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Abstract

The APOBEC3 cytidine deaminases are implicated as the cause of a
prevalent somatic mutation pattern found in cancer genomes. The
APOBEC3 enzymes act as viral restriction factors by mutating viral
genomes. Mutation of the cellular genome is presumed to be an off-
target activity of the enzymes, although the regulatory measures for
APOBEC3 expression and activity remain undefined. It is therefore dif-
ficult to predict circumstances that enable APOBEC3 interaction with
cellular DNA that leads to mutagenesis. The APOBEC3A (A3A) enzyme
is the most potent deaminase of the family. Using proteomics, we
evaluate protein interactors of A3A to identify potential regulators.
We find that A3A interacts with the chaperonin-containing TCP-1
(CCT) complex, a cellular machine that assists in protein folding and
function. Importantly, depletion of CCT results in A3A-induced DNA
damage and cytotoxicity. Evaluation of cancer genomes demon-
strates an enrichment of A3A mutational signatures in cancers with
silencing mutations in CCT subunit genes. Together, these data
suggest that the CCT complex interacts with A3A, and that disruption
of CCT function results in increased A3A mutational activity.
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Introduction

The human genome encodes seven APOBEC3 cytidine deaminase
enzymes that catalyze the conversion of cytidine bases to uracil on

single-stranded DNA substrates (Jarmuz et al, 2002; Yu et al, 2004;
Byeon et al, 2013; Mitra et al, 2014). Subsequent processing of
uracil leads to mutations and DNA breaks. Several of the human
APOBEC3 enzymes (named A3A through A3H) have the capacity to
act as anti-viral effectors through deamination of viral genomes,
resulting in widespread mutations, genome degradation, and restric-
tion of infectivity (Chen et al, 2006; Vartanian et al, 2008; Malim &
Bieniasz, 2012; Ooms et al, 2012; Harris & Dudley, 2015). However,
in what is presumed to be off-target activity, APOBEC3 enzymes can
also access and deaminate the cellular genome (Landry et al, 2011;
Suspene et al, 2011; Burns et al, 2013a; Green et al, 2016). Two of
the APOBEC3 family members, A3A and A3B, have been implicated
as sources of mutagenesis in human cancers (Nik-Zainal et al, 2012;
Alexandrov et al, 2013; Burns et al, 2013a; Alexandrov et al, 2016;
Petljak et al, 2019). Elevated expression of APOBEC3 enzymes,
along with mutational patterns consistent with cytidine deaminase
activity, have been identified in tumors (Burns et al, 2013a; Roberts
et al, 2013; Petljak & Alexandrov, 2016; Cancer Genome Atlas
Research Network et al, 2017; Green et al, 2017; Cortez et al, 2019;
Jalili et al, 2020). These observations suggest that aberrant activity
of APOBEC3 enzymes may contribute to oncogenesis, clonal diver-
sity, tumor evolution, and chemotherapy resistance (Burns et al,
2013a; Roberts et al, 2013; Faltas et al, 2016; Roper et al, 2019).

The concept of off-target APOBEC3 activity is ill-defined, since
the regulation of APOBEC3 expression and activity under non-
pathogenic conditions remains enigmatic. Basal expression levels of
APOBEC3 enzymes are low in most healthy tissues (Koning et al,
2009; Refsland et al, 2010). Expression of two APOBEC3 family
members, A3A and A3G, is upregulated by type I interferon stimula-
tion of hematopoietic cells and keratinocytes (Chen et al, 2006;
Koning et al, 2009; Wang et al, 2014), likely reflecting an innate
immune response to viral pathogens (Peng et al, 2006; Mohanram
et al, 2013). However, regulatory measures that ensure the host
genome is protected from APOBEC3 activity have not been
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elucidated. Given the proposed role of APOBEC3 enzymes in cancer
mutagenesis, we sought to identify APOBEC3 protein binding part-
ners in order to determine potential regulators of host genome
deamination. Here, we show that A3A interacts with and is regu-
lated by the chaperonin-containing TCP-1, CCT (also called TRiC)
complex.

The CCT complex is a molecular chaperonin that enables folding
of newly translated proteins to promote physiologic localization and
activity (Yam et al, 2008; Joachimiak et al, 2014; Lopez et al, 2015).
CCT is a double-ring oligomer comprised of eight subunits which
encompass client proteins in an ATP-dependent manner (Booth
et al, 2008; Cong et al, 2012; Reissmann et al, 2012). The canonical
roles of this complex include folding of nascent proteins and preven-
tion of protein aggregation (Thulasiraman et al, 1999; Kitamura
et al, 2006; Tam et al, 2006; Yam et al, 2008). The CCT complex
interacts with ~ 15% of newly synthesized proteins (Yam et al,
2008), and although the fraction that require CCT for folding and
proper function is likely smaller, CCT plays an important role in
essential cellular processes through protein homeostasis (Tyedmers
et al, 2010; Hartl et al, 2011; Lopez et al, 2015). Notable clients of
the CCT complex include cytoskeletal components actin and tubu-
lin, oncoproteins TP53, von Hippel-Lindau, and STAT3, and check-
point complex proteins PLK1 and CDC20 (Gao et al, 1992; Gao et al,
1993; Rommelaere et al, 1993; Feldman et al, 1999; Camasses et al,
2003; Liu et al, 2005; Trinidad et al, 2013; Kasembeli et al, 2014;
Kaisari et al, 2017). Experimental deficiency of the CCT complex
has resulted in phenotypes ranging from cancer to neurologic disor-
ders, highlighting its broad role in cellular function (Jin et al, 2019).

In this study, we investigated protein interactors of A3A using
affinity purification and mass spectrometry (MS). Surprisingly, we
identified all eight subunits of the CCT complex by MS upon
immunoprecipitation of A3A. Our MS findings were validated across
a panel of cell lines by co-precipitation of A3A and the CCT
complex. Furthermore, we demonstrated that depletion of the CCT
complex results in increased DNA damage and cytotoxicity caused
by A3A. Through in silico evaluation of cancer genome sequences,
we found that A3A mutational signatures are enriched in tumors
with CCT gene mutations. Together, our data point to the CCT chap-
eronin as a regulator of A3A that mitigates off-target deamination of
the genome.

Results and Discussion
APOBEC3A interacts with the CCT molecular chaperonin complex

To identify protein interactors of A3A, we developed a U20S-HiLo
cell line with doxycycline-inducible HA-tagged APOBEC3A. The
HiLo system enables recombination-mediated genomic integration
of a single transgene per cell, leading to uniform expression levels
of inducible genes in each cell (Khandelia et al, 2011). Inducible
A3A expression in U20S-HiLo cells was evaluated based on dose
and duration of doxycycline treatment; a dose of 1 ug/ml for 72 h
was selected for immunoprecipitation experiments (Fig EV1A).
There is significant variability in subcellular localization among
APOBEC3 family members: three are expressed in the cytoplasm
(A3F, A3G, A3H) and one is nuclear (A3B) (Lackey et al, 2012;
Lackey et al, 2013). Unlike other APOBEC3 enzymes, A3A exhibits
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pan-cellular localization (Landry et al, 2011; Lackey et al, 2013).
Consistent with previous evaluations, A3A was detected in both
and cytoplasm when induced in U20S-HilLo cells
(Fig EV1B). Anti-HA antibody was used to immunoprecipitate A3A-
HA from U20S-A3A cell lysates (Figs 1A and EV1C). Doxycycline-
treated parental U20S-HiLo cell lysates were used as a control. In
order to identify co-precipitated proteins using a proteomics
approach, HA immunoprecipitations were performed in triplicate,
verified by immunoblot (Fig 1A), run on SDS-PAGE gels
(Fig EV1C), and analyzed by mass spectrometry (Fig EV1D). To
identify proteins that interact specifically with A3A, we utilized the
Proteome Discoverer proteomics analysis platform. Enriched
proteins were compared between HiLo cells induced to express A3A
and parental HiLo cells (Fig 1A, Dataset EV1). We found substantial
concordance among three replicates; 74% of proteins identified
were enriched in A3A-expressing cells compared to parental HiLo
cells in each replicate (Fig 1B). Using a stringent P-value cut-off of
0.05 (by one-tailed t-test) to define significance, we identified 63
proteins that were significantly enriched by affinity purification
from A3A-expressing U20S cells as compared to doxycycline-treated
parental cells (Dataset EV1). We used the STRING database (Snel
et al, 2000; Szklarczyk et al, 2019) to further investigate functional
interactions among A3A co-precipitated proteins. Gene Ontology
analysis of the proteins that were significantly enriched in the A3A
dataset when compared to the parental dataset revealed all eight
members of the CCT molecular chaperonin complex (CCT1-8)
(Fig 1C and D). In addition, A3A immunoprecipitated with immune
response proteins and ribonucleotide-binding proteins (Fig 1D).
Given the striking enrichment of each CCT subunit among proteins
that co-immunoprecipitated with A3A, we chose to further study the
role of the CCT complex interaction with A3A (Fig 1C and D).

nucleus

The CCT complex interacts specifically with A3A

To confirm the interaction between the CCT complex and A3A, we
used a lentiviral expression system to engineer inducible A3A
expression in two human cell lines (osteosarcoma U20S cells and
hepatic HepaRG cells) and evaluated co-immunoprecipitation with
CCT subunits. First, we immunoprecipitated A3A-HA and used anti-
bodies to CCT subunits to demonstrate CCT co-precipitation
(Fig 2A). Next, in reciprocal experiments we immunoprecipitated
the CCT complex using antibodies to endogenous CCT subunits and
found that A3A was pulled down (Fig 2B). To address the interac-
tion in physiologically relevant tissues, we engineered additional
cell lines to express inducible A3A including hematopoietic cells
(CEM, Ramos, K562) and breast cancer cells (MDA-MB-231).
Expression and mutational activity of A3A has been previously
demonstrated in both hematopoietic cancers and breast tumors
(Nik-Zainal et al, 2012; Burns et al, 2013a; Green et al, 2017; Cortez
et al, 2019; Jalili et al, 2020). We immunoprecipitated A3A from
several leukemia cell lines and again found that the CCT complex
was isolated (Fig 2C). In breast cancer cells, we performed recipro-
cal co-immunoprecipitations to demonstrate the A3A-CCT interac-
tion (Fig 2D). These data validate the interaction between A3A and
the CCT complex that we identified by proteomic analysis, including
in tissues in which A3A has been shown to impact cancer genomes.

We then asked whether the CCT complex interacts with other
APOBEC3 family members. The APOBEC3 proteins are highly
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Figure 1. APOBEC3A interacts with all subunits of the CCT chaperonin complex.

A Immunoprecipitation of A3A. U20S-HiLo cells with doxycycline-inducible, haemagglutinin (HA)-tagged A3A (U20S-A3A) and parental cells (U20S-HiLo without
transgene) were treated with dox for 72 h. Immunoblot detection of A3A-HA after immunoprecipitation (IP) of cell lysates with anti-HA antibody is shown.

B Comparison of mass spectrometry results from three (n = 3) replicates. IP followed by mass spectrometry was performed in triplicate for parental U20S-HilLo and
U20S-A3A cell lines. Venn diagram shows the overlap of proteins identified in three biological replicates of HA immunoprecipitation from U20S-A3A cells. Number of
proteins identified in each replicate is displayed along with the percentage of protein overlap identified between replicates.

C All eight subunits of the CCT chaperonin complex were enriched in U20S-A3A samples. Proteins detected by MS are displayed by fold enrichment (log2) from U20S-
A3A cells compared to parental cells (x-axis) and by protein abundance within the U20S-A3A samples (y-axis). Significantly enriched proteins (P < 0.05 by one-tailed
t-test, n = 3) are denoted in dark blue. Components of the CCT complex are highlighted and labeled.

D Network of specific interactors of APOBEC3A. Only proteins significantly enriched in A3A samples over HiLo were considered for network analysis (log2 fold
change > 0; one-tailed t-test P < 0.0.5), with the exception of CCT6B and CCT4 (t-test P > 0.05). Node colors denote enrichment (indicated by heatmap legend) of
interacting protein in A3A samples compared to HiLo. Nodes are grouped into boxes according to gene ontology enriched biological processes for interacting proteins
(STRING database, FDR < 0.01). Gray edge lines indicate observed interactions between proteins. CCT complex members are denoted by a star.

Source data are available online for this figure.

similar; the degree of homology between A3A and A3B or A3G is
higher than 50% (Jarmuz et al, 2002; Narvaiza et al, 2009; Bulliard
et al, 2011). Thus, we sought to determine whether homologous
APOBEC3 enzymes also interact with CCT. Ectopic expression of
HA-tagged A3A, A3B, and A3G was achieved by transfection of
expression vectors into 293T cells. Immunoprecipitation of the CCT
complex demonstrated co-precipitation with only A3A, and not A3B

© 2021 The Authors

or A3G (Fig 3A). The converse experiment, in which the APOBEC3
proteins were immunoprecipitated, revealed that only A3A pull-
down resulted in co-precipitation of CCT complex subunits (Fig 3B).
To ensure that this result was generalizable across cellular contexts,
we immunoprecipitated doxycycline-inducible HA-tagged APOBEC3
proteins expressed in U20S cell lines. We evaluated A3A and A3B
and found that A3A, but not A3B, co-precipitated with the CCT
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Figure 2. The CCT complex interacts with APOBEC3A in multiple cell types.

A A3A co-precipitates with CCT complex subunits. U20S and HepaRG cells with dox-inducible A3A-HA transgenes were treated with dox prior to immunoprecipitation of
HA. HA immunoprecipitates were analyzed by immunoblot with antibodies for HA and subunits of the CCT complex.

Immunoprecipitation of CCT. IP of the CCT complex using antibodies to endogenous CCT subunits was performed in lysates from U20S-A3A (top) and HepaRG-A3A

(bottom) cells after dox treatment. Immunoblot analysis with probes for A3A-HA and indicated subunits of CCT with IgG as a control is shown.

A3A interacts with CCT in leukemia cells. HA immunoprecipitation in hematopoietic cell lines with inducible A3A-HA was analyzed by immunoblot. HA, CCT1, and
CCTS antibodies were used to evaluate co-precipitation of CCT subunits with A3A.

The CCT-A3A interaction occurs in breast cancer cells. HA (top) and CCT (bottom) immunoprecipitation in the MDA-MB-231 cell line with inducible A3A-HA expression
was analyzed by immunoblot. Anti-HA and anti-CCT1 antibodies were used to evaluate reciprocal co-IPs.

Source data are available online for this figure.
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Figure 3. The APOBEC3-CCT interaction is specific to A3A.

A CCT co-precipitates with A3A but not A3B or A3G. 293T cells were transfected with empty vector (V), A3A-HA, A3B-HA, or A3G-HA. CCT IP was performed from
transfected cells and evaluated by immunoblot analysis using antibodies for CCT5 and HA.

B A3A, but not other APOBEC3 enzymes, interacts with CCT complex subunits. After transfection of 293T cells with HA-tagged APOBEC3 expression plasmids, IP was
performed with anti-HA antibody and analyzed by immunoblot using antibodies to HA and CCT subunits. Arrows mark location of each APOBEC3 protein on HA
immunoblot.

C HA immunoprecipitation was performed from U20S cells with dox-inducible A3A, A3A-C106S (catalytically inactive mutant), and A3B transgenes. IP lysates were
evaluated by immunoblot using antibodies to HA and CCT1.

D Immunoprecipitation of HA-tagged A3B constructs transfected into 293T cells. IP of A3B-HA and A3B-E24R-HA (cytoplasmic localization) was evaluated by
immunoblot analysis using antibodies to HA and CCT1. Arrow indicates CCTS band.

E CCT interacts with A3A both with and without interferon. Immunoprecipitation of A3A-HA in K562 cells treated with and without type I interferon (IFN). Anti-ISG15
antibody serves as a control for IFN induction.

F CCT co-precipitates with endogenous A3A. Immunoprecipitation of the CCT complex in BICR6 cells was analyzed by immunoblot using antibodies to endogenous A3A
and CCT1. Chemiluminescent exposure times described as short and long are indicated beside the blot. IgG antibody was used as a control throughout.

Source data are available online for this figure.
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complex (Fig 3C). To determine whether catalytic activity of A3A is
required for CCT binding, we performed immunoprecipitation of the
catalytically inactive A3A-C106S mutant (Bogerd et al, 2006; Chen
et al, 2006; Narvaiza et al, 2009). We found that the mutant co-
precipitated with CCT subunits as efficiently as wild-type A3A
(Fig 3C). Thus, a functional deaminase domain of A3A is not essen-
tial for CCT interaction. Our findings demonstrate that the
APOBEC3-CCT interaction occurs specifically with A3A.

Since the subcellular localization of A3A differs from that of
A3B, we asked whether cytosolic CCT required cytoplasmic localiza-
tion of client APOBEC3 proteins for interaction. The A3B E24R
mutant re-localizes nuclear A3B to the cytoplasm (Salamango et al,
2018). We immunoprecipitated wild-type A3B and A3B-E24R
mutant and found that, although the A3B-E24R mutant appears to
be less stable than wild-type A3B, neither co-precipitated with CCT
complex subunits (Fig 3D). These data suggest that specificity of
CCT interaction with A3A is not simply due to subcellular localiza-
tion and may not be influenced by APOBEC3 amino acid sequence
given the significant homology between A3A and other APOBEC3
proteins.

The A3A gene is interferon-stimulated and expression is
increased significantly upon treatment with type I interferon (Chen
et al, 2006; Koning et al, 2009). Although no prior reports have
addressed the effect of interferon on CCT interaction with client
proteins, we evaluated the impact on the A3A-CCT interaction. To
accomplish this, we treated an interferon-responsive hematopoietic
cell line, K562, with type I interferon. ISG-15, a canonical interferon-
stimulated gene, was used as a control for interferon treatment. A3A
was immunoprecipitated from cells treated with and without inter-
feron, and there was no difference in CCT co-precipitation (Fig 3E).
Thus, interferon does not appear to influence the interaction of A3A
and CCT.

We addressed whether A3A and/or A3B, when endogenously
expressed, interact with CCT. To do so, we utilized the BICR6 squa-
mous cell carcinoma line in which A3A is expressed. Upon immuno-
precipitation of the CCT complex, we found co-precipitation of A3A
(Fig 3F). These data demonstrate that the A3A-CCT interaction
occurs in the context of endogenous A3A expression.

Cytotoxicity from A3A is increased upon CCT depletion

Based on the specific and conserved interaction between A3A and
CCT, we hypothesized that the CCT complex serves as a regulatory
measure of the A3A protein. Since A3A can deaminate ssDNA at
replication forks of cycling cells (Green et al, 2016; Hoopes et al,
2016; Seplyarskiy et al, 2016), we hypothesized that the CCT
complex may prevent A3A from deaminating and damaging cellular
DNA. To evaluate the impact of the A3A-CCT interaction on the
genome, we investigated the outcome of disrupting the interaction
by depleting CCT complex proteins. The CCT complex consists of
stoichiometrically equal amounts of each protein, and free CCT
complex subunits are rapidly degraded (Kunisawa & Shastri, 2003;
Kasembeli et al, 2014). Consistent with previous reports (Kunisawa
& Shastri, 2003; Kasembeli et al, 2014), we found that short interfer-
ing RNA (siRNA)-mediated knockdown of one CCT complex protein
resulted in depletion of the remaining CCT complex members
(Fig 4A), leading to effective suppression of CCT complex activities.
We used siRNA to knock down CCT4 and CCT7 in U20S cells,
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which resulted in significant protein depletion (Fig 4B immuno-
blots). We evaluated the impact of A3A expression with CCT deple-
tion in inducible cell lines and found that the combination of A3A
expression and CCT depletion resulted in significantly decreased cell
viability by WST-8 assay (Fig 4B bar graphs). We also evaluated cell
death by live-dead staining in CCT-depleted cells and found a signif-
icant increase upon expression of A3A, greater than CCT depletion
alone (Fig 4C). We hypothesized that the catalytic activity of A3A
on the genome was responsible for increased genome instability
resulting in cell death upon CCT depletion; thus, we evaluated the
effect of a catalytically inactive A3A mutant (A3A-C106S) on cyto-
toxicity. Regardless of CCT depletion, we found no increase in cell
death when the inactive A3A mutant was expressed (Fig 4D). Since
A3A activity has been shown to cause DNA damage and elicit DNA
damage response signaling including phosphorylation of histone
variant H2AX (yH2AX), a marker of DNA breaks (Landry et al,
2011; Burns et al, 2013a; Mussil et al, 2013; Green et al, 2016), we
addressed whether A3A-mediated DNA damage was altered upon
CCT depletion. To do so, CCT7 was depleted by siRNA targeting in
K562 cells with ectopic inducible A3A expression. The combination
of CCT7 depletion and A3A expression resulted in significantly
increased YH2AX as compared to controls (Fig 4E). Together, these
data suggest that the interaction between CCT and A3A mitigates
genome deamination, DNA damage, and genotoxicity.

A3A mutational signatures are enriched in cancers with
deleterious CCT mutations

We next evaluated human tumors from The Cancer Genome Atlas
(TCGA) to determine the effect of CCT depletion on A3A mutagene-
sis. APOBEC3 activity has been extrapolated from mutational
patterns identified in cancer genome sequences, and the mutational
hallmarks of A3A activity are thought to include a high burden of
mutations with predominantly C—T transitions (Nik-Zainal et al,
2012; Alexandrov et al, 2013). We classified tumors with mutations
within CCT genes that are predicted to cause negative effects on
protein function, such as frameshift or non-sense mutations or
indels, as having deleterious CCT gene mutations (Choi et al, 2012;
McLaren et al, 2016). Tumors with deleterious mutations in one or
more CCT complex proteins were compared to tumors with intact
CCT genes (Fig 5). In total, 326 tumors had a deleterious mutation
in one or more CCT genes as compared to 9,876 genomes with
intact CCT complex genes. Mutations of individual CCT complex
member genes were relatively evenly distributed in this data set,
ranging from 8 to 20% of the 326 tumors identified with CCT
complex mutations. We found that tumors with CCT gene mutations
had a higher overall burden of mutations, and in particular C—»T
transitions, than those with intact CCT genes (Fig 5A). Mutational
signatures, comprised of patterns of single base substitutions (SBS)
identified within a trinucleotide context, have been used to deter-
mine mutagenic processes active in cancers (Alexandrov et al,
2020). Within the COSMIC database, mutational signatures attrib-
uted to APOBEC3 activity are denoted SBS2 and SBS13 (Alexandrov
et al, 2020). Both signatures consist of predominantly cytidine muta-
tions within a TC dinucleotide context, which is consistent with the
context preference in which A3A deaminates cytidine bases (Chen
et al, 2006). We evaluated the frequency of SBS2 and SBS13 in
genomes from tumors with deleterious CCT gene mutations and
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Figure 4. CCT complex depletion leads to decreased cell viability when A3A is expressed.

A

Knockdown of one CCT complex member results in depletion of other CCT subunits. Following siCCT4 or siCCT7 transfection, cell lysates were evaluated by
immunoblot for expression of additional CCT subunits by endogenous antibodies for CCT1, CCT4, CCTS, and CCT7. GAPDH was used as a loading control.

Decreased cell viability upon CCT depletion and A3A expression. CCT4 (left) and CCT7 (right) subunits were depleted by siRNA transfection in U20S cells with dox-
inducible A3A transgenes. Immunoblot analysis of cell lysates showed decreased expression of targeted CCT subunit, but no alteration in A3A expression. Scr indicates
non-targeted siRNA, used as control. Ku86 is a loading control. Following siRNA transfection to deplete CCT subunits, U20S-A3A cells were treated with dox. Viability
was determined by colorimetric change after addition of a water-soluble tetrazolium salt. Percent viability was normalized to untreated controls. Statistical analysis
was performed using a paired two-tailed t-test, n = 3 biological replicates; error bars, SEM.

Increased cell death resulting from A3A expression along with depletion of CCT. U20S-A3A cells were depleted of CCT4 by siRNA, treated with dox, or combination.
Cell death was measured by staining cells with fluorescent-labeled calcein AM (live) and DNA (dead) stains. Bar chart shows quantitation of FACS results averaged
over three biological replicates. Statistical analysis was performed using a paired two-tailed t-test, n = 3; error bars, SEM.

Viability of cells with catalytically inactive A3A. U20S-A3A-C106S cells were induced with dox to express the catalytically inactive A3A mutant (C106S), depleted of
CCT4 by siRNA, or combination. Cells were subsequently evaluated by live-dead staining assessed by FACS. Bar chart shows quantitation of FACS results averaged
over three biological replicates. Statistical analysis was performed using a paired two-tailed t-test, n = 3; error bars, SEM. Immunoblot analysis of cell lysates showed
decreased expression of CCT4 after siRNA targeting. Ku86 is a loading control.

Increased DNA damage signaling upon CCT depletion and A3A expression. Depletion of CCT7 in K562-A3A cells was achieved by siRNA targeting. Expression of A3A was
induced by dox treatment. Intracellular staining with anti-yH2AX antibody was analyzed by flow cytometry. Bar chart shows quantification of FACS results obtained
over three biological replicates. Statistical analysis was performed using a two-tailed t-test, n = 3; error bars, SEM. Immunoblot analysis of cell lysates showed
decreased expression of CCT7 after siRNA targeting and A3A expression upon dox treatment. Ku86 is a loading control. **P-value < 0.01, ***P-value < 0.01, ****P-
value < 0.0001, and n.s. non-significant.

Source data are available online for this figure.

found a significant increase in both SBS2 and SBS13 as compared to CCT complex genes (Fig EV2). Although the random gene set-
tumors with intact CCT genes (Fig 5B). As a control, we performed mutated tumors harbored mutational burdens similar to CCT-
a parallel evaluation of tumors with deleterious mutations in a mutated tumors (Fig EV2A), we found that the increase in SBS2 and
randomly chosen set of nine genes which were of similar size to the SBS13 occurred more so in the CCT-mutated tumors (though not
CCT complex genes and were mutated with similar frequency to the significant for SBS2, Fig EV2B). Thus, it appears that the mutational
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pattern of APOBEC3 activity is enriched more so in cancer genomes
from tumors with dysfunctional CCT complexes.

Next, we addressed mutational signatures in a subset of tumors
in which APOBEC3 activity or expression has been specifically
reported including breast, cervical, and bladder cancer (Nik-Zainal
et al, 2012; Burns et al, 2013a; Faltas et al, 2016; Robertson et al,

Abby M Green et al

2017). APOBEC3 mutational signatures SBS2 and SBS13 were quanti-
fied in the aforementioned tumors from TCGA (Fig 5C). In all tissue
types, the APOBEC3 signatures were increased in tumors with CCT
gene mutations compared to those with intact CCT genes. Finally,
the contribution of all COSMIC SBS signatures to total mutation
burden was assessed in TCGA samples. The contribution of SBS2
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Figure 5. A3A mutational signatures are enriched in cancers with CCT mutations.

A Tumors with CCT gene mutations have an increased mutational burden. All cancer genome sequences in TCGA were evaluated for mutation burden and specific base
substitutions. Cancers with CCT gene mutations predicted to cause a negative impact on protein function were classified as deleterious and were compared to those
with no mutations in any CCT gene. Wilcoxon rank sum test applied to all paired comparisons between tumors with and without CCT gene mutations yielded

P < 0.001.

B The APOBEC3 mutational signature is enriched in tumors with CCT gene mutations. Single base substitution (SBS) patterns, as defined by COSMIC Mutational
Signatures v2, were evaluated in CCT-mutated and CCT non-mutated cancer genome sequences. Depicted are the mutational signatures attributable to APOBEC3

activity (SBS2 and SBS13). Denoted P-values determined by Wilcoxon rank sum test.

C Quantification of APOBEC3 mutational signatures among three tumor types that have previously been associated with high APOBEC3 activity. Breast, bladder, and
cervical cancer samples from the TCGA database were divided into CCT-mutated and non-mutated genomes, as above. The number of mutations contributing to
SBS2 and SBS13 in each tumor type was quantified and displayed as an average. Comparison by Wilcoxon rank sum test yielded P-values denoted.

D The contribution of APOBEC3 mutational signatures (SBS2 and SBS13) and all other SBS signatures defined by COSMIC v2 was evaluated in all tumors and
independently in breast, bladder, and cervical cancer genomes within the TCGA database. A comparison of mutational signature contributions between CCT-mutated
and non-mutated tumors is shown. A z-test of proportions was used to compare whether the percentage of “other” signatures is significantly different between CCT-
mutated and non-mutated tumors, and P-values show statistical significance in breast and cervical cancers but not in bladder cancer.

Data information: Box and whisker plots depict median and interquartile range (25-75%).

and SBS13 was higher in tumors which had CCT gene mutations
(Fig 5D). Of note, the combined contribution of all other SBS signa-
tures was lower in tumors with CCT gene mutations (Fig 5D), which
suggests that APOBEC3 deamination is a predominant mutagenic
process. We independently evaluated breast, cervical, and bladder
tumors with and without CCT gene mutations and found an
increased contribution of APOBEC3-associated SBS2 and SBS13 in
tumors with CCT gene mutations as compared to tissue-matched
controls with intact CCT genes (Fig 5D). When SBS2 and SBS13 were
evaluated in control tumors with mutations in a random gene set, we
found no increase in breast cancer genomes and a modest increase
in cervical cancer genomes which was lower than the SBS2/13 muta-
tions in CCT-mutated tumors (Fig EV2C and D). In bladder cancers,
the contribution of SBS2 and SBS13 was similar in control tumors
and those with CCT gene mutations (Fig EV2D). Taken together,
these findings suggest overall that CCT dysfunction in human tumors
is associated with increased APOBEC3 activity on the genome.

The role of APOBEC3 enzymes in cancer mutagenesis remains
enigmatic, in part because our mechanistic understanding of these
endogenous DNA mutators in relation to the host genome is incom-
plete. The two main bodies of evidence that link APOBEC3 enzymes
to cancer indicate that (i) APOBEC3 enzymes are expressed at
abnormally high levels in a subset of human cancers and (i) a
mutational pattern consistent with APOBEC3 deaminase activity is
widespread in cancer genome sequences. However, correlation
between APOBEC3 expression and activity has been weak at best,
both experimentally and in primary tumor samples (Burns et al,
2013b; Chan et al, 2015; Cortez et al, 2019). In other words, the
majority of cancer genome sequences which display APOBEC3
mutational hallmarks do not have elevated APOBEC3 expression
levels (Petljak et al, 2019). This discord has been explained by
hypothetical transient expression of APOBEC3 proteins which, upon
genotoxicity, become downregulated (Roberts & Gordenin, 2014).
However, this hypothesis does not explain the converse discor-
dance, i.e., when high APOBEC3 expression is found in a tumor, the
APOBEC3 mutational signature is often not enriched in the corre-
sponding genome (Roberts et al, 2013; Petljak et al, 2019). This
observation suggests that regulatory measures within a cell could
mitigate APOBEC3 activity on the genome despite high expression.

In this study, we sought to identify protein interactors that influ-
ence the activity of A3A on the cellular genome.

© 2021 The Authors

Immunoprecipitation of A3A followed by mass spectrometry unex-
pectedly demonstrated an interaction with all subunits of the CCT
chaperonin complex. The CCT chaperonin interacts with up to 15%
of all cytosolic proteins, including an array of highly varied clients
(Yam et al, 2008). The canonical client proteins of CCT are large
and complex and include beta-rich strands and/or WD repeats (Thu-
lasiraman et al, 1999; Kubota et al, 2006; Yam et al, 2008; Freund
et al, 2014; Miyata et al, 2014). While A3A is not large, it has the
classical structure of a DNA cytidine deaminase consisting of a fold
composed of 5 beta-strands, 6 alpha-helices, and a zinc-coordinated
domain (Byeon et al, 2013; Bohn et al, 2015). Thus, A3A shares
some features with typical CCT client proteins.

The A3A-CCT interaction was reproducible across many cellular
contexts and appears to be specific to A3A since no interaction
between CCT subunits and A3B or A3G was observed. This speci-
ficity is curious given the high degree of homology between A3A
and the C-terminal domains of A3B (93%) and A3G (66%). CCT is
primarily found in the cytoplasmic compartment and A3A is
expressed in both nucleus and cytoplasm, suggesting the interaction
likely occurs in the cytoplasm similar to most CCT client proteins
(Thulasiraman et al, 1999). In contrast to A3A, the A3B protein is
located exclusively in the nucleus, and therefore, the interaction
with CCT may have been limited by disparate subcellular localiza-
tion. However, we also could not detect interaction with CCT for
cytoplasmic A3B. The A3B protein has a similar DNA cytidine deam-
inase fold to that of A3A (Byeon et al, 2016); thus, we suspect that
factors exogenous to the protein structure confer the specificity of
the A3A-CCT interaction, presenting an area for future study.

Few protein interactors of A3A have been identified to date. The
TRIB3 pseudokinase was previously reported to interact with A3A
(Aynaud et al, 2012), and the interaction was suggested to inhibit
A3A deamination of nuclear DNA (Aynaud et al, 2012). Similarly,
we found that depletion of CCT resulted in increased deaminase-
dependent DNA damage and cytotoxicity induced by A3A, suggest-
ing that the CCT complex serves as a negative regulator of A3A activ-
ity on the genome. It is possible that this occurs indirectly through,
for example, CCT interaction with a protein client that mediates
repair of A3A-induced DNA damage. However, given our finding of
a physical interaction between A3A and the CCT complex, we favor
the likelihood of a direct impact of CCT on the A3A protein. Most
substrates are released from the CCT complex upon folding, but in
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some cases, CCT can act as a holdase. For example, the von Hippel-
Lindau (vHL) protein is retained by CCT until the VHL binding part-
ner, elongin-BC, interacts with VHL and enables release from CCT
(Feldman et al, 1999). Similarly, a recent study demonstrated that
CCT functions as a holdase for the reovirus capsid protein 63 to
prevent aggregation of the protein prior to assembly into functional
oligomeric complexes (Knowlton et al, 2018). It is possible that the
CCT complex similarly functions as a holdase for A3A, thereby
preventing access to the genome to minimize deamination and muta-
tion. Further studies are required to determine the mechanism by
which interaction with CCT mitigates A3A-induced mutagenesis. If
the CCT-A3A interaction functions to sequester A3A, the signal for
release may be related to the anti-viral properties of A3A. A possible
model for the CCT-A3A interaction is that, upon viral infection, A3A
is released from the CCT holdase and is therefore allowed to act on
viral genomes leading to deamination, genome degradation, and
viral restriction. In this model, disruption of the A3A-CCT interaction
would allow for A3A mutagenesis of the cellular genome. Although
our study did not find that treatment with type I IFN changed the
A3A-CCT interaction, we did not directly assess whether viral infec-
tion disrupted the protein interaction.

The APOBEC3 mutational signature is among the most prevalent
pattern of somatic mutagenesis in all sequenced cancer genomes
(Petljak & Alexandrov, 2016). Here, we demonstrate that the hall-
marks of APOBEC3 mutagenesis are increased in tumors with silenc-
ing mutations in CCT subunit genes. This provides one of the first
examples of a cellular context that alters APOBEC3-mediated geno-
toxicity. It was recently suggested that targeting CCT may present a
therapeutic anti-viral opportunity, since CCT is required for folding
and assembly of viral capsid proteins (Knowlton et al, 2018). Inhibi-
tion of CCT may also present an opportunity to enable mutagenesis
and genotoxicity selectively in cancer cells with high levels of A3A
expression.

Materials and Methods
Cell lines

All cell lines were purchased from ATCC and tested for mycoplasma
contamination every 6 months during experimentation. 293T, MDA-
MB-231, and U20S cells were maintained in DMEM supplemented
with penicillin and streptomycin (100 U/ml) and 10% tetracycline-
free fetal bovine serum (TF-FBS). BICRG cells were maintained in
DMEM supplemented with penicillin and streptomycin (100 U/ml),
10% fetal bovine serum (FBS), and 0.4 mg/ml hydrocortisone.
HepaRG cells were maintained in William’s Medium E, supple-
mented with penicillin and streptomycin (100 U/ml), 10% TF-FBS,
L-glutamine (2 mM), hydrocortisone (0.5 pM), and insulin (5 pg/
ml). CEM, Ramos, and K562 cells were maintained in RPMI media
supplemented with 10% TF-FBS, penicillin and streptomycin
(100 U/ml), and L-glutamine (2 mM).

Inducible U20S-A3A, U20S-A3B, U20S-A3AC106S, MDA-MB-
231-A3A, HepaRG-A3A, CEM-A3A, Ramos-A3A, and K562-A3A cells
were generated by lentiviral transduction using the pSLIK-A3A
lentivector with neomycin resistance, as previously described
(Green et al, 2017). Inducible U20S HiLo A3A cells were
constructed by transfection of parental U20S HiLo acceptor cells
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with inducible plasmid cassette containing HA-tagged A3A along
with plasmid expressing Cre recombinase, as previously described
(Khandelia et al, 2011; Avgousti et al, 2016). All cells were induced
by culture in the presence of doxycycline (0.1-5 pg/ml). All cells
were grown at 37°C under 5% atmospheric CO,.

Antibodies

Commercially available antibodies used for immunoblotting,
immunofluorescence, and intracellular staining were obtained from
Abnova (CCT1, CCT5, CCT7), Santa Cruz Biotechnology (CCT4, ISG-
15, Ku86, Tubulin), GeneTex (GAPDH), BD Biosciences (yH2AX-
488), BioLegend (HA), Cell Signaling (HA), and the NIH AIDS Reagent
Program (APOBEC3A/G). Secondary antibodies for immunoblotting
included goat anti-rabbit IgG and goat anti-mouse IgG (Jackson
ImmunoResearch). Secondary antibodies for immunofluorescence
included anti-Rabbit IgG (H + L), Alexa Fluor 488 (Invitrogen). For
CCT immunoprecipitation, 1ug of each antibody was conjugated to
protein G beads (Bio-Rad): CCT1 clone 2B2-D6 (Abnova), CCT4 clone
H-1 (Santa Cruz), CCT5 clone 4E5-4B1 (Abnova), and CCT7 clone
1D6 (Abnova).

Plasmids, siRNA, and transfection

Expression vectors containing wild-type and mutant APOBEC3
cDNA with C-terminal HA epitopes have been previously described
(Chen et al, 2006; Landry et al, 2011). Transfection of expression
vectors was performed using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Short interfering RNA
(siRNA) targeting the CCT complex subunits was purchased from
the Mission siRNA library (Sigma). Transfection of siRNA was
achieved using the RNAIMAX transfection reagent (Invitrogen)
according to the manufacturer’s protocol.

Immunoblotting, immunofluorescence, and intracellular staining

For immunoblotting, lysates were harvested by boiling for 15 min at
95°C in 10% LDS sample buffer (Invitrogen) and 5% B-
Mercaptoethanol (Sigma). Samples were run on Bis-Tris gels and
transferred to (Amersham). For
immunofluorescence, cells were fixed with 4% paraformaldehyde
(15 min) and permeabilized with 0.5% Triton-X (10 min). Nuclei
were visualized by 4,6-diamidino-2-phenylindole (DAPI, Sigma).
Images were acquired by confocal microscopy. For intracellular anti-
body staining of yH2AX, cells were harvested, fixed, and stained
using the BD Cytofix/Cytoperm Kit according to the manufacturer’s
protocol. Events were acquired using an LSRFortessa flow cytometer
(BD Biosciences) and analyzed by FlowJo (version 10.7).

nitrocellulose membrane

HA immunoprecipitation

Cells were harvested in RIPA buffer, lysed on ice for 10 min, soni-
cated for 5 min at 4°C in Bioruptor (Diagenode UCD-200), and
centrifuged to clear debris (25,000 g, 10 min, 4°C). Normalized
lysates (1-3 mg total protein per 1 ml) were incubated with protein
G beads (Invitrogen or Bio-Rad) on rotator (30 min, 4°C) and then
incubated with Pierce™ Anti-HA Magnetic Beads (Thermo Scientific)
on rotator (1-4 h, 4°C). Beads were washed three times in RIPA
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buffer and eluted with LDS sample buffer (Invitrogen) by boiling
(15 min, 95°C). For immunoblot analysis, 20% of eluate was run on
NuPAGE™ 4-12% Bis-Tris Protein Gel (Invitrogen). For silver stain
gel, 80% of eluate was run on NuPAGE™ 10% Bis-Tris Protein Gel
(Invitrogen) and stained using the Silver Stain kit (Pierce) according
to the manufacturer’s protocol.

CCT complex immunoprecipitation

Cells were fixed with 1% paraformaldehyde (20 min) and quenched
with 1.25 M glycine. Fixed cells were lysed as above. Normalized
lysates (1.0 mg total protein in 1 ml) were incubated with protein G
beads (Invitrogen or Bio-Rad) on rotator (30 min, 4°C). Antibody-
conjugated protein G beads were incubated with normalized cell
lysate on rotator (4 h, 4°C) and then washed and eluted as above.
For experiments performed in BICR6 cells, fixation was not
performed prior to immunoprecipitation. Lysates were prepared,
normalized, cleared as above, and then incubated with antibody
overnight (4°C) prior to 1-h incubation with protein G beads. Beads
were then washed and protein was eluted as above.

Cell proliferation and viability assays

U20S cells were transfected with siRNA for 72 h prior to evaluation.
For proliferation assays, cells were seeded in 96-well plates, and
water-soluble CCK-8 reagent (Dojindo) was added 2—4 h prior to
analysis. Data were collected using the Infinity M1000 Pro plate
reader (Tecan). To evaluate viability, cells were stained using the
Live/Dead kit (Invitrogen) according to the manufacturer’s instruc-
tions. Data were collected using an Accuri C6 Flow Cytometer (BD
Biosciences).

Sample preparation for proteomic analysis

All chemicals used for preparation of nanoflow liquid chromatogra-
phy—tandem mass spectrometry (nLC-MS/MS) samples were
sequencing grade (Sigma-Aldrich), unless otherwise stated. The
immunoprecipitation eluate (80-100%) was separated by SDS-PAGE
using NuPAGE 1DE System (NuPAGE Novex 10% Bis-Tris gels,
Thermo Fisher Scientific). Visualization of separated proteins was
performed by overnight staining with Coomassie blue G-250 solu-
tion (Thermo Fisher Scientific). The in-gel tryptic digestion followed
by peptide extraction from the gel bands was performed according
to previously published protocols (Shevchenko et al, 1996). The
extracted peptides were desalted using Poros Oligo R3 RP (PerSep-
tive Biosystems) P200 columns with C18 3M plug (3M Bioanalytical
Technologies) prior to nLC-MS/MS analysis.

Nanoflow liquid chromatography-tandem mass spectrometry
(nLC-MS/MS)

The peptide mixture was resuspended in buffer containing 0.1%
formic acid and loaded onto an Easy-nLC system (Thermo Fisher
Scientific), coupled online with an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Fisher Scientific). Peptides were loaded into
a picofrit 18 cm long fused silica capillary column (75 pm i.d.,
360 pm o.d.) packed in-house with reversed-phase ReproSil-Pur
C18-AQ 3 pm resin. The gradient length was 75 min. The gradient
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was from 2-26% buffer containing 100% ACN/0.1% formic acid at
a flow rate of 300 nl/min. The MS method was set up in a data-
dependent acquisition (DDA) mode. For full MS scan, the mass
range of 350-1200 m/z was analyzed in the Orbitrap at 120,000
FWHM (200 m/z) resolution and 5 x 10e5 AGC target value. HCD
collision energy was set to 27, AGC target to 10e4, and maximum
injection time to 120 ms. Detection of MS/MS fragment ions was
performed in the ion trap in the rapid mode using the TopSpeed
mode (3 s).

Protein identification and quantification

The raw mass spectrometer files were processed for protein identifi-
cation using the Proteome Discoverer (v2.3, Thermo Scientific) and
the Sequest HT algorithm with a peptide mass tolerance of 10 ppm,
fragment m/z tolerance of 0.25 Da, and a false discovery rate (FDR)
of 1% for proteins and peptides. All peak lists were searched against
the UniProtKB/Swiss-Prot database of Human (March 2019, 20417
entries) sequences using the parameters as follows: enzyme,
trypsin; maximum missed cleavages, 2; fixed modification,
carbamidomethylation (C); variable modifications, oxidation (M),
protein N-terminus acetylation. Protein quantifications were log,-
transformed and normalized using the median of the distribution for
each sample. Every MS analysis was performed with three biological
replicates to provide enough statistical power to apply parametric
tests (either homoscedastic or heteroscedastic one-tailed t-test,
depending on the statistical value of the F-test; heteroscedastic if F-
test P-value < 0.05). The t-test was considered as a valuable statisti-
cal test because binary comparisons were performed, and the
number of replicates was limited. No samples were excluded as
outliers. Proteins with a t-test P-value < 0.05 were considered as
significantly altered between the two tested conditions. Data distri-
bution was assumed to be normal, but this was not formally tested.
Gene Ontology (GO) biological process and protein—protein interac-
tion information were obtained from STRING database (Snel et al,
2000; Szklarczyk et al, 2019) with false discovery rate (FDR) < 0.01.

Bioinformatic analysis

Single base substitutions (SBSs) and mutational signature informa-
tion for TCGA tumors were obtained from the COSMIC database at
https://cancer.sanger.ac.uk/cosmic/signatures (v2). Mutation calls
made for the CCT complex genes were downloaded from the
Genomic Data Commons Data Portal at https://docs.gdc.cancer.
gov/ (v22.0; Grossman et al, 2016). The data from these two data-
bases were merged, and only tumors with one or more deleterious
mutations in the CCT complex genes or tumors with intact CCT
genes were kept for further analysis. All samples were subdivided
by tumor type and mutation status of all CCT complex members. A
tumor was considered wild-type when there were no single nucleo-
tide variant or indels in any of the CCT complex genes, while muta-
tions predicted by Ensembl VEP (McLaren et al, 2016) and SIFT
(Choi et al, 2012) to cause a negative effect on protein function
including indels, substitutions, frameshifts, and non-sense muta-
tions were classified as deleterious. Additionally, tumors with non-
deleterious mutations in the CCT complex genes as well as tumors
without any somatic substitutions per megabase pairs were
excluded for clarity of analysis. A control set of tumors was defined
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by random selection of nine genes (CPNE1, RAD51B, NMUR2,
KRT32, AL024498.2, CFAP52, RSPH6A, PLSCR3, and SERPINB?) of
analogous size to CCT complex genes and with similar mutation
frequency (293 tumors with deleterious mutations in the random
gene set compared to 9557 tumors without). Analysis of mutations
and APOBEC enrichment between samples was computed and visu-
alized using the R libraries ggplot2, dplyr, and tidyr, as well as a
two-sided Mann—Whitney test to assess statistical significance.

Statistical analysis

Statistical details are reported in each figure legend. Each statistical
analysis was performed on at least three biological replicates. The t-
test was utilized for binary comparison of limited replicates. Analy-
sis resulting in a P-value < 0.05 was considered to be significant.

Data availability

The datasets produced in this study are available in the following
databases: Mass spectrometry proteomics data have been deposited
to ProteomeXchange Consortium (http://proteomecentral.proteome
xchange.org) via the PRIDE partner repository (Perez-Riverol et al,
2019) with the dataset identifier PXD024191 or at https://www.eb
i.ac.uk/pride/archive/projects/PXD024191.

Expanded View for this article is available online.
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