in non-malignant
cells.23-27 These chromosomal hypermutations caused by A3B are a source of genetic
diversity in cancer cells that can confer a selective advantage in proliferation, metastasis,
and/or drug resistance to subpopulations of cells in a tumor.27-32, More recently, A3A has
also been documented to be a source of mutations in multiple cancers,33-36

Distinct pathways of transcriptional regulation have been characterized to date for A3A,
A3B, and A3G.37 Virus-cell interactions are characterized for the cancer-associated human
papillomavirus (HPV) and polyomavirus that can inactivate specific components of the

E2F transcription factor network to de-repress A3B transcription.38: 3% HPV-16 E6 protein
also upregulates A3B transcription.40-42 Other mechanisms of transcriptional upregulation
have been reported in cancers, including non-viral cancers.*3-4” However, the relatively low
magnitude of correlation noted between A3B mRNA levels and the degree of APOBEC3
signature chromosomal mutation in cells from breast and other cancers suggests that post-
transcriptional mechanisms may also contribute to regulation.23: 24 48 Modulation of nuclear
A3 levels by mechanisms other than transcription has indeed been recently reported for
specific Epstein-Barr virus and HPV proteins.#% 50 HP\-16 E7 protein has been reported to
stabilize levels of the A3A protein post-translationally by inhibiting its Cullin 2-mediated
degradation, although the lack of evidence in that report for an interaction between E7 and
A3A indicates that the underlying mechanism requires further characterization.>?

It is also well characterized how a retroviral gene product induces Cullin-RING E3 ubiquitin
ligase (CRL)-mediated degradation of cytoplasmic A3 proteins.13: 5156 H|\-1, HIV-2 and
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simian immunodeficiency viruses (SIVs), along with some other retroviruses, encode related
virion infectivity factors (Vifs) that function as substrate recognition receptors to recruit
different cytoplasmic A3s (particularly A3F, G, and H) to a specific CRL complex.®’: %8 This
CRLVifincludes Elongin (ELO) B/C, Cullin (CUL) 5, RING-box protein (Rbx) 2 and the
co-factors core binding factor-B as well as the Ariadne RING-in-between-RING (RBR) E3
ubiquitin protein ligase (ARIH2).59-63 This complex polyubiquitinates the cytoplasmic A3
proteins, directing them to the proteasome for degradation prior to the assembly and budding
of retroviral particles.13: 64-66 Degradation of cytoplasmic A3s by HIV-1 Vif enables the
evasion of A3-mediated restriction. Treatment with proteasome inhibitors effectively negates
this A3-depleting activity of HIV-1 Vif that promotes HIV infectivity.6” While A3B is
resistant to HIV-1 Vif 68, the Vif produced by a specific strain of SIV, SIVmac239, has
demonstrated the ability to degrade human A3B.69-72

Since cellular processes can regulate homeostasis of many proteins, we studied if there was a
specific mechanism for post-translational degradation of A3 cytidine deaminases. We report
here that the tumor suppressor von-Hippel Lindau protein (pVVHL), and its CRL, mediate
degradation of each member of the A3 family. This identification of a functional parallel
with retroviruses represents a critical first step to enabling additional insights into cancer
biology and future development of therapeutics to specifically modulate cellular levels of
different A3 proteins.

Materials and Methods

Cell Lines, Culture Conditions, Proteasomal Inhibitors and siRNA.

All the cell lines used in this study were obtained from ATCC and maintained at 37 °C

and 5% CO2. HEK293T and MCF7 cells were cultivated in DMEM (containing 4.5 g/liter
glucose, L-glutamine, and sodium pyruvate) medium plus 10% fetal bovine serum, 50 1U/ml
penicillin, and 50 pug/ml streptomycin. H1299 and T47D cells were cultivated in RPMI
medium plus 10% fetal bovine serum, 50 1U/ml penicillin, and 50 pg/ml streptomycin. A549
cells were maintained in F12K, plus 10% fetal bovine serum, 50 IU/ml penicillin, and 50
ug/ml streptomycin. HTB41 cells were maintained in McCoy's 5a Medium Modified plus
10% fetal bovine serum, 50 1U/ml penicillin, and 50 pg/ml streptomycin.

The proteasomal inhibitors, MG132 and Lactacystin were purchased from Santa Cruz
Biotechnology and Epoxomicin was purchased from Cayman Chemical. All the inhibitors
were prepared according to manufacturers’ protocols. DMSO was used as a control in these
experiments since the proteasome inhibitors are dissolved in DMSO.

To downregulate endogenous pVHL gene expression, siRNAs were purchased from
Dharmacon. For specific pVHL down regulation, ON-TARGETplus VHL siRNAs
(J-003936-11, J-003936-12, termed siVHL 1 and siVHL 2) were used and siRNA ON-
TARGETDplus Non-Targeting Control Pool (D-001810-10, termed Contro/siNT) was used
as a treatment control. Transfection reagents for the siRNA were also purchased from
Dharmacon. VHL-targeting ShRNA was obtained from Dr. Wuhan Xiao from the Chinese
Academy of Sciences in Wuhan, China 73.
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Tagged A3 and pVHL expression vectors were recurrently used in this study. APOBEC3A-
myc DNA was kindly provide by Dr. Jinwoo Ahn from University of Pittsburg 74. We
obtained APOBEC3B-HA DNA through the NIH AIDS Reagent Program (catalog #:
11090), where it was originally provided Dr. Bryan R. Cullen %8, The APOBEC3D-V5-His
expression DNA used was also obtained through the NIH AIDS Reagent Program (catalog
#: 11433), provided by Dr. Yong-Hui Zheng 1°. APOBEC3C-HA, APOBEC3F-HA and
APOBEC3G-HA vectors were described previously 8 2. APOBEC3H-HA haplotypes | and
I1 were kindly provided by Drs. Marcel Ooms and Viviana Simon from Icahn School of
Medicine at Mount Sinai 14. HA-VHL and mutant HA-VHLC162F expression DNAs were
kindly provided by Dr. Michael Ohh from University of Toronto 7. ARIH1 and HIF1a
expression DNA was purchased from Addgene 76 77 The Flag-tagged pVHL construct was
obtained from Dr. Wuhan Xiao from the Chinese Academy of Sciences in Wuhan, China /3.

Immunoblotting

HEK?293T cells were plated at a density of 8 x 10° cells/well in a 6-well culture plate 24

h prior to transfection with individual plasmids as indicated in individual figure legends.
Linear polyethyleneimine (PEI; 25 kDa; Polysciences, Inc.) was used, as described 78,
Twenty-four hours after transfection, cells were lysed in a 1% NP-40 based lysis buffer with
the addition of a protease inhibitor cocktail (Millipore Sigma) and subsequently sonicated
to release nuclear-localized proteins followed by centrifugation at 10,000 x g for 10 min at
4 °C. Protein concentrations of the cell lysates were quantified using a BCA protein assay
(Thermo Fisher Scientific) and normalized. Equal amounts of proteins were denatured using
a10% DTT and 4X LDS sample buffer (Thermo Fisher Scientific), boiled for 7 minutes

at 92°C, and analyzed by electrophoresis through a 4-12% Bolt Bis-Tris electrophoresis gel
(Thermo Fisher Scientific). After electrophoresis, separated proteins were transferred to a
PVDF membranes (Thermo Fisher Scientific) and processed for western blot analysis using
protein-specific antibodies; anti-HA (Millipore Sigma), anti-FLAG (Millipore Sigma), anti-
MYC (Millipore Sigma), anti-V5 (Thermo Fisher Scientific), anti-A3B (in-house generated),
anti-VHL (Santa Cruz Biotechnology), anti-HIF1a (Santa Cruz Biotechnology), anti-Lamin
AJC (Santa Cruz Biotechnology), and anti-GAPDH (Millipore Sigma). Fluorescent-labelled
secondary antibodies were used in conjunction with the Odyssey CLXx imaging system
(Li-Cor) to detect protein signal.

Protein Band Quantification

Following signal detection, protein bands were quantified using the ImageJ software
available through the National Institutes of Health. Image files produced by the Odyssey
CLx imaging system were converted into 32-bit, black-and-white (black bands/white
background) files that were then quantified using the gel analysis feature and measuring
the area under the curve for peaks that represented the target protein. Quantified bands for
A3s and pVHL were normalized based on their corresponding Lamin C/GAPDH values.
To calculate the relative A3B/pVHL signal intensities, the normalized band values were
then divided by control values for the non-targeting siRNA or DMSO for the knockdown
and proteasome inhibition experiments, respectively. To obtain the degradation ratio in
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co-transfected samples in 293T cells, the band quantification values for A3 proteins co-
transfected with either WT pVHL or C162F were divided by the values from control
samples that were co-transfected with an empty pcDNA control vector. For the statistical
analysis of A3B vs A3G degradation ratios, a paired Wilcoxon test was performed on 11
repeats of these experiments, wherein the pairing was between samples that were cultured,
collected, and processed on the same date.

RT-qPCR Analysis

Cellular RNA was purified from cell pellets using the RNeasy kit (Qiagen) recommended by
the manufacture and used as a template for the production of cDNA using the SuperScript
I11 first-strand synthesis system (Thermo Fisher Scientific). Quantitative PCR was then
performed using the primer sequences for A3B and TBP as designed by Refsland et al.

79 and for VHL as described by Lu et al. 89 (Table 1). Quantitative PCR was performed
using a SYBR Green stain (Thermo Fisher Scientific) and analyzed using a QuantStudio 6
Flex Real-Time PCR system (Thermo Fisher Scientific). Gene normalization was performed
using TATA box-binding protein (TBP).

Immunoprecipitation

HEK?293T cells were plated at a density of 8 x 106 cells/plate in a 10 cm culture plate 24

h prior to transfection with individual plasmids as indicated in individual figure legends
using PEI transfection method. Twenty-four hours after transfection, cell lysates were
processed as described above. Immunoprecipitation experiments were performed using
antibody-conjugated agarose beads for anti-HA (Thermo Fisher Scientific), anti-FLAG
(Millipore Sigma), and anti-MYC (Millipore Sigma) as indicated in individual figures.
Between 500-1000 pg of clarified protein lysate was incubated overnight with the beads,
which were then washed five times with wash buffer and remaining buffer was removed
using a 27-gauge needle. The beads were then resuspended in 2X DTT-based sample buffer
and boiled for 3 minutes before being analyzed using immunaoblotting as described above.

Proteomics and Data Analysis

HEK?293T cells were transfected with an empty pcDNAS3.1 vector, or with a pcDNA3.1
plasmids expressing HA-tagged A3B using PEI transfection method. Samples were

treated with Epoxomicin to increase protein-protein interactions by inhibiting proteasomal
degradation of cellular proteins. Cell lysates were collected and processed as described
above in immunoblotting section. The resulting cell lysates were then incubated separately
with agarose-conjugated beads that were anti-HA (Thermo Fisher Scientific) as well as
isotype matched agarose-conjugated mouse 1gG beads (Millipore Sigma). These were
incubated overnight at 4°C, washed and denatured as described above. Samples were run
on SDS-PAGE gel and a gel band was subject for in-gel digestion. The gel band was
washed in 100 mM Ammonium Bicarbonate (AmBic)/Acetonitrile (ACN) and reduced with
10 mM dithiothreitol at 50°C for 30 minutes. Cysteines were alkylated with 100 mM
iodoacetamide in the dark for 30 minutes at room temperature. The gel band was washed

in 100mM AmBic/ACN prior to adding 600 ng trypsin for an overnight incubation at 37
°C. Supernatant containing peptides was saved into a new tube. The gel was then washed at
room temperature for 10 minutes with gentle shaking in 50% ACN/5% FA, and supernatant
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was saved to peptide solution. Wash step was repeated each by 80% ACN/5% FA, and
100% ACN, and all supernatants were saved in peptide solution and then subjected to the
speedvac dry. After lyophilization, peptides were reconstituted with 5% ACN/0.1% FA in
water and injected onto a trap column (150 um ID X 3cm in-house packed with ReproSil
C18, 3 um) coupled with an analytical column (75 um ID X 10.5 cm, PicoChip column
packed with ReproSil C18, 3 um) (New Objectives, Inc.). Samples were separated using a
linear gradient of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in
ACN) over 120 minutes using a Dionex UltiMate 3000 Rapid Separation nanoLC (Thermo
Fisher Scientific). MS data were obtained on an Orbitrap Elite Mass Spectrometer (Thermo
Fisher Scientific). Data were searched using Mascot (Matrix Science) v.2.5.1 against the
Swiss-Prot Human database (2019) and results were reported at 1% FDR in Scaffold v.4.8.4
(Proteome Software). Only proteins in which the anti-HA pulldown on both samples yielded
at least twice the total spectrum count compared to the mouse 1gG control samples were
considered. For our own analysis, a protein was considered to be exclusively bound to A3B
if the total spectrum count was four times greater in the A3B expressing samples compared
to the empty pcDNAS3.1 control sample.

Proteasome inhibition increases levels of endogenous APOBEC3B

To begin investigating potential post-translational regulation of A3s, we treated two human
cell lines, MCF7 (derived from a breast cancer) and H1299 (derived from a lung cancer)
with proteasome inhibitors. These cell lines were selected because it is well established that
biopsied breast and lung cancer cells display high levels of A3-mediated cytidine deaminase
mutations in vivo.23: 24, 81,82

MCF7 and H1299 cells were treated with proteasome inhibitors MG132, Lactacystin and
Epoxomicin. The effect of proteasome inhibition on endogenous levels of A3B protein
was subsequently analyzed through immunoblotting (Figure 1A). Levels of endogenous
A3B protein increased upon treatment with each of the proteasome inhibitors in H1299
cells. In the MCF7 cells, MG132 and Epoxomicin treatments resulted in increased A3B;
Lactacystin-induced inhibition did not, indicating variable effects of these inhibitors in
different cell types. Though Epoxomicin and MG132 both inhibit the 20S proteolytic core
of the 26S proteasome, this inhibition by MG132 is reversible; moreover, MG132 is not
entirely specific against the proteasome as it also inhibits the action of calpain proteases
and lysosomal cathepsins.83: 84 Treatment with the irreversible inhibitor, Epoxomicin, had
the greatest and most consistent effect on levels of A3B protein, while the more reversible
MG132 treatment did not have a reliably reproducible effect in repeated experiments (not
shown).

Since A3B-induced hypermutations have also been observed in head/neck cancers, we next
studied the head/neck cancer cell line, HTB-41. Both HTB-41 and another non-small cell
lung cancer (NSCLC) cell line, A549, were treated with Epoxomicin. Epoxomicin-induced
proteasomal inhibition of these cells consistently resulted in 2- to 3-fold increases in A3B
protein levels compared to control treated cells (Figures 1B-D and S1).
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Next, we considered whether the specific, potent, and irreversible inhibition of the 26S
proteasome by Epoxomicin might affect transcriptional mechanisms of A3B regulation.
Reverse transcriptase quantitative PCR (RT-gPCR) measured A3B mRNA levels in the
absence and presence of Epoxomicin treatment (Figure 1B-D). We did not observe any
instances of increased A3B mRNA following proteasome inhibitor treatment in any of the
cell lines tested; in fact, decreased A3B mRNA was consistently observed, as has also been
reported by others.*4 This is consistent with the increased levels of A3B protein observed in
these cell lines not being indirectly due to transcriptional activation.

Proteomic analysis identifies A3B-pVHL interaction

The observed consistent increase in levels of endogenous A3B protein with irreversible
proteasome inhibition suggests a cellular regulatory mechanism involving proteasomal
degradation. We next sought to identify cellular protein(s) interacting with A3B through
proteomic analysis. To do this, 293T cells were transfected with either an empty control
vector or HA-tagged A3B expression plasmids in the presence of Epoxomicin to minimize
A3B degradation. Cell lysates were immunoprecipitated using HA-specific antibody-
conjugated agarose beads. Through an in-gel digestion followed by mass spectrometry,
protein database analysis, and the removal of non-specific peptides, we identified 39
potential candidate proteins that were specifically bound to HA-tagged A3B, including

the pVHL tumor suppressor protein (Figure 2). The most extensively characterized cellular
function of pVHL is as a substrate receptor that recruits the HIF1a transcription factor

to a CRL (CRLPVHL). CRLPVHL polyubiquitinates HIF1a, which directs it for subsequent
degradation through the 26S proteasome.85-89 Additional factors associated with ubiquitin-
mediated proteasomal degradation were found to interact with A3B, including PSMC5 -

a gene encoding a component of the 19S regulatory subunit of the 26S proteasome that
recognizes polyubiquitinated substrates — and UBA52, a ubiquitin encoding gene.0 91 The
identification of these proteins prompted further study of a putative functional role of pVHL
in A3B degradation.

Down-regulation of pVHL increases endogenous A3B protein levels

To test whether pVHL regulates cellular levels of endogenous A3B, we treated MCF7

and H1299 cells with short interfering RNAs (SiRNAs) targeting VHL mRNA, or with a
non-targeting control siRNA. Two days post-transfection with siRNAs, cell lysates from
both MCF7 and H1299 were analyzed by immunoblotting for endogenous levels of A3B
and pVHL (Figures 3A-B and S2A). We observed that VAL knockdown led to a consistent
increase in A3B protein levels in both MCF7 and H1299 cells. Furthermore, short hairpin
RNAs (shRNAs) against VHL yielded a similar result in MCF7 cells (Figure S2B).

Given that the principal substrate of pVHL, HIF1a, is a transcription factor that activates
the expression of a myriad of metabolic genes, we also tested whether a knockdown of
VHL could be promoting HIF1a-induced transcriptional activation that could explain the
increased levels of A3B protein observed. To test this, RT-gPCR quantification of A3B

and VHL mRNA in MCF7 samples treated with VVHL-specific siRNA was performed. We
observed no significant increase in A3B mRNA following siRNA knockdown of VAL
(Figure 3C). These results implicate pVHL as a post-translational regulator of A3B protein.
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Ectopic expression of pVHL decrease levels of A3 proteins

We next studied whether pVVHL can regulate other A3 proteins. 293T cells co-transfected
with pVHL and individual A3-expressing plasmids were lysed and analyzed by
immunoblotting one day post-transfection. We consistently observed a decrease in every
A3 protein tested following the transfection of pVHL (Figure 4A). Importantly, we also
demonstrated that our pVHL expression construct was capable of inducing the degradation
of the canonical substrate HIF1a (Figure S3). When the co-transfection of A3B, -F, and -G
expression vectors, each with the pVHL-expressing plasmid, was done in the presence of
cycloheximide to inhibit translation, the level of each of these three A3s was also reduced,
again consistent with post-translational regulation (Figure S4). These results demonstrated
that pVHL degrades A3 substrates regardless of their localization or size, consistent with a
conserved, post-translational regulatory mechanism across the A3 protein family.

Given the extensive literature implicating nuclear-localized A3B in promoting chromosomal
mutagenesis in cancer cells, and the well-established anti-HIV properties of cytoplasmic
A3G, our initial focus was on studying A3B and A3G. During the repeated experiments (11
replicates) using immunoblotting after co-transfection of pVHL with either A3B or A3G, we
observed that A3B was more sensitive to pVHL-mediated degradation compared to A3G.
The protein bands for A3B and A3G were each quantified and normalized to Lamin C signal
quantity in each respective experiment. A ratio that measured the lamin-normalized level of
each of these two A3s following transfection with p\VVHL-containing versus empty control
vector showed significantly greater degradation of A3B than A3G (P=0.032, Figure 4B).

CRLPVHL formation is necessary for A3 degradation

A genetic approach was employed to determine if the CRLPVHL ubiquitin ligase complex
was necessary to degrade A3 substrates, as occurs with CRLVif in HIV- and SIV- infected
cells. The naturally occurring and well-characterized C162F mutant p\VHL has been
repeatedly shown to be unable to bind Elongin C (ELOC). As a result, a functional CRL
complex is not formed when C162F pVVHL is present, leading to failure of C162F pVHL to
induce degradation of HIF1a.92-%

To determine whether pVHL-ELOC binding and the formation of a functional CRLPVHL
complex was necessary to induce A3 degradation, we transfected either tagged wild-type
(WT) pVHL or C162F pVHL- expression plasmids into 293T cells along with each of

the A3 proteinexpressing plasmids. One day post-transfection, cell lysates were collected
and analyzed by immunoblotting. WT pVHL consistently induced degradation of A3s,

but C162F pVHL expression had no appreciable effect on A3 protein levels (Figure 5A).
Quantification of multiple immunoblots of each experiment confirmed the decreases in A3
protein levels following WT pVHL expression and this was not seen with expression of
C162F pVHL (Figure 5B-E).

Additionally, we transfected increasing amounts of either wild type or C162F pVHL
expression plasmids along with a constant amount of individual A3 expression plasmids.
There was a consistent concentration-dependent relationship between increased WT pVHL
expression and decreasing A3 protein levels, whereas increasing expression of C162F pVHL
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demonstrated no such decrease in A3 levels (Figure S5). Cumulatively, these observations
strongly suggest that pVHL-ELOC binding and the formation of a functional CRLVHL
complex are necessary for p\VHL-mediated A3 degradation.

Post-translational modifications of pVHL are not required for A3 degradation

Post-translational modification of certain lysine residues of pVHL influences intracellular
localization and activity. Lysines are modified at residue 159 (by neddylation); at

residue 171 (by both SUMOlyation and ubiquitination); and at residue 196 (by
ubiquitination).”® 97-99 Singlesite arginine mutants that prevent those modifications at each
of these residues (K159R, K171R, K196R) were studied in order to determine the necessity
of post-translational modification at each of these lysines of pVHL for A3 down-regulation
(Figure 6). Mutants lacking each single one of these post-translational modifications retained
the ability to degrade A3s, although further work is suggested by these data (as described in
the Discussion below).

A3 proteins interact with pVHL

The role of substrate receptor proteins, like pVHL and HIV-1 Vif, for CRLs is twofold:
firstly, to bind the target substrate, and secondly to effectively interact with the CRL
complex. In doing so, substrate receptors recruit targeted proteins to the CRL ubiquitin
ligase machinery that then mediates the ubiquitination of the substrate. Therefore, the
established mechanism of degradation employed by HIV-1 Vif (for cytoplasmic A3s) and
pVHL (for HIF1a) necessitates their interaction with the substrate .

To investigate whether pVHL binds to the A3 proteins, 293T cells were co-transfected

with pVHL and individual A3s. One day post-transfection, cell lysates were collected,

and pulldown experiments were carried out using anti-HA, anti-MYC, and anti-FLAG
conjugated agarose beads followed by immunoblotting. The immunoblotting results
demonstrated that A3A, A3B, A3C, A3F, A3G, A3H haplotype I, and A3H haplotype II
each interact with pVHL (Figure 7A, B). These results corroborated the finding from our
proteomic approach that identified an interaction between endogenous pVHL and A3B

and extended documentation of such interactions to other A3 family members, except

one. A3D was not studied here because an expression plasmid with a tag allowing
immunoprecipitations, as done for the other A3s, was not able to be obtained or constructed.

ARIH1 potentiates pVHL-mediated A3 degradation

Recent studies have found that members of the Ariadne family of RING-in-between-
RING (RBR) E3 ligases (ARIH) interact with CRLs in order to efficiently prime initial
monoubiquitination of a substrate, which catalyzes subsequent polyubiquitination,100-102
Earlier data showed that the ARIH family member ARIH1 interacted with Cullin 2-based
CRLs to initiate pVHL-mediated degradation of HIF1a.193 Therefore, we investigated
whether ARIH1 is involved in pVHL-mediated A3 regulation. Each tagged A3 protein was
transfected at a constant concentration along with pVHL and ARIH1 individually, as well
as in combination with each other in a triple-transfection. Addition of ARIH1 to pVHL
did not have a discernable impact on pVHL-mediated degradation of A3D, A3H haplotype
I and A3H haplotype II; intensity of immunoblot bands of these 3 A3 proteins appeared
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unaffected by the addition of ARIH1 to pVHL (Figure 8D, G, H, comparing lanes 2 and

4). However, the addition of ARIH1 to pVHL decreased intensity on immunoblot of A3B,
A3C, A3F, and A3G relative to only pVHL coexpression with an A3 (Figure 8A, B, C, E, F,
comparing lanes 2 and 4). This evidence of increased degradation of several A3s by adding
over-expression of ARIH1 to that of pVHL is consistent with our other data implicating a
role for the CRLpVHL complex in A3 regulation, although further work is also suggested as
described in the Discussion below.

Discussion

This report identifies a post-translational regulatory mechanism that degrades A3A, A3B,
A3C, A3D, A3F, A3G, A3H I, and A3H Il through the activity of CRLPVHL and the
proteasome. Results from two independent methods show that the tumor suppressor protein
pVHL interacts with A3 proteins either directly or indirectly to mediate their degradation.
Proteomic analysis identified endogenous pVHL as interacting with A3B (Figure 2) and
co-immunoprecipitation experiments showed that each A3 interacted with pVHL (Figure 7).
Genetic knockdown of pVHL increased endogenous A3B protein (Figures 3 and S2), and
over-expression of pVHL decreased levels of each A3 protein (Figure 4). Two independent
lines of evidence supported the conclusion that the multi-protein CRLPVHL complex87: 94
is necessary for A3 degradation (Figures 5 and 8). This cellular mechanism functionally
parallels how retrovirus-encoded Vif proteins deplete infected cells of cytoplasmic A3s by
recruiting them to CRLVIT,

Although differential cellular levels of the A3 cytidine deaminases play pathogenic

roles in cancer progression as well as defense against multiple exogenous viruses and
retrotransposons, there has been only limited characterization to date of how they are
regulated in uninfected cells. Transcriptional upregulation of A3B expression has been
reported in some non-viral cancers.43-47— However, a comparison of relative levels of A3B
RNA and APOBEC signature mutations between two breast cancer cell lines exemplifies
some of the data suggesting that there may be regulatory mechanisms at an additional level
beyond transcription. APOBECS3 signature mutations were 50% of the BT-474 breast cancer
line’s total chromosomal mutations, with A3B RNA being 0.59-fold change relative to the
normalizing TBP RNA level (Supplementary Table 3 in 48). In contrast, fewer, 22%, of total
mutations were APOBEC signature mutations in the HCC202 breast cancer cell line, despite
higher A3B RNA levels at almost 2-fold change relative to the normalizing TBP RNA
(Supplementary Table 3 in 48). A mechanism of post-translational degradation of A3B could
explain this discordance between A3B mRNA levels and A3 signature mutation frequencies.

Results here indicated that the binding of ELOC to pVHL, which is essential for forming
the functional, multi-protein CRLPVHL complex87: 94, is necessary for A3 degradation. It
has been well characterized that pVVHL must bind to ELOC to form the full CRLPVHL and
induce degradation of its canonical substrate, HIF1a, as mutations in the BC-box of pVHL
render the protein incapable of degrading HIF1a..9: 96 Exogenous expression of one such
BC-box mutant that decreases HIF1a degradation, C162F pVVHL, did not degrade A3s, in
contrast to WT pVHL (Figure 5).

Trans/ Res. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scholtes et al.

Page 11

An additional factor in the CRLPVHL complex is ARIH1, which monoubiquinates a
substrate to ‘prime’ subsequent polyubiquitination of the substrate.101: 104 previous studies
demonstrated that when ARIH1 is downregulated, the activity of CRLPVHL s decreased
such that the substrate HIF1a is less well degraded.193 Similar to the effect on HIF1a,

the over-expression of ARIH1 along with pVVHL appeared to enhance the degradation

of some A3s (A3A, A3B, A3C, A3F, and A3G), relative to the degradation induced by
pVHL over-expression alone. The results for ARIH1 effects on A3A, A3B, A3C, A3F, and
A3G here add to the C162F pVHL data in supporting a role of the CRLPVHL complex

in regulating many A3s. However, the lack of discernable change in immunoblot band
intensity with adding ARIH1 to pVVHL over-expression here for A3D, A3H haplotype | and
A3H haplotype Il suggests additional characterization of ARIH1 in future work to more
thoroughly evaluate if there is indeed lesser impact of ARIH1 on the pVHL effect on some
A3s.

We also found that mutants unable to be post-translationally modified at specific, single
pVHL lysine residues implicated in p\VHL functions separate from its role in a CRL and in
its cellular localization (K159R, K171R, K196R)"> 9799 could still degrade A3s. However,
the immunoblots suggested these mutants may degrade A3B, A3C, A3D, A3HI and Il
slightly less well than the other A3s (Figure 6). This suggests further study of the role

of post-translational modifications of pVHL at those residues in optimizing degradation of
specific A3s.

A role for proteasomal degradation was also shown in this work, consistent with CRLPVHL
activity on A3s directing them to the proteasome. Proteasome inhibition by MG132 was
reported previously to rescue A3G from HIV-1 Vif-mediated degradation.®? 105 However,
MG132 did not impact uninfected cell levels of A3G in earlier work.56: 69,105 The
observation here that MG132, a reversible inhibitor of the proteosome, did not reproducibly
cause increases in A3B may help explain those earlier results. In our study, we also treated
cancer cell lines with the more specific and irreversible proteasome inhibitor, Epoxomicin,
as well as MG132. Epoxomicin consistently increased levels of endogenous A3B protein.
These increases in A3B protein seen with Epoxomicin were not attributable to enhanced
transcription here; indeed, decreased A3B RNA was consistently observed after Epoxomicin
treatment. Decreased endogenous A3B RNA has also been reported after MG132 treatment
of the MCF10A breast cancer cell line and attributed to decreased degradation of p100
diminishing PKC-NFxB-driven transcription from the A3B promoter.44

Cumulatively, results from these diverse experiments lead us to posit that pVHL functions
as a substrate receptor for the CRLPVHL complex. In this role, pVHL binds A3s and
recruits them — through an interaction with Elongin C — to the CRLPVHL complex for
polyubiquitination. Polyubigitination then targets A3s for degradation via the proteasome.

This pathway of CRLPVHL-mediated degradation was shown here to be conserved among
A3s regardless of their localization in the nucleus (A3B), cytoplasm (A3D, A3F, A3G,
A3H 1), or both (A3A, A3C, A3H I). However, results also indicate a greater sensitivity
of A3B to CRLPVHL mediated degradation relative to A3G. This raises additional potential
mechanisms by which loss of pVHL function can affect cancer progression via A3B that
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can be addressed by future research. It may also inform strategies to study if reversing

A3B up-regulation may slow cancer progression. Current efforts to attempt to reverse

A3B effects on cancer involve inhibition of its deaminase activity or its sequestration in
perinuclear bodies#®: 106. 107: ejther strategy may also affect other A3s and potentially impair
defenses against exogenous retroviruses and endogenous retroelements in non-malignant
cells. Results here suggest further work may open opportunities to develop interventions
that preferentially increase CRLPVHL activity to enhance degradation of A3B in cancer

cells, while minimizing loss of immune cell-intrinsic defenses against viruses provided by
A3G. This is particularly pertinent to cancers lacking a viral etiology that are more frequent
and aggressive in HIV patients, even during antiretroviral therapy. These findings may

also inform therapeutic strategies, given that targeting the ubiquitin-proteasome system is
already being successfully exploited via two different treatment modalities — inhibiting and
hijacking the proteasome. Multiple proteosome inhibitors have proven efficacious in cancer
therapy, and more are in development.108. 109 pROteolysis TArgeting Chimera (PROTAC)
technology redirects the ubiquitin-proteasome system, inducing polyubiquitination and
proteasomal degradation of a specific target protein.110 A PROTAC therapeutic is now in

a phase | clinical trial.}11 Results here suggest potential to study if inhibiting this pathway of
A3 degradation may have antiviral effects and/or if reversing CRLPVHL mechanisms of A3B
upregulation may decrease its mutational burden and slow cancer progression.

Limitations of this study include a reliance on the 293T cell line and co-transfections of A3
proteins along with pVHL. It is likely that the level of expression of these proteins in 293T
cells is greater than their physiological levels in primary cells. However, co-transfection

into 293T cells was a useful model system to study whether this regulatory pathway was
conserved amongst different A3 family members. We also confirmed effects on endogenous
A3B in cancer cell lines. Future studies into this mechanism will undoubtedly need to utilize
more physiologically relevant cells, in particular primary immune cells in which A3s play a
pivotal role in HIV restriction and biopsy-derived cancer cells.

In summary, this study identifies a CRLPVHL-dependent mechanism for physiological
regulation of the entire A3 family of proteins, DNA-editing enzymes whose diverse roles
in critical cellular processes have recently been increasingly appreciated. This includes
evidence of a role for A3s in many different virus infections, as well as many cancers.> 24
Moreover, selectivity of CRLPVHL activity against some A3 family members (e.g.; greater
activity against A3B than A3G) was found. Further characterization of these A3 regulatory
mechanisms can advance understanding of cancer progression. There is also potential for
more work on these A3 family-wide regulatory mechanisms, and how they differ for
individual A3 family members. Such studies would add insights that can help develop
strategies targeting the ubiquitin-proteosome system in order to selectively minimize cancer-
promoting chromosomal mutagenesis or promote antiviral activity.

Background

APOBEC3 (A3) cytidine deaminases induce mutations in single-stranded DNA substrates,
in some cases, fatally hypermutating virus DNA and, in others, generating selectable
mutations in chromosomal DNA of cancer cells. Some mechanisms by which virus-encoded
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factors modulate levels of A3 proteins are known. Little has been reported about how A3s
are regulated in uninfected cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Significance

The characterization here of a post-translational mechanism of regulation of A3 protein
levels in uninfected cells has implications for biological and translational research on
antiviral defenses, retroelement mobility, and cancer progression.
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Figure 1. Proteasome inhibition increases levels of endogenous APOBEC3B.
Immunoblotting was done for endogenous A3B in cells cultured in 6-well plates and

treated overnight (18 hours) with proteasome inhibitors. Cells were lysed, and then protein
amounts were normalized, denatured, and separated via electrophoresis. (A) H1299 and
MCEF7 cells were treated with a panel of proteasome inhibitors; MG132 (5 uM), Lactacystin
(5 uM) and Epoxomicin (500 nM). (B) A3B protein (immunoblot in left panel and its
quantitation in middle panel) and mMRNA levels (relative to TBP, right panel) were measured
by immunoblotting and RT-gPCR respectively from duplicate 6-well cultures of A549 lung
cancer cells (n=3), (C) The same analyses were done for MCF7 breast cancer cells (n=3),
and (D) HTB-41 head/neck cancer cells (h=4). For all panels, values are means + SD error
bars. For each cell line, protein level quantifications were normalized to the DMSO control
for each replicate.
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Figure 2. Proteomic analysis identifies A3B-pVHL interaction.

8 million 293T cells were cultured in 10 cm plates, and transfected on the following
day with 10 ug of an HA-tagged A3B expression plasmid, or an empty control vector,
in the presence of Epoxomicin. Lysates were subsequently incubated with HA- or 1gG-

conjugated agarose beads in order to affinity-purify A3B and identify non-specific protein-
bead interactions, respectively. Proteins were denatured and separated on SDS-PAGE gels.
Mass spectrometry analysis identified 39 interacting proteins, as shown, with shading

indicating those that were related to ubiquitination and/or the proteasome.
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Figure 3. Down-regulation of pVHL increases endogenous A3B protein levels.
MCF7 cells were cultured in 10 cm plates and, one day later, were treated with non-targeting

SiRNA (siNT) and siRNAs targeting VHL (siVHL 1, 2) in order to knockdown endogenous
pVHL. (A, B) Endogenous A3B and pVHL protein levels assessed by immunoblot (n=3)
(A) and bands quantified and normalized to the siNT control (B). (C) RT-gPCR analysis of
samples from (A) quantifying A3B and VHL mRNA, normalized to TBP. For all panels,
values are means + SD error bars.
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Figure 4. Ectopic expression of pVHL decrease levels of A3 proteins.
800,000 293T cells were seeded on 6-well plates one day prior to co-transfection with

plasmids expressing the indicated tagged A3 proteins (500 ng) along with N-terminal
Flag-tagged pVVHL (1000 ng). Cells were collected 24 hrs post-transfection, lysed, and
then separated on 4-12% Bis-Tris gradient gels. A3 and pVHL signals were normalized

to the Lamin C band signal. (A) Representative immunoblots of ectopically expressed A3
proteins with co-transfected empty control and Flag-VHL plasmids. (B) Multiple replicate
samples of A3B and A3G that were run simultaneously from the experiment illustrated in
(A) were quantified and normalized to the Lamin C band signal to yield a degradation ratio
of normalized A3B to A3G signals (n=11), values are means + SD error bars. A Wilcoxon
matched-pairs signed rank test determined P value of 0.0322 for comparison of degradation
rations of A3B to A3G.
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Figure 5. CRLPVHL formation is necessary for A3 degradation.
293T cells were cultured in 6-well plates of 800,000 cells per well, and transfected with

various A3-expression constructs (500 ng) along with a plasmid expressing either no protein
(empty vector or null control), WT pVHL, or C162F pVHL (1000 ng of each) the next day.
(A) Representative western blots of each A3 protein expressed along with the null control,
WT pVHL, and C162F pVHL are shown. (B-1) Quantification of the different A3 bands
following multiple repeats of these experiments are shown. For all panels, values are means
of a ratio (“A3 degradation ratio”) of A3 protein signal following the expression of each
pVHL normalized to the null control with each point representing an independent replicate.
Error bars are + SD. Significance of difference between each degradation ratio, comparing
change from A3 band quantitation in the null control following WT pVHL versus C162F
pVHL expression, was analyzed by an unpaired t-test. Significant differences are indicated
as either *P < 0.05 or **P < 0.01.

Transl Res. Author manuscript; available in PMC 2022 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Scholtés et al. Page 26

AlA All AN

A 2) - (T I b vomd - (. T - Ll e 0 ma

ANl I o e e i S ¢ S pe— ) GEEEED . G— — -

el P P — —— — —

Leein( — — - —— — ey — ———

410D AN AN,
\“ - L] - L . A - - L - L] . A'wma Ll L] - AAAL B A

N—‘\_((.]-.- R el ol W e — 0 F G g .

Al R —_—————— — — — —

LT ee— p— o p—, — N — — — g—  — T e .

AFMI AJui
(52 L ETy FI1'E §Fas L L Aa L N N B -

AP e e e w pw - CE w— T e S

Al -r- —_————

LT T o— p— - ——F-“

Figure 6. Post-translational modifications of p\VHL are not required for A3 degradation.
6-well plates were cultured with 800,000 293T cells/well one day before co-transfection

with one of the tagged A3 proteins and either an empty control vector, Flag-tagged WT
pVHL, or Flag-tagged K159R, K171R, or K196R pVHL. Representative immunoblots are
shown.
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Figure 7. A3 proteins interact with pVHL.

8 million 293T cells were cultured in 10 cm plates for one day prior to transfection with
tagged A3-proteins (10 pg) and Flag-tagged pVHL (10 pg). Complexes of pVHL with each
A3 were affinity purified with anti-HA antibodies, except for A3A, which is Myc-tagged
and was thusly purified with anti-Myc antibody. In addition, anti-Flag antibody was used
to isolate A3-pVHL complexes in a complementary manner. (A) Immunoblot of the input
and affinity purified tagged A3B and pVHL following pulldown with anti-HA and -Flag

conjugated beads, respectively. (B) Immunoblots of expanded affinity pulldown experiments
for additional members of the APOBEC3 family (A3A, -C, -F, -G, -H I, H I1).
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Figure 8. Addition of ARIH1 increases pVHL-mediated degradation of several A3s.
293T cells were cultured in 6-well plates with 800,000 cells/well one day before co-

transfection with an A3 expression plasmid (500 ng) and either an empty control vector,

a plasmid expressing HA-tagged pVHL (500 ng), a plasmid expressing Flag-tagged ARIH1
(500 ng), or both the pVHL and ARIH1-expression plasmids (500 ng of each). In order

to compare A3 protein levels upon expression of pVHL, ARIH1, or both, immunoblot
experiments were performed. (A-H) Representative immunoblots of these experiments are
shown. To evaluate if adding ARIH1 increases pVHL effect on each A3, the relevant
comparison in each panel is the A3 band intensity in lane 2 with only pVHL over-expressed,
relative to the A3 band intensity in lane 4 with both ARIH1 and pVHL over-expressed.
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