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Abstract 

Apolipoprotein B messenger RNA ( mRNA ) editing enzyme, catalytic polypeptide-like ( APOBEC ) cytidine deaminases cause genetic inst abilit y 
during cancer de v elopment. Ele v ated APOBEC3A ( A3A ) le v els result in APOBEC signature mutations; ho w e v er, mechanisms regulating A3A 

abundance in breast cancer are unkno wn. Here, w e sho w that dysregulating the ubiquitin-proteasome system with proteasome inhibitors, 
including Food and Drug A dministration-appro v ed anticancer drugs, increased A3A abundance in breast cancer and multiple m y eloma cell lines. 
Une xpectedly, ele v ated A3A occurs via an ∼100-fold increase in A3A mRNA levels, indicating that proteasome inhibition triggers a transcriptional 
response as opposed to or in addition to blocking A3A degradation. This transcriptional regulation is mediated in part through FBXO22, a protein 
that functions in SKP1–cullin–F-box ubiquitin ligase complexes and becomes dysregulated during carcinogenesis. Proteasome inhibitors increased 
cellular cytidine deaminase activity, decreased cellular proliferation and increased genomic DNA damage in an A3A-dependent manner. Our 
findings suggest that proteasome dysfunction, either acquired during cancer development or induced therapeutically, could increase A3A-induced 
genetic heterogeneity and thereby influence therapeutic responses in patients. 
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polipoprotein B messenger RNA ( mRNA ) editing enzyme,
atalytic polypeptide-like ( APOBEC ) cytidine deaminases are
he second most common cause of mutations in sequenced hu-
an tumors ( 1 ) . The APOBEC3 subfamily normally functions
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during transcription or DNA repair ( 3–10 ) . Such APOBEC
signature mutations, characterized by C-to-T or C-to-G muta-
tions within TCW motifs ( W = A or T ) ( 11 ) [also referred to as
COSMIC single base substitution ( SBS ) signatures 2 and 13],
are present in 30% of sequenced tumor samples from multi-
ple cancer types ( 12 ) , with the highest abundance observed in
head and neck, breast, bladder, cervical and lung cancers ( 13 ) .

Off-target APOBEC activity promotes tumorigenesis by
causing oncogenic driver mutations such as PIK3CA E542K
or PIK3CA E545K ( 14 ) and can contribute to therapeutic re-
sistance to tamoxifen in estrogen receptor-positive breast can-
cer cells ( 15 ) . Of the seven APOBEC3 proteins, we and others
have provided substantial evidence that APOBEC3A ( A3A ) is
a major contributor to APOBEC-induced mutations ( 16–18 ) .
We have shown that among the APOBEC3 genes, A3A expres-
sion is the most strongly correlated with APOBEC-induced
mutation load in human cancers ( 17 ) . A3A provides the ma-
jority of cytidine deaminase activity in whole cell extracts con-
taining RNA [which inhibits APOBEC3B ( A3B ) activity] from
a variety of breast cancer cell lines. An A3A favored muta-
tion motif of YTCA to YTTA or YTGA is enriched in tumors
with the highest load of APOBEC signature mutations ( 18 ) .
Finally, deletion of A3A from breast cancer and B-cell lym-
phoma cell lines nearly abolished accumulation of APOBEC
signature mutations ( i.e. SBS2 and SBS13 ) ( 16 ) , directly impli-
cating A3A in cancer mutagenesis. 

Previous work on APOBEC dysregulation and its muta-
genic activity in cancer cells has centered around APOBEC
transcription and subcellular localization, where transcrip-
tional activation and nuclear localization contribute to mu-
tagenesis ( 19 ,20 ) . Although A3A mRNA levels correlate pos-
itively with APOBEC signature mutation load ( 17 ) , out-
lier samples in this association suggest that additional non-
transcriptional mechanisms may also influence A3A protein
abundance within cancer cells. During viral infection, multiple
APOBEC members are regulated post-translationally by the
ubiquitin-proteasome pathway, making this pathway a candi-
date for controlling A3A abundance in tumors ( 21 ) . Human
hepatocytes containing UBE2L3 polymorphisms have been
found to be more susceptible to hepatitis B viral infection due
to increased proteasome-mediated degradation of A3A ( 22 ) .
Additionally, multiple overexpressed APOBEC3 family mem-
bers have been shown to be controlled by the activity of ubiq-
uitin ligase complexes containing von Hippel–Lindau tumor
suppressor protein ( pVHL ) and ariadne RING-in-between-
RING E3 ubiquitin protein ligase 1 ( ARIH1 ) ( 23 ) . 

The ubiquitin-proteasome pathway is frequently dysreg-
ulated during carcinogenesis and tumor growth ( 24 ,25 ) . In
many cases, changes to this pathway involve increased pro-
teolytic activity and degradation of tumor suppressors, which
promote tumorigenesis. Therefore, tumor samples often have
higher levels of chymotrypsin-like proteasome activity com-
pared to neighboring normal tissue ( 26 ) . This is particularly
true for breast cancers as most primary tumor samples exhibit
upregulated proteasome activity ( 27 ) . α-Estrogen receptor-
negative breast carcinomas often acquire higher expression
of the proteasome subunit and activator, LMP2 and PA700
( 26 ) , and TP53 mutations upregulate proteasome activity
by increasing proteasome subunit gene expression in triple-
negative breast cancer ( 28 ) . Additionally, increased expression
of the E3 ubiquitin ligases, MDM2 and RING1, is a canonical
oncogenic event leading to degradation of the tumor suppres-
sor p53 ( 29 ) . Depending on the component altered, the loss 
of ubiquitin-proteasome pathway function can also promote 
cancer initiation, metastases and drug resistance. pVHL itself 
is a tumor suppressor and germline inactivating mutations 
in this gene lead to a variety of kidney cancers presumably 
caused by inappropriate protein degradation ( 30 ) . Moreover,
reduced expression or mutations in F-box proteins that medi- 
ate substrate recognition for SKP–cullin E3 ubiquitin ligases 
can also promote tumorigenesis. Multiple cancer types acquire 
somatic mutations in the gene FBXW7 , which encodes an F- 
box protein important for the degradation of tumor promot- 
ing proteins such as Cyclin E1, c-Myc, mTOR, Notch1 and 

SNAIL ( 31 ,32 ) . Accordingly, loss of FBXW7 increases tumor 
incidence in mice. Similarly, reduced activity of the F-box pro- 
tein, FBXO22, contributes to tumor progression and metas- 
tasis in lung and breast cancers by increasing levels of key 
oncogenic factors such as Bach1, HDM2 and SNAIL ( 33 ) .
Since APOBEC3 protein abundance has been shown to be 
controlled by proteasome activity in human embryonic kidney 
cells ( 23 ) , somatically acquired alterations in such ubiquitin- 
proteasome pathway factors may similarly cause changes 
in A3A protein abundance leading to enhanced cancer cell 
mutagenesis. 

Because of altered ubiquitin-proteasome activity acquired 

during tumorigenesis, treatment of cancers can also target 
changes in proteasomal degradation ( 25 ) . The Food and 

Drug Administration has approved use of proteasome in- 
hibitors ( i.e. bortezomib, carfilzomib and ixazomib ) for the 
treatment of multiple myeloma and mantle cell lymphoma,
where they are used in the current standard care regimen.
The efficacy of proteasome inhibitor treatment against mul- 
tiple myeloma is due to a cellular dependence on the protea- 
some to compensate for the high production of immunoglob- 
ulins ( 34 ) . The potential to expand the usage of proteasome 
inhibitors exists because other cancer types, such as basal- 
like triple-negative breast cancer, have been reported to be 
especially dependent on high proteasome activity ( 35 ) . How- 
ever, utilization of these therapies could have the unintended 

consequence of upregulating a major cancer mutator such 

as A3A. 
Here, we investigate in breast and multiple myeloma can- 

cer cell lines the impact of proteasome activity on A3A cel- 
lular abundance and activity. We show that treatment of a 
variety of cell types with the proteasome inhibitor, MG132,
results in higher levels of both exogenous and endogenous 
A3A proteins. This effect is specific to A3A among APOBEC3 

family members. The A3A elevated by proteasome inhibi- 
tion is catalytically active, which is likely the cause of ele- 
vated nuclear DNA damage and slowed cellular prolifera- 
tion. Surprisingly, the increase in A3A protein level is mir- 
rored by a similar increase in A3A mRNA abundance indi- 
cating that inhibited proteasome function drives a transcrip- 
tional response regulating A3A. Knockdown of the ubiquitin- 
proteasome pathway component, FBXO22, results in a similar 
increase in A3A transcript and protein levels. Therapeutic pro- 
teasome inhibitors bortezomib, carfilzomib and ixazomib also 

increase A3A cytidine deaminase activity, transcripts and pro- 
tein abundance in both breast cancer and multiple myeloma 
( the cancer type most commonly treated with clinical protea- 
some inhibitors ) cell lines, indicating that clinical use of these 
drugs may unintendingly increase A3A-mediated DNA dam- 
age and mutation. 
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aterials and methods 

ell culture conditions 

T474, MDA-MB-453, MM.1S, U266B1 and RPE-1 cell
ines were obtained from American Type Culture Collection
 ATCC ) and cultured in Hybri-Care medium + 10% fetal
ovine serum ( FBS ) , L-15 Leibovitz media + 10% FBS, RPMI
640 + 10% FBS, RPMI 1640 + 15% FBS and Dulbecco’s
odified Eagle medium + 10% FBS, respectively. BT474, RPE-
, MM.1S and U266B1 cells were incubated at 37 

◦C with
% CO 2 . MDA-MB-453 cells were incubated at 37 

◦C with
oom CO 2 . MDA-MB-453 and BT474 cells transduced with
entiviral vectors expressing non-specific scramble small hair-
in RNA ( shRNA ) , A3A-targeting shRNA or A3B-targeting
hRNA were described previously ( 17 ) . The identity of all
ell lines used in this study was authenticated by assess-
ng the maintenance of published morphology characteristics
hroughout culturing. All multiple myeloma cells used for ex-
eriments were passaged < 10 times from the original ATCC
ryovial. 

loning for lentiviral shRNA plasmids and A3A 

xpression plasmids 

ligos with shRNA sequences ( listed in Supplementary Table 
1 ) were phosphorylated with T4 PNK (NEB M0201S) and
nnealed. To create the lentiviral shRNA plasmids, the an-
ealed oligos were cloned into the AgeI and EcoRI sites of
lasmid pLK O .1 hygro (Addgene, #24150). HA-tagged A3A
as expressed using a NEO-marked lentiviral vector, pTM-
82 ( Supplementary Data ), which has a CMV promoter mod-
fied for reduced expression that also contains a pair of TETO
equences enabling doxycycline-induced expression in cells
xpressing TETR. Strep-tagged A3A mutants containing ei-
her a K137R mutation or full lysine to arginine substitu-
ions (i.e. residues 30, 47, 60, 137 and 159) were created by
odifying pTM-216 from ( 17 ). Geneblocks obtained from

ntegrated DNA Technologies containing K30 / 47 / 60R mu-
ations, a K137R mutation or a K159R mutation were se-
ially cloned into pTM-216 after polymerase chain reaction
PCR) amplification with oTM-58 and oTM-59 or 5 

′ phos-
horylated oCC-101 and oCC-102 (only used to amplify the
159R mutation geneblock) and digesting with DraI and
agI, BglII and StuI, or StuI and AgeI, respectively. Wild-type

WT) or mutated A3A was transferred to NAT-marked Piggy-
ac payload vector (named pTM-897) containing promoter
nd wPRE elements identical to pTM-637 in ( 17 ) using Gate-
ay cloning methods. Accurate insertion of DNA for each

loning step of plasmid construction was verified via Sanger
equencing. 

ransfections 

entiviruses were generated via co-transfection of lentiviral
lasmids and packaging plasmids psPAX2 (Addgene, #12260)
nd pMD2.G (Addgene, #12259) into either HEK293T cells
for shRNA plasmids) or HEK293T-TETR ( 17 ) (for pTM-
82). The lentiviral supernatant was collected at 48 h post-
ransfection and added to the target cells along with Len-
iblast transduction reagent (OZ Biosciences), which was di-
uted 1:250 into lentiviral supernatant. The lentiviral super-
atant was removed 24 h post-transduction. For cell lines
ith shRNA sequences expressed from pLK O .1 hygro, sta-
le cell populations were selected 72 h post-transduction with
hygromycin B at 200 μg / ml. For RPE-1 cells expressing HA-
tagged A3A from pTM-682, stable cell populations were se-
lected 72 h post-transduction with G418 at 400 μg / ml. RPE-1
cells were transiently transfected to express strep-tagged con-
structs of WT A3A, A3A K137R or an A3A mutant with all
lysines converted to arginine. Cells were harvested 72 h post-
transfection without NTC selection for generating RNA ex-
tracts and whole cell lysate. 

Cell treatments 

Cell lines were treated with proteasome inhibitors diluted
in dimethyl sulfoxide (DMSO), cycloheximide in DMSO or
treated with a DMSO control and incubated for 3, 6, 12 or
24 h in normal culturing conditions before harvesting cell pel-
lets. Cell pellets were lysed in M-PER lysis buffer (Thermo
Fisher Scientific) containing Pierce Protease and Phosphatase
Inhibitor Mini Tablets (Thermo Fisher Scientific) for activity
and western analysis (unless stated otherwise) or saved for
RNA assays. 

Immunoblots 

GAPDH, tubulin, HA-tagged A3A and strep-tagged A3A im-
munoblotting: 25–30 μg cell extract in M-PER (quantified
via Bradford assay) was run on pre-made Mini-Protean TGX
gels (Bio-Rad) in 1 × TGS buffer [25 mM Tris, 250 mM
glycine, 0.1% sodium dodecyl sulfate (SDS)]. Then, protein
was transferred onto a 0.2 μm polyvinylidene fluoride mem-
brane (Thermo Scientific) via a Trans-Blot turbo transfer
system (Bio-Rad) in transfer buffer (25 mM Tris, 250 mM
glycine, 20% methanol) using the ‘low MW’ or ‘mixed MW’
settings as appropriate. Membranes were blocked in 2% ECL
prime blocking agent (Cytiva) in TBST (20 mM Tris, 150
mM NaCl, 0.1% Tween 20). Membranes were incubated at
4 

◦C in Rb-anti-GAPDH (Proteintech 10494-1-AP; 1:20000),
Rb-anti-HA (Abcam ab9110; 1:15000), Rb-anti-alpha tubu-
lin (Abcam ab4074, diluted 1:20000) or Rb-anti-strep (Ab-
cam ab76949, diluted 1:10000) diluted in 1% ECL in TBST
at 4 

◦C or room temperature for 12–18 h. Blots were incu-
bated in anti-Rb IgG HRP (Abcam ab97051; 1:20000) in 1%
ECL at 4 

◦C for 1.5 h. Blots were developed with ECL prime
western blotting detection reagent (Cytiva) before imaging on
a Bio-Rad ChemiDoc MP Imaging System using the ‘chemi’
auto exposure or signal accumulation settings. 

For endogenous A3A immunoblotting, cells were lysed in
RIPA buffer (150 mM NaCl, 50 mM Tris–HCl, pH 8.0, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, Pierce Pro-
tease Inhibitor Tablet, EDTA-free). Quantification of RIPA ex-
tracts was performed using the Thermo Fisher Scientific Pierce
BCA Protein Assay Kit. Protein transfer was performed by wet
transfer using Towbin buffer (25 mM Tris, 192 mM glycine,
0.01% SDS, 20% methanol) and nitrocellulose membrane.
Blocking was performed in 5% milk in TBST (19 mM Tris,
137 mM NaCl, 2.7 mM KCl and 0.1% Tween 20) for 1 h at
room temperature. The following antibodies were diluted in
1% milk in TBST: anti-A3A (Maciejowski Lab; 01D05; west-
ern blot, 1:500), anti-tubulin (Abcam; ab8224; western blot,
1:3000) and anti-mouse IgG HRP (Thermo Fisher Scientific;
31432; 1:10000). 

Blots were analyzed in Bio-Rad Image Lab using the ‘vol-
ume tools’ setting to calculate band intensity. Local back-
ground subtraction was used for band analysis except in
GAPDH blots of RPE-1 cells treated with cycloheximide and

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
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MG132, where background subtraction from a chosen repre-
sentative blot area was used. In HA-A3A and GAPDH blots
of RPE-1 cells treated with cycloheximide and MG132, band
volumes on each blot were normalized to one sample band
before relative HA-A3A to GAPDH signal intensity was cal-
culated for every sample. 

Cytidine deaminase assays 

Cytidine deaminase assays were performed with the hairpin-
forming oligonucleotide substrate oTM-814 Cy5. Five micro-
grams of cell extract (quantified by Bradford assay) was used
to assess deaminase activity. Reactions containing cell extract
with 20 mM Tris–HCl, pH 7.5, 1 mM DTT, 1 mM EDTA
and 1.105 μM oTM-814 Cy5 in 20 μl were incubated for 8–
24 h (as indicated) at 37 

◦C and then stopped by addition of 1
μl Proteinase K (0.07 mg / ml final) and Proteinase K buffer (10
mM Tris–HCl, pH 8, 1 mM EDTA, 0.5% SDS final). Reactions
were incubated at 37 

◦C for 20 min for proteinase digestion.
One molar NaOH (0.1 M final) and formamide buffer (47.5%
formamide, 9 mM EDTA, 0.0125% SDS final) were added and
samples were incubated at 95 

◦C for 10 min to cleave abasic
sites and then run on a pre-warmed 15% polyacrylamide gel
with 7.9 M urea in 1 × TBE. Gels were imaged on a ChemiDoc
MP using the Cy5 imaging settings. 

Measuring gene expression via qRT-PCR 

Cells were harvested during the log phase of growth and
put through a homogenizer column and a total RNA kit
(Omega Biotek). Complementary DNA (cDNA) was gener-
ated by combining 2 μg of DNase I-treated (Thermo Fisher)
RNA with the cDNA reaction mixture (2.5 μM oligo dT23VN
and 3.5 μM random hexamers), 0.5 mM dNTPs, Mashup RT
Reaction Buffer (25 mM Tris–HCl, pH 8.3, 25 mM MOPS,
pH 7.9, 60 mM KCl, 4 mM MgCl 2 , 5% glycerol, 0.006%
IGEPAL CA-630), 10 mM DTT, Mashup Reverse Transcrip-
tase and 16 U RNase Inhibitor (RiboLock RNase Inhibitor,
Thermo Fisher) in a total volume of 20 μl. The reactions were
incubated at 25 

◦C for 5 min, 42 

◦C for 60 min and finally 65 

◦C
for 20 min, and then stored at −20 

◦C. The quantitative reverse
transcription PCR (qRT-PCR) reaction was made by combin-
ing 2 μl of cDNA template with 10 μl of Forget-Me-Not Eva-
Green 2 × Master Mix, 0.5 μl of 10 μM primer and 7 μl of
sterile water for a total reaction volume of 20 μl. The reactions
were run on a Bio-Rad CFX96 machine with the following
protocol: incubate at 95 

◦C for 5 min and then put through 40
cycles of 95 

◦C for 10 s and 62.5 

◦C for 1 min. Raw Cq values
for all experiments are provided in Supplementary Table S2 .
Melt curves were used to confirm that singular products were
generated for all reactions. 

csRNA-seq library preparation 

Capped small RNA sequencing (csRNA-seq) was performed
as described in ( 36 ) with modified 5 

′ enrichment as detailed
below. Small RNAs of ∼20–60 nucleotides were size selected
from 0.4–3 μg of total RNA by denaturing gel electrophore-
sis. A 10% input sample was set aside and the remainder en-
riched for 5 

′ -capped RNAs. Monophosphorylated RNAs were
selectively degraded by 1 h incubation with Terminator 5 

′ -
Phosphate-Dependent Exonuclease (Lucigen). Subsequently,
RNAs were 5 

′ dephosphorylated with thermostable Quick-
CIP (NEB) by heating samples to 75 

◦C for 30 s and then chill-
ing them on ice for 60 min. Then samples were incubated at
37 

◦C for another 30 min ( 36 ). Input (sRNA) and csRNA-seq 

libraries were prepared as described in ( 37 ) using RppH (NEB) 
and the NEBNext Small RNA Library Prep Kit, and amplified 

for 12 cycles. 

csRNA-seq data analysis 

Transcription start regions (TSRs), transcription start sites 
and their activity levels were determined by csRNA-seq 

and analyzed using HOMER v4.12 ( 38 ). Additional in- 
formation, including analysis tutorials, is available at 
https:// homer.ucsd.edu/ homer/ ngs/ csRNAseq/ index.html . 
TSR files for each experiment were added to Gene Expression 

Omnibus (GEO) data. csRNA-seq and total small RNA-seq 

(input) were analyzed as detailed in the HOMER csRNA- 
seq tutorial ( http:// homer.ucsd.edu/ homer/ ngs/ csRNAseq/ ).
Sequencing reads were trimmed of their adapter sequences 
using HOMER (‘batchParallel.pl “homerTools trim -3 

A GATCGGAA GA GCA CA CGTCT -mis 2 -minMatchLength 

4 -min 20” none -f {csRNA_fastq_path} / *fastq.gz’) 
and aligned to the appropriate genome using STAR 

( 39 ): STAR –genomeDir GenomeIndexForhg38 / –
runThreadN 24 –readFilesIn exp1.csRNA.fastq.gz.trimmed 

–outFileNamePrefix exp1.csRNA.fastq.gz.trimmed. –
outSAMstrandField intronMotif –outMultimapperOrder 
Random –outSAMmultNmax 1 –outFilterMultimapNmax 

10000 –limitOutSAMoneReadBytes 10000000 . Tag di- 
rectories were generated ( makeTagDirectory csRNA- 
tagDir / csRNA.fastq.gz.trimmed.Aligned.out.sam -genome 
hg38.genome.fa -c hec kGC -fragLength 150 ) and peaks called 

using findcsRNATSS.pl ( findcsRNATSS.pl csRNA-TagDir / 
-o outputPrefix -i input-TagDir / -gtf genes.gtf -genome 
genome.fasta ) ( 38 ). Differential expressed loci were defined 

using HOMER getdiffexpression.pl (log 2 fold, false dis- 
covery rate 0.05) and motifs using findMotifsGenome.pl 
( http:// homer.ucsd.edu/ homer/ motif/ ) ( 40 ). 

Cell growth assays 

MDA-MB-453 cells were counted with a K2 Cellometer (Nex- 
celom) and plated at 5000 live cells / well in a six-well tissue 
culture treated plate (Fisher Scientific) 24 h before treatment 
with a final concentration of 0.1 or 0.5 μM MG132 diluted 

in DMSO or a DMSO control. Twenty-four hours after treat- 
ment, cells were counted to assess cell number using the cell 
analysis program by bright-field imaging on a Cytation5 and 

counted every 3 days thereafter until 21 days post-plating.
Media and MG132 or DMSO were refreshed every 3 days 
after imaging. 

Immunofluorescence 

MDA-MB-453 or BT474 cells were plated on poly-lysine- 
coated coverslips and treated with bortezomib (13 nM for 6 

h), DMSO (1 μl / ml for 24 h) or zeocin (100 μg / ml for 24
h). To identify cycling cells, EdU was added to culture media 
to a final concentration of 10 μM for 2 h. Cells were fixed 

with 2% paraformaldehyde for 15 min at room temperature 
followed by 0.5% Triton X-100 permeabilization for 5 min.
Then, EdU staining was performed by using Click-iT EdU 

Alexa Fluor 488 Imaging Kits (Invitrogen, C10337) according 
to the manufacturer’s instructions. γH2AX was stained with 

anti- γH2AX antibodies (EMD Millipore, 05-636-1, 1:1000) 
for 2 h at room temperature followed by anti-mouse sec- 
ondary antibody Alexa Fluor 647 (Invitrogen, A21235). Cells 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://homer.ucsd.edu/homer/ngs/csRNAseq/index.html
http://homer.ucsd.edu/homer/ngs/csRNAseq/
http://homer.ucsd.edu/homer/motif/
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Figure 1. A3A is increased with inhibition of the UPS by MG132 in RPE-1 
cells. ( A ) RPE-1 cells that had been transduced with HA-tagged A3A were 
treated with 0.5 μM MG132 and samples were collected at various time 
points, for a total of 24 h. Western blot analysis allowed quantification of 
A3A at all time points via an anti-HA antibody and GAPDH was used to 
ensure equal loading. An in vitro assay involving incubation of whole cell 
extracts with a hairpin substrate was used to determine cytidine 
deaminase activity by A3A in the form of percent cleavage. ( B ) RPE-1 
cells treated with 0.5 μM MG132 were used to assess A3A mRNA le v els 
f or v arious time points via qR T-PCR. APOBEC3A e xpression w as 
quantified relative to HPRT1 levels. S, substrate; P, product. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ere stained with Hoechst (1 μg / μl) and mounted with Pro-
ong Gold Antifade Reagent (Invitrogen, P36934). 

Images were acquired on the Nikon Eclipse Ti2-E equipped
ith a CSU-W1 spinning disk. All of the images were pro-

essed by maximal projection of the z stack image series and
nalyzed by Fiji. After separating channels using the ImageJ
acro Batch Split Channels tool, nuclear masks were gen-

rated by Fiji Macro CLAIRE, whereby nuclei are identi-
ed by radius in the Hoechst channel, binary processed (fill-
ng holes and watershed) and applied with auto local thresh-
ld (Phansalkar). Nuclear EdU and Hoechst intensity values
ere collected by measuring the mean intensity within nuclear
asks (region of interest measurement). To identify γH2AX

oci, images were processed with background subtraction and
aussian blur. γH2AX foci were displayed in ‘find maxi-
um’ with output ‘point selection’ with manually adjusted
arameters. The number of nuclear γH2AX foci was calcu-

ated by dividing the total γH2AX intensity at the displayed
oints (within the nuclear masks) with the intensity of a single
H2AX focus. All ImageJ macro and R codes were shared by
. Ferrari (M. Jasin Laboratory, Memorial Sloan Kettering

ancer Center). 

tatistical analysis 

ll statistical analyses were performed in GraphPad Prism
version 9.5.0). At least three biological replicates were ana-
yzed for each experimental condition tested. Gene expression
hanges were analyzed by ratio paired t -tests. Cytidine deam-
nase activity and fold changes of cell growth comparisons
ere made by unpaired t -tests. Number of foci in immunoflu-
rescence experiments were compared by paired t -tests. 

esults 

roteasome inhibitor MG132 increases exogenous 

3A in RPE-1 cells 

o investigate the potential proteasomal regulation of A3A,
e treated immortalized RPE-1 cells overexpressing C-

erminally HA-tagged catalytically active A3A with the pro-
easome inhibitor MG132 and assessed A3A abundance by
estern blot. Within 3 h of 0.5 μM MG132 treatment, A3A
rotein levels began to increase and continued to increase
hrough 24 h (Figure 1 A), where A3A protein levels were
 40-fold higher than pre-treatment levels. As the increased
3A could result from the stabilization of unfolded protein,
e subsequently utilized an in vitro cytidine deaminase as-

ay ( 17 ) to assess whether the additional A3A was catalyti-
ally active. We incubated whole cell extracts containing A3A
ith a 5 

′ Cy5-labeled hairpin-forming oligonucleotide with
 single A3A target cytidine (in a TCA motif) present in
he 4-bp loop, and measured substrate fragmentation as a
roxy for deaminase activity. After a 3 h incubation, extracts
rom untreated cells produced low levels of substrate frag-
entation (2% cleavage); however, with increasing time in

he presence of MG132, the percentage of substrate cleaved
ncreased 27.5-fold (55% cleavage) by 24 h (Figure 1 A, bot-
om panel), indicating that the vast majority of A3A induced
y proteasome inhibition is catalytically active. We also har-
ested total RNA from MG132-treated RPE-1 cells at various
imes following the addition of MG132 to media and evalu-
ted A3A transcript abundance via qRT-PCR. Transcript lev-
ls for the exogenously expressed A3A construct increased
∼4-fold over the 24 h time course (Figure 1 B). Elevation of
A3A mRNA lagged behind that of A3A protein abundance
through MG132 treatment, suggesting that the initial increase
is mediated by lack of protein degradation. However, we can-
not exclude that some of the increase in A3A protein is due to
stabilization of A3A transcript. 

MG132 increases endogenous A3A in multiple 

BRCA cell lines 

We next sought to determine whether proteasome inhibition
causes similar effects on endogenous A3A in breast cancer cell
lines. We evaluated the impact of MG132 on two different
BRCA cell lines, BT474 and MDA-MB-453, which have pre-
viously been shown to have ongoing APOBEC-induced muta-
genesis ( 16 ,41 ). After 24 h treatments with 0.5 μM MG132,
cells were harvested for western blot analysis, cytidine deam-
inase activity assays and A3A transcript level quantifications.
As observed for overexpressed A3A in RPE-1 cells, A3A pro-
tein levels (as measured via western blot) in breast cancer cell
lines MDA-MB-453 and BT474 dramatically increased in the
presence of MG132 (Figure 2 A and B). In accordance with
protein levels, cellular cytidine deaminase activity increased
3.9- and 2.7-fold (Figure 2 C and D) in MDA-MB-453 and
BT474 cells, respectively (all unpaired t -test P -values < 0.03),
indicating that the increased endogenous A3A is catalytically
active. MG132 binds to β subunits of the 20S proteasome and
blocks 26S proteasome activity ( 42 ). Therefore, we expected
the increase in protein levels, and by extension cytidine deam-
inase activity, to originate primarily from a lack of protein
degradation in the presence of the proteasome inhibitor. In-
terestingly, we found that 0.5 μM MG132 treatment elevated
A3A transcript levels 145-fold in MDA-MB-453 cells and 18-
fold in BT474 cells (Figure 2 E and F). This result indicates
that the major impact of MG132 on A3A abundance is medi-
ated through elevated transcript levels. Proteasome inhibition
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A B

C D

E F

Figure 2. A3A is increased with inhibition of the UPS by MG132 in BRCA cells. A3A abundance and activity were measured after 24 h treatment with 
0.5 μM MG132 in MDA-MB-453 ( A , C , E ) and BT474 cells ( B , D , F ). R epresentativ e images of western blot GAPDH analysis and denaturing gels for A3A 

substrate clea v age (A, B). A3A activity w as determined with the in vitro cytidine deaminase assay and percent clea v age w as calculated and graphed ( n = 

3). Percent substrate clea v ed of untreated and treated MDA-MB-453 (C) and BT474 (D) cells. Significant changes are represented by asterisks to denote 
P -values of unpaired t -tests comparing MG132 to the DMSO control. Error bars represent one standard deviation. The transcript levels for A3A, when 
compared to HPRT1 , increased significantly by (E) 145-fold (ratio paired t -test; P -value 0.0338) and (F) 18-fold (ratio paired t -test; P -value 0.0019). S, 
substrate; P, product. * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. 

 

 

 

 

 

 

 

 

 

 

 

reportedly can influence mRNA abundance in yeast ( 43 ) and
breast cancer cells ( 44 ,45 ); however, the mechanisms produc-
ing this effect are still unclear. 

To determine whether MG132 primarily elevates A3A lev-
els via increased mRNA abundance or decreased proteaso-
mal degradation, we treated RPE-1 cells overexpressing C-
terminally HA-tagged A3A independently or in combination
with the translation inhibitor cycloheximide and MG132 for
6, 12 and 24 h. Western blot analysis of A3A protein levels in
these cells revealed a significant increase in A3A abundance
only with independent MG132 treatment, whereas combin-
ing cycloheximide with MG132 blocked induction of A3A
( Supplementary Figure S1 ). This result demonstrates that in- 
creased A3A caused by MG132 treatment requires new trans- 
lation of A3A mRNA as opposed to drug-induced inhibited 

degradation of existing A3A. Further supporting a lack of 
direct proteasomal degradation of A3A in RPE-1 cells, we 
transfected these cells with expression constructs for either 
C-terminally strep-tagged A3A (i.e. wild type) or an A3A- 
K137R mutant. K137 was previously identified as an A3A 

ubiquitination site in HEK293 cells ( 22 ). Despite removing the 
likely ubiquitination site, A3A K137R displayed similar pro- 
tein abundances (relative to mRNA transcript) to WT A3A in 

RPE-1 cells ( Supplementary Figure S1 C), indicating that K137 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
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oes not significantly mediate A3A degradation. Moreover,
xogenous expression of a non-ubquitinylatable A3A-5K > R
utant, where all five lysines in A3A were mutated to argi-
ine, also resulted in similar A3A protein levels to WT A3A,
uggesting that protein degradation does not significantly alter
verexpressed A3A protein abundance. Thus, proteasome in-
ibition largely elevates A3A protein level by increasing A3A
RNA abundance. 
Proteasome inhibition could elevate A3A mRNA by in-

reasing transcript stability or by promoting new transcrip-
ion of the APOBEC3A gene. To differentiate between these
ossibilities, we captured actively initiating or ‘nascent’ tran-
cription initiation by csRNA-seq ( 38 ). Analysis of MDA-

B-453 cells treated with DMSO, 0.1 μM MG132 or 0.5
M MG132 for 24 h revealed increased transcription initi-
tion of the APOBEC3A gene in a dose-dependent manner
Figure 3 ). After 24 h in the presence of 0.5 μM MG132,
ascent A3A mRNA levels increased 23-fold, the second
reatest fold change of any gene observed in the dataset, indi-
ating that MG132 treatment drives new A3A transcription
 Supplementary Table S3 ). 

Next, we assessed whether MG132 induction was shared
mong APOBEC3 family members or specific to A3A. We
tilized previously characterized versions of BT474 and
DA-MB-453 cells lentivirally transduced to express A3A-

argeting, A3B-targeting or scramble control shRNAs ( 17 )
nd measured cytidine deaminase activity 24 h post-treatment
ith MG132 or DMSO. MG132 treatment increased activity

n the A3B- and scramble-targeting shRNA knockdown lines
n MDA-MB-453 cells by 19.7- and 4.4-fold changes in per-
ent substrate cleaved, respectively (all P -values ≤0.03); how-
ver, no elevation was observed in the A3A-targeting shRNA
nockdown line (Figure 4 A and C) suggesting that A3A specif-
cally is responsible for the increased activity observed after
roteasome inhibition. Similar results were seen in the other
RCA line tested, BT474, with fold changes of 2.8 and 7 in
ctivity of the scramble- and A3B-targeting knockdown lines,
espectively ( P -values < 0.02), with no significant increase
n activity in the A3A-targeting knockdown line (Figure 4 B
nd D). 

Because the increase in A3A upon proteasome inhibition
ppears to be driven largely by elevated transcript levels, we
lso assessed the impact of MG132 treatment on the transcript
bundance of all seven APOBEC3 family members. csRNA-
eq analysis of each APOBEC3 gene and AICDA indicated
hat in MDA-MB-453 cells only APOBEC3A , APOBEC3B
nd APOBEC3F genes produced detectable nascent transcript
nd APOBEC3A was unique in its transcriptional induction
y MG132 (Figure 4 E). Steady-state transcript abundance
irrored these results. qRT-PCR measurement of APOBEC3

amily members in MDA-MB-453 cells in the presence and
bsence of MG132 only detected A3A, A3B and A3F mRNA,
ith A3A transcript uniquely upregulated by MG132 (Figure
 E) providing further support of a transcriptional regulatory
echanism unique to A3A among APOBEC3 family members

hat is impacted by proteasome inhibition. 

3A increases in an FBXO22-dependent manner 

3A transcript levels in peripheral blood cells, immortalized
reast epithelial cells, and head and neck cancer cell lines
an be induced through either JAK / ST A T signaling or NF-
B binding to the A3A promoter region ( 46 ,47 ). Addition-
ally, our csRNA-seq data indicate that Rel-A binding sites
are enriched in the promoter regions of genes with nascent
transcripts increased by MG132 ( Supplementary Figure S2 A).
We therefore wondered whether proteasome inhibition might
increase A3A transcription by activating one of these two
pathways. We established MDA-MB-453 cell populations ex-
pressing ST A T1, ST A T2, REL-A or nontargeting shRNAs and
treated them with MG132 or DMSO. Despite respective 82%,
70% and 95% reductions in transcript for each target gene
( Supplementary Figure S3 ), MG132 treatment still produced
a dramatic elevation of A3A transcript level as determined by
qRT-PCR ( Supplementary Figure S2 B), indicating that protea-
some inhibition induces A3A mRNA abundance through a
novel mechanism, possibly by influencing Ets or bZIP family
transcription factors whose binding sites are directly upstream
of the A3A transcription start site (Figure 3 C). 

This mechanism likely involves factors targeted for protea-
some destruction by an ubiquitin ligase containing FBXO22.
FBXO22 is an F-box protein that binds substrates for Cullin–
RING E3 ligases and targets them for destruction ( 48 ,49 ).
FBXO22 is frequently dysregulated during cancer develop-
ment ( 50 ) and has both tumor promoting and suppressive
roles by targeting proteins like p53 ( 51 ) and PTEN for
proteasome-mediated destruction ( 52 ). We expressed shRNAs
targeting FBXO22 in MDA-MB-453 cells to reduce its ex-
pression (Figure 5 A) as a genetic means of dysregulating the
ubiquitin-proteasome pathway. shRNA-mediated reduction
of FBXO22 expression 30-fold resulted in a 6.7-fold increase
in A3A mRNA abundance (Figure 5 B, ratio paired t -test P -
value 0.0086) and a 7-fold increase in cytidine deaminase
activity compared to scramble shRNA cells (Figure 5 C, un-
paired t -test P -value 0.0144), phenocopying the impacts of
MG132 treatment. To determine whether FBXO22 depletion
elevated A3A through the same pathway as MG132 treat-
ment, we measured A3A transcript abundance in cell popu-
lations experiencing both FBXO22-targeting shRNA expres-
sion and MG132 treatment. The parental, scramble shRNA
control and FBXO22 knockdown lines were each treated with
0.5 μM MG132 or DMSO for 24 h, after which A3A tran-
script levels were measured by qRT-PCR (Figure 5 D). As ex-
pected, in the parental and scramble shRNA lines, A3A tran-
script levels increased 296- and 416-fold, respectively, upon
MG132 treatment. The FBXO22 knockdown elevated A3A
mRNA 15-fold in the absence of MG132. Combined FBXO22
knockdown and MG132 treatment, however, produced an ad-
ditional 16-fold increase in A3A transcript to a level similar
to treatment with the proteasome inhibitor alone. This appar-
ent epistatic relationship is consistent with FBXO22 function-
ing in the same pathway as overall proteasome inhibition for
augmenting A3A mRNA abundance. The relative difference in
the extent of A3A induction between FBXO22 depletion and
MG132 treatment may reflect either an incomplete reduction
of FBXO22 activity or proteasome inhibition impacting A3A
expression via multiple pathways / proteins, one of which is
mediated through FBXO22. 

Clinical proteasome inhibitors induce A3A 

Targeting the proteasome has provided therapeutic benefit for
the treatment of cancer, particularly chemotherapy refractory
multiple myeloma. This has led to the implementation of the
proteasome inhibitor, bortezomib, often in combination with
other agents, to treat this disease. Bortezomib is a boronic

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
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Figure 3. Nascent A3A transcription is increased upon proteasome inhibition. ( A ) Schematic of csRNA-seq methodology that captures actively initiating 
or ‘nascent’ transcription. Created with BioRender.com. ( B ) Comparison of csRNA-seq reads per gene promoter region (quantified in tags per million 
(TPM)) in DMSO-treated or 0.5 μM MG132-treated MDA-MB-453 cells. Dots indicate transcribed regulatory elements, such as promoters or putative 
enhancers. ( C ) UCSC data browser image of csRNA-seq reads aligning to the A3A promoter region following DMSO, 0.1 μM MG132 or 0.5 μM MG132 
treatment. Known transcription factor binding sites proximal to the transcription start sites of the A3A transcripts are displayed. 
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Figure 4. MG132 inhibition increases A3A specifically. Breast cancer cell lines MDA-MB-453 and BT474 were transduced with a non-specific scramble 
shRNA, A3A-targeting shRNA or A3B-targeting shRNA. Efficiency of shRNA knockdown lines previously published in ( 17 ). Representative images of 
western blot GAPDH analysis and denaturing gel of activity assays of the knockdown lines in MDA-MB-453 cells ( A ) or BT474 cells ( B ) treated with 
MG132 or DMSO control. Plotted percent substrate clea v age f or the scramble shRNA, A3A shRNA and A3B shRNA e xpressing lines in MDA-MB-453 
( C , n = 5) and BT474 ( D , n = 3). Significant differences in A3A activit y bet ween the knockdown lines are marked with asterisks as compared by unpaired 
t -test. Mean is shown for all replicates and error bars represent one standard deviation. ( E ) Log 2 fold change in transcription initiation of APOBEC3 family 
genes and A CID A during a 24 h treatment of MDA-MB-453 cells with 0.5 μM MG132 compared to DMSO control. nd, not detected. Expression relative 
to HPR T1 w as quantified via qR T-PCR f or all se v en APOBEC3 proteins; only APOBEC3A sho w ed a significant increase in e xpression after 24 h treatment 
with 0.5 μM MG132 (ratio paired t -test; P -value 0.0266). nd, not detected; S, substrate; P, product. * P ≤ 0.05 and *** P ≤ 0.001; ns, non-significant with 
P -value > 0.05. 
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A B

C

D

Figure 5. A3A increase is FBXO22 dependent. FBXO22 shRNA knockdown in MDA-MB-453 cells. ( A ) FBXO22 expression was reduced 30-fold (ratio 
paired t -test; P -value 0.0011) leading to ( B ) a 6.7-fold increase in A3A (ratio paired t -test; P -value 0.0086). ( C ) Representative images of GAPDH analysis 
b y w estern blot and denaturing gel of A3A activity assa y s with MDA-MB-453 cells e xpressing a scramble shRNA or FBXO22 shRNA knockdo wn. 
Percent clea v age of hairpin substrate in activity assa y s plot ted produced significant c hange from scramble to FBXO22 knoc kdo wn ( n = 3). Mean sho wn 
for the replicates and error bars represent one standard deviation. ( D ) A3A expression relative to HPRT1 was assessed in the parental, scramble shRNA 

and FBXO22 shRNA cell lines upon 24 h treatment with 0.5 μM MG132 ( n = 3 independent measurements). The parental and scramble shRNA lines 
had a 296-fold increase (ratio paired t -test; P -value 0.0150) and 416-fold increase (ratio paired t -test; P -value 0.0034), respectively. FBXO22 shRNA did not 
ha v e a significant increase in A3A (ratio paired t -test; P -value 0.1 0 13). S, substrate; P, product. * P ≤ 0.05 and ** P ≤ 0.01; ns, non-significant with 
P -value > 0.05. 
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cid-based inhibitor that was synthesized to have a similar, but
ore targeted effect than MG132. Both inhibit the β5 sub-
nit of the 20S proteasome, with bortezomib being a more
otent and selective proteasome inhibitor ( 53 ). We tested a
ange of concentrations encompassing the IC50s (obtained
rom Selleckchem.com) of bortezomib on BRCA cell lines to
etermine whether they produced a similar increase in A3A
evels to MG132. We found that in BT474 cells bortezomib
ncreased A3A activity 3.97- and 3.34-fold at 13 and 65 nM,
espectively, compared to DMSO treatment (Figure 6 A and D)
all P -values < 0.02). Unfortunately, many patients develop re-
istance to bortezomib, promoting a need for equally potent
econd-generation proteasome inhibitors. Carfilzomib and ix-
zomib have emerged as the two primary candidates for re-
lacing bortezomib ( 54 ). We tested both second-generation
nhibitors and similar results were observed with carfilzomib,
here all concentrations tested (25, 50 and 100 nM) produced
n average fold change of 6.5 in percent substrate cleaved after
4 h in BT474 cells (Figure 6 B and E; all P -values < 0.009). Ix-
zomib treatment confirmed the trend of increased A3A activ-
ty after proteasome inhibition with a maximum fold change
n substrate cleavage compared to DMSO at 90 nM (Figure
 C and F), which remained elevated at 270 nM (all P -values
 0.02). 
In the BRCA line MDA-MB-453, 24 h treatments with pro-

easome inhibitors yielded similar results of elevated A3A ac-
ivity compared to DMSO. Treatment with bortezomib pro-
uced a maximum fold change of 7.7 in substrate cleavage
t 13 nM and remained elevated at 65 nM ( P -values < 0.03
y unpaired t -test) ( Supplementary Figure S4 A and D). Carfil-
omib treatment increased A3A activity at all concentrations
ith fold changes ranging from 4.9 to 6.6 ( Supplementary 
igure S4 B and E; all P -values < 0.009 by unpaired t -test). Sig-
ificant elevations in A3A activity were seen at both 90 and
70 nM ixazomib with a slightly higher fold change of 6.5 ob-
erved at 90 nM ( Supplementary Figure S4 C and F; P -values
 0.005 by unpaired t -test). 
Quantification of A3A transcript levels for all three drugs

evealed similar trends. In BT474 cells, 13 and 65 nM borte-
omib increased A3A 47.7- and 15.8-fold, respectively (Fig-
re 6 G), while 25, 50 and 100 nM carfilzomib increased A3A
1.2-, 21.9- and 16-fold in BT474 cells (Figure 6 H). Finally,
0 and 270 nM ixazomib increased A3A 35.8- and 24.7-fold,
espectively (Figure 6 I), indicating that as with MG132, clini-
al proteasome inhibitors increase A3A abundance primarily
hrough higher A3A mRNA abundance. Similar results were
bserved for bortezomib-, carfilzomib- and ixazomib-treated
DA-MB-453 cells ( Supplementary Figure S4 G–I). 

roteasome inhibitors decrease cell growth and 

ncrease A3A-dependent DNA damage 

o investigate how increased cellular A3A levels caused by
roteasome inhibition affect breast cancer cells, we propa-
ated MDA-MB-453 cells expressing either an shRNA scram-
le control or shRNA A3A knockdown in the absence or pres-
nce of 0.1 μM MG132 (Figure 7 A). Cell growth was mea-
ured every 3 days over a span of 3 weeks with significant dif-
erences in fold change of observed cell growth emerging at 14
ays post-plating between scramble shRNA cells treated with
MSO and scramble shRNA cells treated with MG132. Sig-
ificant differences in cell growth between scramble-targeting
hRNA and A3A-targeting shRNA knockdown lines treated
with MG132 were apparent at 17 days post-plating, where
MG132 treatment resulted in stagnant cell proliferation of
MDA-MB-453 scramble shRNA expressing cells. In contrast,
cells expressing an A3A-targeting shRNA continued to prolif-
erate in the presence of MG132, although at a slower rate
than either scramble- or A3A-targeting shRNA expressing
cells treated with DMSO. Thus, A3A contributes to MG132
limiting cellular proliferation in MDA-MB-453 cells, possibly
by increasing genomic DNA damage. 

Because high levels of A3A can induce DNA double-strand
breaks (DSBs) ( 55 ,56 ), we next tested whether proteasome in-
hibition elevates DSB formation in an A3A-dependent man-
ner. We treated MDA-MB-453 cells expressing scramble con-
trol or A3A-targeting shRNA with either DMSO or borte-
zomib and used immunofluorescence to assess γH2AX as a
marker of DSB formation (Figure 7 B). Bortezomib-treated
parental and scramble shRNA expressing MDA-MB-453 cells
displayed higher numbers of γH2AX foci per nuclei compared
to DMSO-treated controls. However, γH2AX foci were signif-
icantly diminished in A3A knockdown cells, indicating that
the increase in A3A protein levels produced by proteasome
inhibition results in increased DNA damage. While the in-
crease in A3A-dependent γH2AX caused by bortezomib is
relatively small, DSBs are a small subset of the DNA damage
that A3A induces. Therefore, we expect the increased DSBs to
represent a significant increase in replication-stalling abasic
sites caused by A3A and UNG2 activity on the lagging strand
template. 

We also found that the ability of proteasome inhibition to
increase A3A-dependent DSBs is cell line dependent. Simi-
lar analysis of γH2AX foci in BT474 cells expressing either
control or A3A-targeting shRNAs revealed that bortezomib
uniformly reduced DSB formation ( Supplementary Figure 
S5 ). Moreover, the A3A-targeting shRNA had no impact on
γH2AX foci in any treatment condition in BT474, suggesting
that A3A-mediated production of DSBs may be limited in this
cell line. 

Proteasome inhibition upregulates A3A in multiple 

myeloma cells 

Development of bortezomib as a first-generation proteasome
inhibitor anticancer drug has been critical to the successful
treatment of multiple myeloma patients; however, relapse does
occur. Because of the clinical use of bortezomib and the inter-
est to develop new-generation proteasome inhibitors for mul-
tiple myeloma treatment, we wanted to characterize the rela-
tionship these drugs have with A3A abundance and activity in
multiple myeloma cells. We performed the same experiments
as described earlier with breast cancer cell lines, on two mul-
tiple myeloma cell lines, MM.1S and U266. After a 24 h treat-
ment with bortezomib at various concentrations, we measured
the transcript and activity levels for A3A (Figure 8 ). In MM.1S
cells, A3A activity on the ssDNA substrate peaked at 2.6 nM
bortezomib with a fold change of 6.2 in substrate cleavage
compared to DMSO ( P = 0.002, unpaired t -test) (Figure 8 A
and C). The transcript levels for A3A in MM.1S cells increased
significantly by 115-, 641- and 688-fold for 2.6, 13 and 65
nM, respectively (Figure 8 E). In U266 cells, increasing con-
centrations of bortezomib treatment resulted in greater eleva-
tions in A3A activity and transcripts (Figure 8 B, D and F). A
maximum increase of 2.5-fold at 65 nM relative to DMSO
was observed for A3A activity (all P -values < 0.05, unpaired

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
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Figure 6. Other UPS inhibitors increase A3A. A3A activity, protein and transcript in BT474 cells after 24 h treatment with clinical proteasome inhibitors. 
R epresentativ e images of western blot GAPDH analysis and denaturing gel for cytidine deaminase assay with percent cleavage shown for ( A ) 
bortezomib, ( B ) carfilzomib and ( C ) ixazomib. Quantification of percent cleavage for all replicates of ( D ) bortezomib ( n = 5), ( E ) carfilzomib ( n = 3) and ( F ) 
ixazomib ( n = 3) treated cells. Percent cleavage of activity assays for all replicates of treated cells showed significant differences in activity compared to 
control, as represented in P -values from unpaired t -test results. Panels (D)–(F) show mean of all replicates; error bars represent one standard deviation. 
( G –I ) A3A expression relative to HPRT1 was evaluated via qRT-PCR. (G) Bortezomib at concentrations of 13 and 65 nM increased A3A 47.7-fold (ratio 
paired t -test; P -value 0.0 1 06) and 15.8-fold (ratio paired t -test; P -value 0.0236), respectively. (H) Carfilzomib at concentrations of 25, 50 and 100 nM 

increased A3A 31.2-fold (ratio paired t -test; P -value 0.0075), 21.9-fold (ratio paired t -test; P -value 0.0 1 00) and 16-fold (ratio paired t -test; P -value 0.0124), 
respectively. (I) Ixazomib at the concentrations of 90 and 270 nM increased A3A 35.8-fold (ratio paired t -test; P -value 0.0051) and 24.7-fold (ratio paired 
t -test; P -value 0.0324), respectively. S, substrate; P, product. * P ≤ 0.05 and ** P ≤ 0.01; ns, non-significant with P -value > 0.05. 

 

 

 

 

 

 

 

 

 

 

 

t -test) (Figure 8 B and D). The fold change in observed tran-
script levels maxed out at ∼300-fold at 13 nM (Figure 8 F). 

Discussion 

Recently, A3A has been identified as a major source of cytidine
deaminase-induced mutations in breast cancer ( 16–18 ,57 ),
which has emphasized the importance of understanding what
mechanisms influence A3A abundance in cancer cells. We
show here that dysregulation of the ubiquitin-proteasome
system, either by blocking proteasome function with drugs
or by reducing expression of specific proteins in ubiquitin
ligase complexes, increases A3A in a variety of cancer cell
types. In breast cancer cells, proteasome inhibition can result
in an A3A-dependent reduction of cell proliferation and in-
creased DNA damage, suggesting that clinical utilization of 
these drugs in cancer treatment may induce genetic hetero- 
geneity within the tumor. 

Surprisingly, increased A3A abundance in cancer cell lines 
appears to primarily result from elevated APOBEC3A tran- 
scription instead of blocking proteasome-mediated A3A de- 
struction. We hypothesize that the proteasome is responsi- 
ble for degrading a critical transcription factor that regulates 
A3A transcription. By blocking proteasome activity with a 
drug, the amount of the transcription factor increases and 

in turn increases A3A transcript levels. In line with this the- 
ory, knockdown of FBXO22, an F-Box protein functioning 
in E3 ligase complexes, increases A3A transcript levels. F- 
box proteins have emerged as important components of the 
ubiquitin-proteasome system that are critical for recognition 
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A B

C

Figure 7. Proteasome inhibition leads to reduced cell growth. ( A ) Cell growth of MDA-MB-453 cells expressing an A3A-specific shRNA or scramble 
shRNA control treated with MG132 or DMSO o v er the span of 3 weeks counted by bright-field imaging. Plotted mean fold change in cell numbers at 
v arious da y s post-plating among replicates ( n = 3). Error bars sho w one standard de viation. A3A shRNA e xpressing DMSO-treated cells, scramble 
shRNA expressing DMSO-treated cells, 0.1 μM MG132-treated A3A shRNA expressing cells, and 0.1 μM MG132-treated scramble shRNA cells are 
shown. Comparisons for each time point were made by multiple unpaired t -tests between scramble shRNA cells treated with DMSO and scramble 
shRNA cells treated with MG132 (statistical significance shown by an asterisk), as well as between MG132-treated scramble shRNA cells and A3A 

shRNA cells (statistical significance shown by a hash symbol). * ,# P ≤ 0.05 and ** P ≤ 0.01. All other time point comparisons not shown were not 
significant ( P > 0.05). ( B ) The number of γH2AX foci per nuclei in MDA-MB-453 cells transduced to express either control shRNA (shControl) or 
A3A-t argeting shRNA (shA3A). St atistical significance was determined by paired t -test. Error bars indicate standard de viation. ( C ) R epresentativ e γH2AX 
images merged with a Hoechst stain used for analysis plotted in Figure 6 B. 
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nd regulation of many cell cycle regulatory proteins and tran-
cription factors by ubiquitin ligase complexes ( 49 ). This sug-
ests that FBXO22 mediates the destruction of a transcription
actor for A3A, and that blocking the ubiquitin-proteasome
ystem with inhibitors has a similar effect of increasing the
resence of a transcription factor that is upregulating A3A
ranscription. Alternatively, proteasome inhibition could ini-
iate cell stress responses whose signaling activates transcrip-
ion factors that happen to also regulate A3A transcription.
n this context, proteasome inhibition would indirectly ele-
vate A3A as part of a transcriptional program responding to
loss of either proteasome or FBXO22 activity. 

In either case, the identity of the transcription factor reg-
ulating A3A expression upon proteasome inhibition remains
unknown. Rel-A and ST A T2, which both increase A3A ex-
pression in response to DNA damage or innate immune sig-
naling, respectively, are not required for the increase of A3A
transcript upon proteasome dysfunction, indicating that it re-
sults from a novel form of transcriptional regulation. Based
upon proximity of known transcription factor binding sites
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Figure 8. B ortez omib increases A3A in multiple m y eloma cell lines. A3A abundance and activity after 24 h treatment with v arious concentrations of 
bortezomib in multiple myeloma cell lines MM.1S ( A , C , E ) and U266 ( B , D , F ). Representative images of GAPDH western blot analysis and denaturing 
gel of activity assa y s sho wing substrate clea v age in MM.1S cells (A) and U266 cells (B). (C, D) A3A activity w as determined with the in vitro cytidine 
deaminase assay and substrate percent cleavage was plotted ( n = 3). Shown is the mean of replicates and error bars that represent one standard 
deviation. Significant changes in activity for each line after bortezomib treatment are shown by asterisks, as determined by unpaired t -tests. (E) The 
transcript le v els f or A3A in MM.1S cells when compared to HPR T1 increased significantly b y 115-f old (ratio paired t -test; P -v alue 0.080 1), 641 -fold (ratio 
paired t -test; P -value 0.0052) and 688-fold (ratio paired t -test; P -value 0.0054) for 2.6, 13 and 65 nM bortezomib, respectively. (F) The transcript levels for 
A3A in U266 cells, when compared to HPRT1 , increased significantly by 41.5-fold (ratio paired t -test; P -value 0.0 052), 30 0-fold (ratio paired t -test; P -value 
0.0 0 03) and 171-fold (ratio paired t -test; P -value 0.0014) at 2.6, 13 and 65 nM, respectively. S, substrate; P, product. * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤
0.001; ns, non-significant with P -value > 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to the start sites of nascent A3A mRNA following MG132
treatment (as measured by csRNA-seq), an Ets or bZIP fam-
ily transcription factor seems most likely. This is additionally
supported by bZIP and Ets factors being the second and fifth
most enriched transcription factor binding sites occurring in
promoters of genes induced > 2-fold by MG132 treatment
( Supplementary Figure S2 ). However, the high redundancy of
these families of transcription factors makes identification of
the specific factor driving A3A transcription in response to
proteasome inhibition difficult ( 58 ). We also note that tran-
scripts from both the endogenous A3A locus and exogenously
expressed A3A cDNA are elevated upon proteasome inhibi-
tion. The promoter regions of these two genes are vastly dif-
ferent, suggesting that A3A mRNA levels may be controlled
either by elements within the A3A coding sequence or by com-
mon distal enhancers flanking the A3A locus and the site of 
A3A cDNA integration following lentiviral transduction. 

The mechanism of A3A transcriptional regulation being al- 
tered by proteasome inhibitors appears to be conserved across 
cell types. We showed that A3A can be exogenously overex- 
pressed in immortalized retinal pigment epithelial cells and 

still have a significant increase in transcript levels when the 
ubiquitin-proteasome system is inhibited. A similar relation- 
ship occurs in breast cancer as well as multiple myeloma cells.
However, each cell line tested displayed vastly different fold 

increases in A3A mRNA during proteasome inhibition. These 
differences could stem from differences in proteasome sub- 
unit activity between specific cell types, as the proteasome in- 
hibitors tested have differing activity on proteasomal subunits.
Alternatively, differences in the basal A3A expression level 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad058#supplementary-data
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mong cell lines could result in higher fold changes among
ells with low A3A expression prior to proteasome inhibitor
reatment. 

Increases in A3A cytidine deaminase activity generally cor-
esponded with changes in A3A transcript levels across the
etinal pigment epithelial, breast cancer and multiple myeloma
ell lines tested. However, in MM.1S cells, following an initial
ncrease, A3A activity levels decreased while transcript lev-
ls remained elevated. This difference between A3A activity
nd transcript level could result from proteasome impacts on
n unknown cell type-specific mechanism of A3A inhibition.
roteasome inhibitors produce a wide range of cellular im-
acts such as endoplasmic reticulum and mitochondrial stress,
53 activation, decreased growth factor receptors and reactive
xygen species production ( 59 ). Thus, proteasome inhibition
ould result in activation of an A3A inhibitor either indirectly
hrough stress response signaling pathways or directly by pre-
enting the degradation of potential A3A post-translational
odifying enzymes or A3A interacting proteins that could re-
uce A3A catalytic activity. 
Altered functionality of the ubiquitin-proteasome system

hrough MG132 treatment or activity of ARIH1-, UBE2L3-
nd pVHL-containing ubiquitin ligase complexes also in-
reases A3A protein levels in human embryonic kidney cells
nd hepatocytes ( 22 ,23 ). However, these impacts were at-
ributed to direct proteasome degradation of A3A instead
f altered transcript levels. The extent to which direct
roteasome-mediated degradation of A3A influences the pro-
ein’s cellular abundance remains to be determined. While
biquitinated A3A has been reportedly detected, whether this
ccurs to a sufficient level to alter steady-state endogenous
3A protein levels is unknown as are the cell type specificity
f A3A degradation, potential sites of A3A ubiquitination and
he mechanisms potentially inducing its degradation. 

Our results of increased A3A abundance and DNA dam-
ge add important considerations to what factors may be
mpacting patient responses to proteasome inhibitors. Borte-
omib, carfilzomib and ixazomib are used in standard care
reatments for mantle cell lymphoma and multiple myeloma.
s 30% of tumors are APOBEC mutated ( 12 ), the effects of
roteasome inhibitors on A3A and the consequences of ele-
ated cellular A3A have the potential to affect a great number
f patients currently receiving proteasome inhibitor therapy.
owever, it is unclear exactly what significance increased A3A
rotein and activity may have in patient responses to protea-
ome inhibitors and the efficacy of other standard care thera-
ies. We consider two potential roles here. Increased nuclear
NA damage induced by increased A3A abundance in can-

er cells of patients receiving proteasome inhibitors leads to
utations that could lead to greater susceptibility of the can-

er cells to targeted therapies and improved patient responses
ith an increased efficacy of targeted treatments. This idea is

upported by other studies that have found APOBEC mutage-
esis benefits for therapy responses in patients with other can-
ers ( 60 ,61 ). Targeted therapies that could have increased effi-
acy include DNA damage targeting therapies or immunother-
pies against neoantigens as increased tumor mutation load
ay lead to novel immunogenic cell surface peptides. Alter-
atively, an induced increase in DNA damage in cancer cells
ould lead to higher genetic heterogeneity within a tumor pop-
lation and provide a means for future therapeutic resistance
nd worse patient outcomes, as supported by ( 62 ) in non-
mall cell lung cancer, and in ( 63 ) where APOBEC mutations
significantly correlated with a worse prognosis in the highest
APOBEC mutated multiple myeloma samples. 

Data availability 

This manuscript utilizes qRT-PCR to evaluate gene expres-
sion as well as newly synthesized oligonucleotides for am-
plification and shRNA expression. Details of qRT-PCR con-
ditions are provided in the ‘Materials and methods’ section.
Oligonucleotide sequences are provided in Supplementary 
Table S1 . Raw Cq values are provided in Supplementary 
Table S2 . csRNA-seq data have been deposited at the GEO
( https:// www.ncbi.nlm.nih.gov/ geo/ ) under accession number
GSE248016. Log 2 fold change values for all transcripts mea-
sured by csRNA-seq are provided in Supplementary Table S3 .
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