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The DNA deaminase APOBEC3B interacts with the cell-cycle
protein CDK4 and disrupts CDK4-mediated nuclear import of

Cyclin D1
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Apolipoprotein B mRNA editing enzyme catalytic subunit-
like protein 3B (APOBEC3B or A3B), as other APOBEC3 mem-
bers, is a single-stranded (ss) DNA cytosine deaminase with anti-
viral activity. A3B is also overexpressed in multiple tumor types,
such as carcinomas of the bladder, cervix, lung, head/neck, and
breast. A3B generates both dispersed and clustered C-to-T and
C-to-G mutations in intrinsically preferred trinucleotide motifs
(TCA/TCG/TCT). A3B-catalyzed mutations are likely to pro-
mote tumor evolution and cancer progression and, as such, are
associated with poor clinical outcomes. However, little is known
about cellular processes that regulate A3B. Here, we used a pro-
teomics approach involving affinity purification coupled to MS
with human 293T cells to identify cellular proteins that interact
with A3B. This approach revealed a specific interaction with
cyclin-dependent kinase 4 (CDK4). We validated and mapped
this interaction by co-immunoprecipitation experiments. Func-
tional studies and immunofluorescence microscopy experi-
ments in multiple cell lines revealed that A3B is not a substrate
for CDK4—-Cyclin D1 phosphorylation nor is its deaminase
activity modulated. Instead, we found that A3B is capable of
disrupting the CDK4-dependent nuclear import of Cyclin D1.
We propose that this interaction may favor a more potent anti-
viral response and simultaneously facilitate cancer mutagenesis.

Human apolipoprotein B mRNA editing enzyme catalytic
subunit-like protein 3B (APOBEC3B or A3B)? is a member of a
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larger family of zinc-dependent cytosine deaminases that con-
vert cytosine bases to uracils in single-stranded (ss)DNA (1-6).
APOBECS3 family members have overlapping roles in restrict-
ing the replication of a variety of DNA-based viruses. For
instance, several APOBEC3 family members including A3B
inflict DNA C-to-U lesions in reverse-transcribing retroviruses
and retrotransposons (6-9). In addition, A3B has elicited re-
striction activity against EBV, HBV, papillomaviruses, and
polyomaviruses (9—13).

Recently, A3B has also been implicated as a source of muta-
tion in various cancer types, with major influences in primary
breast tumors (comprising 20% of base substitutions) and in
metastatic disease (mutational contribution greater than 50%)
(2, 4, 14-23). Additionally, A3B has been correlated with poor
clinical outcomes including drug resistance (24 —32). Efforts are
being focused on developing therapies to inhibit A3B-mediated
mutagenesis in cancer as an adjuvant to current treatment
strategies (33). However, post-translational regulation of A3B
enzymatic activity, the molecular mechanisms of how it gains
access to ssDNA, and how it enters the nuclear compartment
have remained elusive “black boxes.”

Interestingly, A3B is the only family member shown to be
constitutively nuclear (34 —37). After mitosis and nuclear mem-
brane reconstitution, A3B is rapidly reimported into the
nuclear compartment where it remains constitutively present
until the next mitotic cell division (34, 35, 38). Although the
mechanism of nuclear import has yet to be fully elucidated, the
identification of A3B-interacting factors may shed light in this
process.

The cell cycle is comprised of a complex set of interacting
proteins that tightly regulate progression through each phase.
A key component of cell-cycle regulation is the family of serine/
threonine cyclin-dependent kinases (CDK) (39-43). CDKs
cooperate with various Cyclin proteins to regulate cell-cycle
checkpoints (41). Cells must progress through four phases of
the cell cycle to divide and replicate: G1, S phase (DNA synthe-
sis), G2, and M phase (mitosis). The key regulator of the G1/S
transition is CDK4, which forms a complex with Cyclin D1
(encoded by CCND1) and inactivates the retinoblastoma pro-
tein RB1 through phosphorylation of residue Ser”®® (44, 45).
This relieves RB1-mediated inhibition of the transcription fac-
tor E2F, which commits the cell to progression through the cell
cycle (43, 46 —48). Although there are many CDK-dependent
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Figure 1. AP-MS reveals an interaction between A3B and CDK4. A, schematic of the AP-MS workflow used to identify A3B-interacting proteins. B, summary
of the total spectral counts (5C) and percent coverage for A3B and CDK4. C, amino acid sequence of CDK4 with AP-MS peptides highlighted in red.

points of cell-cycle regulation, the regulation of the G1/S tran-
sition via CDK4 —Cyclin D1 is perturbed in a large proportion of
human cancers (49 —-52).

Our studies here began with the goal of identifying direct
protein—protein interactors that post-translationally regulate
A3B. We used affinity purification coupled to MS (AP-MS) to
identify CDK4 as a high-confidence A3B interactor. AP-MS
results were validated by showing that A3B interacts directly
with CDK4 but not with the closely related family members
CDK2 or CDKe6. Additionally, we use structure-guided
mutagenesis to define the regions of both A3B and CDK4
required for interaction. We could also engraft key residues
from CDK4 into CDK2 and endow it with the ability to interact
with A3B. Finally, we demonstrated that both endogenous and
exogenous expression of A3B could disrupt CDK4-dependent
import of Cyclin D1, thereby providing a novel post-transla-
tional function for A3B.

Results

AP-MS revealed a specific interaction between A3B and the
cell-cycle regulator CDK4

To identify direct cellular regulators of A3B, we utilized
AP-MS to identify A3B-interacting proteins. We expressed an
A3B-2XStrep-3 XFlag-tagged (hereafter referred to as A3B-SF)
construct in 293T cells followed by affinity purification via anti-
Strep resin and stringent high salt washes to enrich for tightly
bound proteins. Immunoblot analysis, Coomassie gels, and
activity assays using ssDNA oligonucleotide substrates were
used to validate the presence, enrichment, and activity of affin-
ity-purified A3B (schematic in Fig. 14 and data not shown). As
controls, eGFP-SF, A3A-SF, and A3G-SF constructs were
expressed in 293T cells and affinity purified in parallel. Co-
immunoprecipitated samples were digested with trypsin and
subjected to analysis by MS (Fig. 1A4). To our surprise, we iden-
tified CDK4 as a putative A3B-interacting protein based on the
recovery of multiple unique peptides across six independent
AP-MS experiments (cumulatively spanning 24.7% of CDK4
amino acid sequence; Fig. 1, B and C). Additionally, CDK4 was
not identified in the eGFP-SF, A3A-SF, or A3G-SF control
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experiments. Interestingly, even though CDK4 shares high ho-
mology with closely related family members (70% identity with
CDKG6 and 42% with CDK2), it was the only CDK and the only
cell-cycle protein identified in our AP-MS datasets. Further-
more, Cyclin D1, the canonical binding partner of CDK4, was
not present in any of the A3B-SF AP-MS datasets.

Experimental validation of A3B-CDK4 interaction

To validate our AP-MS results implicating an A3B-CDK4
interaction, we performed an immunoprecipitation (IP) of
eGFP-SF and A3B-SF in 293T cells. Immunoblot analysis con-
firmed that endogenous CDK4 could IP with A3B-SF but not
with eGFP-SF (Fig. 24). A similar approach was taken to IP
endogenous A3B; however, despite multiple attempts in vari-
ous cell lines using several commercial and custom in-house
antibodies, immunoprecipitation of endogenous A3B was
unsuccessful due to an overt failure to bind A3B, cross-reactiv-
ity to related APOBECS3s, and/or inferred low affinity (i.e. all
were non-IP grade reagents; data not shown).

To overcome these technical limitations, we further verified
the interaction in co-IP experiments using two different sets of
epitope-tagged A3B and CDK4 constructs. We expressed either
Strep- or Flag-tagged A3B and CDK4 constructs in 293T cells
and performed co-IPs probing for A3B first, CDK4s, and vice
versa. Immunoblot analysis of both Strep and Flag co-IPs
revealed that, regardless of resin or epitope tag, these two pro-
teins reproducibly immunoprecipitated CDK4 (Fig. 2B).

Although our AP-MS approach was performed in the pres-
ence of both DNA and RNA nucleases, we sought to determine
whether the A3B—CDK4 interaction could occur in a heterolo-
gous system, which would indicate a direct protein—protein
interaction. Utilizing a His-tagged full-length A3B catalytically
dead construct (A3Bp,554) expressed in Escherichia coli, we
were able to successfully purify co-expressed CDK4 (Fig. 2C).
These results showed that no other human protein or specific
RNA/DNA intermediate is required for the A3B—CDK4 inter-
action, such as the canonical CDK4 binding partner Cyclin D1.

Although CDK4 was not identified in our A3A or A3G
AP-MS data sets, sequence homology between A3B and these
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Figure 2. Confirmation of the A3B-CDK4 interaction through IP experiments. A, co-IP of endogenous CDK4 in 293T cells transfected with A3B-SF. Parallel
reactions with eGFP-SF serve as a negative control. Upper two immunoblots show the indicated proteins in whole cell lysates (input), and the bottom two
immunoblots show the immunoprecipitated samples (elution). kDa markers are shown to the left of each blot and the primary antibody used for detection is
shown to the right. B, co-IP results for Strep- and Flag-tagged CDK4 (upper blots) and Strep- and Flag-tagged A3B (bottom blots) from 293T cells. The asterisk
denotes residual signal from the IP antibody due to insufficient stripping. C, immunoblots showing an interaction between E. coli expressed His-tagged
A3Bg,s54 and untagged CDK4. Immunoblot labels are as follows: insoluble pellet (P), lysate (L), and His purification (H). D, co-IP of the indicated Flag-tagged
CDK4 constructs with Strep-tagged A3 constructs in 293T cells. £, fluorescence microscopy images of PLA results showing the interaction between A3B and
CDK4 as well as CDK4 and Cyclin D1 in MCF10A cells treated with PMA to induce A3B expression (scale bar, 50 um).

APOBEC3 family members is high (89% homology between
A3A and A3B C-terminal domain and 57% homology between
A3G and A3B). Therefore, we sought to reconfirm our AP-MS
results by directly examining the ability of A3A and A3G to
interact with CDK4. As shown in Fig. 2D, A3B is the only
deaminase able to co-IP CDK4.

A3B is comprised of two deaminase domains, an N-terminal
domain (NTD) and a C-terminal domain (CTD). The CTD is

SASBMB

catalytically active and responsible for deaminating cytosines in
ssDNA. The NTD is catalytically inactive and implicated in
protein oligomerization and mediating interactions with
nucleic acids (53, 54). To begin to determine the binding inter-
face for CDK4, we performed comparative co-IPs with full-
length Strep-tagged A3B (A3By;), A3By1p, and A3Bo1p, con-
structs. These experiments revealed that CDK4 could IP with
A3By; and A3Byp, but not with A3B., (Fig. 2D).

J. Biol. Chem. (2019) 294(32) 12099-12111 12101
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Figure 3. Multiple A3B properties are not altered by CDK4. A, in vitro kinase assay of the indicated HA-tagged proteins in the presence of recombinant CDK4-
Cyclin D1 and [y->2P]ATP. The top two panels show immunobilots of the indicated proteins, and the bottom panel shows a representative autoradiograph of the same
reaction following separation by SDS-PAGE. B, fluorescence microscopy of 293T cells stably expressing A3B-eGFP following transfection with siCtrl or siCDK4 RNAs
(scale bar, 20 um). Histogram showing CDK4 mRNA levels from RT-qPCR relative to TBP mRNA (TATA-binding protein). C, PAGE analysis of DNA deamination reaction
products following incubation of ssDNA substrates with U20S whole cell extracts == A3B and CDK4 depletion as indicated (see text and “Experimental procedures” for
details). Recombinant A3A and no APOBEC3 provide positive and negative controls, respectively. Immunoblot controls are shown below.

To address whether this interaction was occurring endoge-
nously within a cell, a proximity ligation assay (PLA) was per-
formed using A3B, CDK4, and Cyclin D1 antibodies to visualize
these interactions in MCF10A cells treated with 25 ng/ml of
phorbol 12-myristate 13-acetate (PMA) to induce A3B expres-
sion. Notably, A3B and CDK4 showed PLA foci in the nuclear
compartment, whereas CDK4 and Cyclin D1 PLA foci were
cell-wide (Fig. 2E). In further support of our proteomics results,
A3B and Cyclin D1 did not form PLA foci.

CDK4 does not affect A3B phosphorylation, localization, or
DNA deaminase activity

Interestingly, we noticed that A3By; and A3By 1, displayed
altered mobilities in co-IP experiments with overexpressed
CDK4 (seen throughout Fig. 2, A-D). It is well-known that
altered mobility of protein species in SDS-PAGE can be attrib-
uted to post-translational modifications such as phosphoryla-
tion (55, 56). This raised the possibility that A3B may be phos-
phorylated by CDK4.

We used kinase prediction algorithms (GPS 2.0 and Scansite
2.0 (57, 58)) to identify putative phosphorylation sites in
A3By1p that could be targeted by CDK4. These programs iden-
tified a **TPXP?® motif within A3Byp, that closely resembles
the (S/T)PXK consensus motif recognized by CDK4 (59 -63).
To determine whether CDK4 was capable of phosphorylating
A3B, we performed an in vitro kinase assay by incubating puri-
fied RB1-3XHA (positive control), A3G-3XHA (negative con-
trol), A3B-3XHA, and two phospho-mutants at amino acid
Thr®® (phospho-null A3B. 45, and phosphomimetic A3B1o5p)
with active recombinant CDK4-Cyclin D1 in the presence
of [y-**P]ATP. Autoradiograph and immunoblot analysis
revealed [y->P] incorporation into RB1 but not into A3G or
A3B, suggesting that the altered migration of A3B observed in
Fig. 2 is not due to CDK4-mediated phosphorylation (Fig. 34).

Several studies have demonstrated that A3B,,, contains cis
elements that are required for active nuclear import (35-38).
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Because CDK4 is also actively imported into the nuclear com-
partment (45), we were curious if it is required for nuclear
import of A3B. To address this idea, we challenged A3B nuclear
import with knockdown of CDK4. Despite binding the localiza-
tion domain of A3B, CDK4 depletion did not seem to alter the
steady-state accumulation of A3B within the nuclear compart-
ment (Fig. 3B).

Next, because DNA deamination is the canonical activity of
APOBEC3 enzymes, we asked whether CDK4 alters A3B
deaminase activity. U20S cells were engineered to stably
express either an A3B-specific short hairpin (sh)RNA construct
(shA3B) or a nonspecific sShRNA construct as a control (shCTRL),
and they were then transfected with either a CDK4-specific
small interfering RNA (siRNA) or scrambled siRNA as a con-
trol. Using an established ssDNA deamination assay and immu-
noblots as additional controls, we observed that CDK4 deple-
tion does not cause a major alteration in the enzymatic activity
of endogenous A3B (Fig. 3C).

A3B,, residues required for CDK4 binding

We next sought to map the surface(s) of the NTD that medi-
ate the interaction with CDK4. As illustrated in Fig. 4, A and B,
structural knowledge of A3Byr, and A3A was used to inform
the construction of a series of chimeric proteins to map the
CDK4 interaction (64 —66). A3A was chosen as a chimeric part-
ner because it displays cell-wide localization in many cell types,
it is represented by multiple high-resolution crystal structures,
and it does not interact with CDK4 (35, 64, 65, 67) (Fig. 2D). A
comparison between A3A and A3B, -, structures (PDB 4XXO
and 5TKM, respectively) led us to focus on four surface-ex-
posed regions with major differences in amino acid composi-
tion (sections 1-4 in Fig. 44). Co-IPs and immunoblot analysis
were performed with cells co-expressing CDK4 and A3A/B,_,
chimeric constructs. Interestingly, A3A/B,_5 proteins showed
WT binding to CDK4, whereas A3A/B, had a compromised
capacity to bind (Fig. 4C). These results suggested that amino
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APOBEC3B and CDK4

A sectont —— secton2 B
A3Bww 1 [QINPQ-IRNBMERIYRDTRYDRFENEEEAY IS IXFFAYK IKRGRSNLLW VFEYdov
A3A 1 |NeasgascrREL D PH [T SITANRIG - - - I[ChlH KEYY IRep 4204 E RLDNGT S VKMY- — Q HeF L
,,,,,,,,,,,,,,,,,,,,,, sectiong section 4

A3Bwr 60 YFKP--———- L QYF¥NAMCIFASWF CCNEAP A YK CF O I3V TIXEP - - DEVAKLAERAS
A3A 56 HNOA[TIAAIIRIGREENILRIZADLVPSLNADPAQ I Y RVENUAT FRISIZSF BLIGHA GE VR AlgAO
A3Bwo 110 [FHPNFGTRATHSNNILFYFLIE R DFIR RINAC RIS OFXFART TRTDFIERIA ¥ SLE NT@j Y NE[€0 0
A3A 116 [ANTHYRIRIFINNIINDNE- D P L4k EFNAoMIAR DINTNO Y SERIIT 4D 33K H{SL (D TI@YD HO4C Piz0
A3Bww 170 ELJYKFRJINYAFMHRTAKERARYL - —
A3A 175 |RUDGLPIYHSQAIASGRIARAESAON O[]
B C-terminus C A3B,.,

A3A

Flag:CDK4 - + + - +- + - + - + - +
kDa

Inputs

“N-terminus

“
&
d

Elutions

A3A

A3BNTD =)

—"- - . = w= -‘ aFlag
(CDK4)

we| BBuane @8 e
—"- - e e - -‘ aFla
(CDK4;]

" - o " - ‘aStrep

(A3s)
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acid residues 80 —85 may be required for mediating the inter-
action with CDK4 (highlighted in blue in Fig. 4B). Because the
A3By1p nuclear localization surfaces defined by residues
Asp'®, Glu**, and Thr**-Ala'®® do not overlap with these
CDXK4-binding residues, our results implicate a distinct A3B
protein surface in the interaction with CDK4.

N-terminal region of CDK4 is required for A3B binding

As described above, CDK4 is unlikely to be using obvious
mechanisms to regulate A3B activities. We therefore hypothe-
sized instead that A3B could be regulating CDK4. As CDK4
family members serve different functions, we initially wanted to
establish which family members bind to A3B. Similar to
APOBEC3s, the CDK family shares high homology in protein
sequence and function (e.g. CDK4 and CDK2 alignment in Fig.
5A). CDK4 is one of four classical cell-cycle CDKs, sharing the
most sequence homology with CDK6 and CDK2 (70 and 42%
identity, respectively), both of which regulate cell-cycle pro-
gression (41, 42). Co-IP of CDK4, -2, and -6 was performed in
the presence of A3B followed by immunoblot analysis. As
shown in Fig. 5B, A3B bound to CDK4, but not to CDK6 or
CDK2, further indicating a specific interaction.

Next, we wanted to delineate the CDK4 interaction surface
to better understand what biological role the complex might
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play. We generated several reciprocal chimeras that exchanged
surface-exposed regions of CDK4 with CDK2. CDK2 was used
as a chimeric partner for several reasons. First, CDK2 is nega-
tive for A3B binding. Second, available high-resolution crystal
structures allow for structure-guided mutagenesis (39, 68).
Third, CDK2 binds an alternative cyclin (Cyclin E) (42) thereby
providing clarity for lack of Cyclin D1 in proteomics and A3B—
CDK4 binding. Chimeric junctions were guided by available
crystal structures as well as by amino acid conservation
between the protein coding sequences (Fig. 54). Co-IPs and
immunoblot analysis were performed on cells co-expressing
A3B and CDK4/2, - chimeras. As described above, CDK2
serves as a negative control and does not bind A3B. Interest-
ingly, all CDK4/2, . chimeric constructs had the ability to bind
A3B, indicating that region “A” (aa 1-96) is sufficient for bind-
ing (Fig. 5C). To further support this finding, a reciprocal
CDK2/4, chimera was constructed and used for co-IP. This
construct lost the ability to bind A3B, confirming that region A
of CDK4 is necessary for binding to A3B (Fig. 5D). Having iden-
tified a variant of CDK4 (CDK2/4,) defective for binding A3B,
we also sought to reconfirm that the ssDNA deaminase activity
of A3B is not altered by this interaction. HeLa cells were trans-
fected with either WT A3B-HA or the catalytic mutant
(A3B.y-HA) in the presence of either empty vector or Flag-

J. Biol. Chem. (2019) 294(32) 12099-12111 12103
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Figure 5. N-terminal region of CDK4 is required for A3B binding. A, amino acid alignment of CDK4 and CDK2 with chimeric junctions indicated in red and
structural elements shown above the alignment (a helices, B strands, and loop regions). B-D, anti-Strep (A3B) co-IPs of the indicated Flag-tagged CDK
constructs from 293T cells. See Fig. 2A legend for a description of the IP labeling scheme.

tagged CDK constructs. As above, DNA deaminase activity
assays and control immunoblots combined to show that neither
CDK4 nor the A3B-binding mutant (CDK2/4,) alters A3B
deaminase activity (data not shown).

A3B disrupts CDK4-dependent nuclear import of Cyclin D1

Interestingly, the N-terminal region of CDK4 identified for
A3B binding also contains the known CDK4 —Cyclin D1 bind-
ing interface (44), which together with the aforementioned data
suggests that these interactions may be mutually exclusive. This
observation may also explain why Cyclin D1 was not identified
in our proteomics analysis, why no exogenous Cyclin D1 is
needed for co-IP validations, and why CDK4,/CDK2 (68%
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CDK2 residues) retains the ability to bind to A3B (even though
CDK2 normally binds a different Cyclin (59)). These insights,
along with domain mapping of the A3B—CDK4 interaction
above, support a model in which A3B and Cyclin D1 share an
overlapping binding interface on CDK4.

To ask whether A3B binding to CDK4 could disrupt the
nuclear import of Cyclin D1, A3B—eGFP was expressed in
HeLa cells and immunofluorescence microscopy was used to
examine Cyclin D1 localization. We observed that CDK4 and
Cyclin D1 are both predominantly nuclear in the absence of
exogenous A3B, as anticipated from prior studies (45) (see
untransfected GFP-negative cells in Fig. 6A and quantification
in Fig. 6B). However, in the presence of A3B—eGFP, A3B and
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Figure 6. A3B disrupts CDK4-dependent nuclear import of Cyclin D1. A, three sets of representative immunofluorescence microscopy images of HelLa cells
transfected with A3B-eGFP and stained for endogenous Cyclin D1, endogenous CDK4, and DAPI (X60 magnification image scale bar, 20 wm). A X100
magnification of the boxed regions is also provided for Cyclin D1-stained, A3B-eGFP expressing cells for better visualization of Cyclin D1 redistribution and foci
(white arrows). Band C, whiskered dot plots for quantification of nuclear to cytoplasmic ratio of Cyclin D1 as well as number of Cyclin D1 foci, respectively (n =
20 cells; p values calculated using an unpaired Student’s t test). D,immunoblots showing A3B levels in U20S cells stably expressing an A3B-specific short hairpin
RNA construct (shA3B) or a nonspecific ShRNA construct as a control (shCTRL). E, two sets of representative immunofluorescence microscopy images of U20S
cells stably expressing shCTRL or shA3B constructs and stained for endogenous Cyclin D1 and 4',6-diamidino-2-phenylindole (DAPI) (scale bar, 10 wm). F and
G, whiskered dot plots for quantification of nuclear to cytoplasmic ratio of Cyclin D1 as well as number of Cyclin D1 foci, respectively (n = 20 cells; p values
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calculated using an unpaired Student’s t test).

CDK4 were found to co-localize in the nuclear compartment,
whereas Cyclin D1 became more cell-wide (see transfected
A3B-eGFP-positive cells in Fig. 64, and quantification in Fig.
6B). Additionally, A3B—eGFP expression caused significant
accumulation of Cyclin D1 in foci that appeared to form within
the nuclear compartment (Fig. 6C). In support of these obser-
vations, endogenous A3B depletion in U20S cells caused sig-
nificant Cyclin D1 relocalization (increased nuclear to cyto-
plasmic expression ratios) and a trend toward fewer Cyclin D1
foci, compared with control short-hairpin RNA-transduced
cells (shA3B versus shCTRL in Fig. 6, D-G).

Discussion

A3B is unique among the human APOBEC3 family of DNA
cytosine deaminase enzymes in that it constitutively localizes to
the nucleus and is up-regulated in several different cancer
types. Here, we use a combination of AP-MS, structural-guided
mutagenesis, genetic, and immunofluorescence microscopy
approaches to demonstrate that CDK4 is a cellular A3B-inter-
acting protein. We show that A3B, and not homologous family
members A3A and A3G, can specifically co-IP with CDK4. In
addition, we demonstrate that A3B does not co-IP with other
closely related CDK family members such as CDK2 and CDKeé.
Using structure-guided analysis of recently solved crystal struc-
tures and co-IP techniques we show that the interaction
between A3B and CDK4 is mediated through the N-terminal
domain of A3B (utilizing but not limited to aa 80 —85) and the
N-terminal region of CDK4 (aa 1-96). Additionally, we con-
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clude that CDK4 is not likely to be regulating A3B via estab-
lished mechanisms (CDK4-Cyclin D1 phosphorylation or
CDK4-dependent nuclear import) or a potentially novel mech-
anism (DNA deamination inhibition). Last, PLA and immuno-
fluorescence microscopy studies show A3B and CDK4 co-lo-
calization in the nuclear compartment, as well as aberrant
Cyclin D1 localization.

Our results favor a model in which A3B may regulate CDK4 —
Cyclin D1 by sequestering CDK4 in the nuclear compartment,
which in turn disrupts Cyclin D1 localization, likely via the sec-
ondary consequence of less available CDK4 for Cyclin D1 inter-
action (Fig. 7). A3B binds the N-terminal region of CDK4 and
thereby disrupts CDK4-dependent import of Cyclin D1, likely
due to overlapping and therefore competing binding surfaces.
This is supported by studies that mapped the CDK4 —Cyclin
D1-binding interface and identified the N-terminal domain,
specifically CDK4 residues 50-56 (PISTVRE), as the Cyclin
D1-binding surface (44). Additional evidence supporting a
mutually exclusive interaction for A3B—CDK4 is as follows:
Cyclin D1 was not identified in proteomics analysis; exogenous
Cyclin D1 is not needed for co-IP validations; and CDK4,/
CDK2 (68% CDK2 residues) retained the ability to bind to A3B,
even though CDK2 normally binds to a different Cyclin (59).
Additionally, aberrant localization of Cyclin D1 is only
observed in cells expressing A3B—eGFP as neighboring
untransfected cells show normal nuclear enrichment for Cyclin
D1. Our studies thereby demonstrate that A3B disrupts CDK4-
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Figure 7. Working model for A3B-CDK4 interaction. A cartoon depicting the
normal nucleo-cytoplasmic shuttling of CDK4 and CDK4 -Cyclin D1 complexes
(left panel). In comparison, A3B-mediated sequestration of CDK4 in the nuclear
compartment causes a cell-wide distribution of Cyclin D1 (right panel).
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dependent import of Cyclin D1, which may perturb cell-cycle
regulation and stall cells in G1/S.

It is possible that the A3B—CDK4 interaction benefits the
innate antiviral response of cells. The APOBEC3s can restrict a
wide variety of DNA-based pathogens and have been shown to
be induced by viral infection (10, 69 -75). Divergent viral fam-
ilies manipulate the cell cycle in an attempt to optimize viral
growth conditions and/or viral fitness. Manipulation of the cell
cycle for optimized viral fitness may aid in overcoming mecha-
nisms of APOBEC3-mediated restriction. For example, the
EBV protein BORF2 causes cell-cycle arrest of host cells under-
going lytic viral DNA replication, and it also binds and inhibits
A3B to prevent hypermutation of the EBV genome (10, 76). As
a second example, the HIV-1 Vif protein has been reported to
cause host cells to arrest in the G, phase of the cell cycle, and it
too binds APOBECS3 proteins and targets them for proteasomal
degradation to escape restriction (77, 78). Additionally, irregu-
lar cell-cycle phenotypes, such as cell-cycle arrest, cell-cycle
delay, and aborted cell division (multi-nucleation), have been
reported in the literature for A3B but remain poorly under-
stood (35, 79-81).

Interestingly, many viruses that are susceptible to DNA
deamination by A3B, including EBV and HPV, also subvert the
cell cycle to their advantage. For instance, EBNA3C (encoded
by EBV) and E7 (encoded by HPV) are able to perturb the con-
trol of G1/S phase transition to replicate their genomes at the
same time as cellular DNA replication (82-84). Other viruses
can induce a G2/M arrest to provide an optimized cellular envi-
ronment for maximal levels of viral replication (85-87). One
speculation for how this might facilitate an antiviral response is
by altering the cell cycle to expose more viral ssDNA replication
intermediates to A3B mutagenesis. One example for this is the
recent study on A3B and the herpesvirus EBV (and KSHV)
where hypermutation of the viral genome is driven by A3B dur-
ing lytic replication (10). In addition to EBV, studies on BK and
JC polyomaviruses have indicated that the preferred trinucle-
otide motifs of A3B are depleted from viral genomes, specifi-
cally on the DNA strand that is most likely to be single-stranded
(i.e. the nontranscribed strand or the DNA replication lagging
strand template (11)). Despite these and other possible models,
full elucidation of the molecular mechanism and potential ben-
efits of the A3B—CDK4 interaction to the cell will require sys-
tematic studies with different viruses in pathologically relevant
systems.
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Itis also possible that the A3B—CDK4 interaction plays a role
in healthy, uninfected cells. However, A3B expression appears
to be kept at very low levels in normal cell types, and it is more
likely that the cell-cycle phenotype described here could
become exacerbated upon A3B overexpression in cancer
(potentially benefitting the evolvability of different tumor cell
types). One canonical role of CDK4 is to control the nuclear
import of Cyclin D1, which facilitates the downstream progres-
sion of the G1/S phase transition (45, 89 —94). Several different
cancer types have been shown to up-regulate A3B, which may
lead to G1/S phase stalling via its interaction with CDK4. As the
G1/S phase transition involves numerous points of exposed
ssDNA (DNA replication, transcription, and DNA repair), this
may result in increased substrate availability and could lead to
increased genomic DNA deamination, nonclustered and clus-
tered mutation, and overall genomic instability. Although a role
for A3B in cancer mutagenesis and evolvability has been well-
documented, universally accepted genomic substrates have yet
to be described. Conlflicting studies show A3B can target tran-
scription-associated substrates as well as replication and
recombination-associated substrates (18, 54, 74, 95, 96). There-
fore, it is plausible that A3B-mediated mutagenesis can be exac-
erbated during G1/S stalling, which may create more exposed
ssDNA substrates.

Experimental procedures
Constructs

Strep and Flag epitope-tagged constructs were cloned into
pcDNA4/TO using standard PCR cloning techniques. C-termi-
nal 2X Strep and/or 3 X Flag tags were cloned into pcDNA4/TO
using Xhol-Apal. N-terminal 3XFlag tag was cloned into
pcDNA4/TO using HindIII-Notl. The full set of pcDNA3.1(+)
human APOBEC-HA expression constructs have been de-
scribed (71) (A3A (GenBank™ accession NM_145699), A3B
(NM_004900), and A3G (NM_021822)]. CDK2 (BC003065.2),
CDK4(CR542247.1), and CDK6 (BC052264) were cloned
into pcDNA4/TO-2XStrep using HindIII-NotI and N termi-
nally tagged pcDNA4/TO-3XFlag using Notl-Xbal. RB1
(NM_000321.2) was cloned in the pcDNA3.1(+)-3XHA using
HindIII-Kpnl. A3B phosphorylation mutants were generated
using standard PCR-based site-directed mutagenesis tech-
niques. The A3Bi—-GFP construct has been described (35).
A3B-eGFP-pQCXIH was made by cloning A3B-eGFP into
pQCXIH using Notl-Agel. Chimeric A3A/B;_,, CDK4/2, .,
and CDK2/4,, constructs were cloned using standard overlap
PCR methods. Bacterial expression constructs were cloned into
pRSF-Duet using Sbfl and HindIII for A3B and Nael and Pacl
for CDK4. A3B knockdown and control shRNA constructs
were validated previously (2, 97).

Cells

293T and HeLa cells were cultured in RPMI 1640 supple-
mented with 10% fetal bovine serum and penicillin-streptomy-
cin. 293T cells stably expressing A3B—eGFP were made by
transducing 293T cells with A3B-eGFP-pQCXIH virus fol-
lowing an established protocol (98). MCF10A cells were cul-
tured in Dulbecco’s modified Eagle’s medium/F-12 supple-
mented with 5% equine serum, EGF (20 ng/ml), insulin (10
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pg/ml), hydrocortisone (0.5 mg/ml), cholera toxin (100 ng/ml),
and penicillin-streptomycin. U20S cells were cultured in
McCoy’s 5A medium supplements with 10% fetal bovine serum
and penicillin-streptomycin.

AP-MS

293T cells were transfected with pcDNA4/TO-A3B-2X
Strep-3XFlag, A3A-2XStrep-3XFlag, A3G-2XStrep-3XFlag,
or eGFP-2XStrep-3XFlag using TransIT-LT1 (Mirus). Cells
were harvested in 1X PBS 48 h post-transfection. Cells were
washed two times in 1 X PBS followed by lysis (50 mm Tris-HCI,
pH 8.0, 1% Tergitol, 150 mm NaCl, 0.5% sodium deoxycholate,
0.1% SDS, 1 mm DTT, 1X Protease Inhibitor (Roche), RNase
and DNase). Lysates were subjected to sonication prior to clear-
ing by centrifugation. Cleared lysates were then added to Strep-
Tactin Superflow resin (IBA) followed by end-over-end rota-
tion for 2 h at 4°C. Following IP, the anti-Strep resin was
washed three times in high salt wash buffer (20 mm Tris-HCI,
pH 8.0, 1.5 mm MgCl,, 1 m NaCl, 0.2% Tergitol, 0.5 mm DTT,
and 5% glycerol) followed by three washes in low salt wash
buffer (same as high salt but with 150 mm NacCl). To remove
detergents for proteomics submission, samples were subjected
to three washes of no-detergent wash buffer (20 mm Tris-HCI,
pH 8.0, 1.5 mm MgCl,, 150 mm NaCl, 0.5 mm DTT, and 5%
glycerol). Protein was eluted from the resin in elution buffer
(100 mm Tris-HCI, pH 8.0, 150 mm NaCl, and 2.5 mm desthio-
biotin). Samples were validated using immunoblotting, DNA
deaminase activity assays (discussed below), and Coomassie
staining. In-solution samples were analyzed by LC-MS/MS at
the Harvard Proteomic Core.

Co-IP experiments and immunoblotting

Semi-confluent 293T cells were transfected with plasmids
using TransIT-LT1 (Mirus) per manufacturer’s protocol. Cells
were harvested in 1X PBS 48 h post-transfection. Cells were
washed two times in 1 X PBS followed by lysis (150 mm NaCl, 50
mM Tris-HCl, pH 8.0, 0.5% Tergitol, 1X Protease inhibitor
(Roche), RNase, and DNase). Cells were vortexed vigorously
and incubated at 4 °C for 30 min prior to clearing by centrifu-
gation. Cleared lysates were then added to Strep-Tactin Super-
flow resin (IBA) or anti-Flag M2 Magnetic Beads (Sigma
M8823) followed by end-over-end rotation overnight at 4 °C.
Beads were then washed three times in lysis buffer followed by
elution in elution buffer (lysis buffer + 0.15 mg/ml of Flag Pep-
tide (Sigma) or 2.5 mm desthiobiotin). Protein was analyzed
by immunoblot. Antibodies used include mouse anti-Flag,
1:10,000 (Sigma F1804), rabbit anti-HA, 1:5000 (Cell Signaling
C29F4), rabbit anti-APOBEC3B, 1:2000 (5210-87-13 (99)), rab-
bit anti-Strep Tag1l, 1:5000 (Abcam, ab76949), and mouse anti-
CDK4, 1:2000 (Santa Cruz, sc-23896).

DNA deaminase activity assays

Deamination reactions were performed at 37 °C for 2 h using
purified protein, 4 pmol of oligonucleotide (5'-ATTATTATT-
ATTCAAATGGATTTATTTATTTATTTATTTATTT-fluo-
rescein), 0.025 units of uracil DNA glycosylase (UDG), 1 X UDG
buffer (New England Biolabs), and 1.75 units of RNase A, as
described in Ref. 24. Reaction mixtures were treated with 100
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mM NaOH at 95 °C for 10 min to achieve complete backbone
breakage. Reaction mixtures were separated on 15% Tris
borate/EDTA/urea gels to separate substrate from product.
Gels were scanned using a Fujifilm FLA-7000 image reader.

Protein purification from E. coli

pRSE-Duet-A3Bp,554 and pRSF-Duet-A3Bp,.;,-CDK4 were
transformed into BL21 CaCl, E. coli and colonies were used to
inoculate 1 liter of 2X YT media. Cultures were grown to an OD
of 0.5 and 50 uM zinc sulfate was added 30 min prior to induc-
tion with isopropyl 1-thio-B-p-galactopyranoside to a final
concentration of 0.5 mM. Induced cultures were grown over-
night at 16 °C and pelleted. Pellets were resuspended in lysis
buffer (1% Triton X-100, 50 mm HEPES, pH 7.4, 150 mm NaCl,
1X Protease Inhibitor (Roche Applied Science), 0.1 mg/ml of
RNase A, 0.1 mg/ml of DNase, 100 ug/ml of lysozyme, 5 mm
imidazole, and 1.5 mm MgCl,) incubated on ice for 10 min and
sonicated (Branson Sonifier). Lysate was cleared with centrifu-
gation and insoluble pellet and input lysate were collected and
boiled for immunoblot. Cleared lysate was subjected to protein
purification using nickel-nitrilotriacetic acid-agarose (Qiagen).
Bound protein was washed in lysis buffer (without RNase A,
DNase, and lysozyme) and purified protein was eluted by boil-
ing. Samples were run for immunoblot analysis for confirma-
tion of expression and purification.

mRNA quantification

CDK4 mRNA was quantified by RT-qPCR relative to the sta-
ble housekeeping transcript, T7BP, using specific primers and
probed (Roche Lightcycler). RNA isolation and RT-qPCR
methods have been described (100).

siRNA knockdown

siRNA targeting CDK4 (Dharmacon, L-003238-00) and con-
trol siRNA (Dharmacon, D-001810-10-05) were purchased and
diluted to a working concentration of 20 um. A final concentra-
tion of 20 nm was used in 293T cells stably expressing A3B—
eGFP. siRNAs were delivered to cells using Lipofectamine
RNAIMAX (Thermo Fisher Scientific) per the manufacturer’s
protocol.

PLA

MCEF10A cells were treated with 25 ng/ml of PMA for 18 h.
Cells were fixed with 4% paraformaldehyde in PBS (PFA in PBS)
for 15 min at room temperature. Cells were permeabilized
using 0.5% Triton X-100 for 10 min at 4 °C. The remainder of
proximity ligation assay was performed using Duolink In Situ
Red Starter Kit Mouse/Rabbit (Sigma, DU0O92101). Antibodies
were mouse anti-CDK4, 1:50 (Santa Cruz, sc-23896), rabbit
anti-Cyclin D1, 1:100 (Abcam, ab134175), rabbit anti-
APOBEC3B, 1:50 (5210-87-13 (99)), and mouse anti-Cyclin D1,
1:100 (Santa Cruz, sc-20044).

In vitro kinase assay

Purified RB1-3XHA and A3-3XHA proteins were pro-
duced in 293T cells, purified using anti-HA magnetic beads
(Thermo Fisher, 88836), and validated using immunoblot tech-
niques. Recombinant CDK4 -Cyclin D1 proteins were pro-
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duced in Baculovirus-infected Sf9 cells (Abcam, ab55695).
Purified proteins were incubated with 0.1 pg of recombinant
CDK4 —Cyclin D1 in kinase reaction buffer (50 mm HEPES, pH
7.5,10 mm MgCl,, 2.5 mM EGTA, 20 um DTT, 0.1 mMm ATP, and
5.4 uCi of [y-**P]ATP (PerkinElmer Life Sciences) at 30 °C for
2 h. Reactants were subjected to SDS-PAGE and proteins were
detected by immunoblot, whereas phosphorylated proteins
were detected by autoradiography.

Immunofluorescence microscopy

Microscopy procedures have been described (88). HeLa cells
were seeded on glass coverslips in 6-well plates and were tran-
siently transfected with 500 ng each of A3B—eGFP or empty
vector (Mirus, TransIT-LT1) and incubated for 48 h. The cells
were fixed with 4% PFA in PBS for 15 min at room temperature.
Cells were permeabilized using 0.5% Triton X-100 for 10 min at
4 °C. Slides were blocked in 5% normal goat serum, 4% BSA in PBS
for 1 h at room temperature. Primary antibodies were diluted in
blocking buffer and slides were incubated in primary antibody
overnight at 4 °C. Antibodies were mouse anti-CDK4, 1:50 (Santa
Cruz, sc-23896), rabbit anti-Cyclin D1, 1:100 (Abcam, ab134175),
anti-rabbit Cy5 (Abcam, ab6564), and anti-mouse Alexa Fluor 594
(Invitrogen, A11032). All slides were treated with 0.1% Hoechst
dye to stain nuclei. The slides were mounted with 50% glycerol and
imaged using a Nikon inverted Ti-E deconvolution microscope.
Allimages were analyzed for foci and nuclear-to-cytoplasmic ratio
using Image]-Fiji Software and p values were calculated using an
unpaired Student’s ¢ test.
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