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Fanconi anemia (FA) is a chromosome instability syndrome
of children caused by inherited mutations in one of FA genes,
which together constitute a DNA interstrand cross-link (ICL)
repair, or the FA pathway. Monoubiquitination of Fanconi ane-
mia group D2 protein (FANCD2) by the multisubunit ubiquitin
E3 ligase, the FA core complex, is an obligate step in activation
of the FA pathway, and its activity needs to be tightly regulated.
FAAP20 is a key structural component of the FA core complex,
and regulated proteolysis of FAAP20 mediated by prolyl cis-
trans isomerization and phosphorylation at a consensus phos-
phodegron motif is essential for preserving the integrity of the
FA core complex, and thus FANCD2monoubiquitination.How-
ever, how ubiquitin-dependent FAAP20 degradation is modu-
lated to fine-tune FA pathway activation remains largely un-
known. Here, we present evidence that FAAP20 is acetylated by
the acetyltransferase p300/CBP on lysine 152, the key residue
that when polyubiquitinated results in the degradation of
FAAP20. Acetylation ormutation of the lysine residue stabilizes
FAAP20 by preventing its ubiquitination, thereby protecting it
from proteasome-dependent FAAP20 degradation. Conse-
quently, disruption of the FAAP20 acetylation pathway impairs
FANCD2 activation. Together, our study reveals a competition
mechanism between ubiquitination and acetylation of a com-
mon lysine residue that controls FAAP20 stability and high-
lights a complex balancing between different posttranslational
modifications as a way to refine the FA pathway signaling
required for DNA ICL repair and genome stability.

The Fanconi anemia (FA) pathway is a DNA repair mecha-
nism that mainly resolves DNA interstrand cross-links (ICLs),
a formidable type of DNA lesion that prevents both DNA repli-
cation and transcription (1, 2). Inherited deficiency in this path-
way causes a chromosomal instability syndrome in children
known as FA, which is characterized by developmental abnor-
malities and progressive bone marrow failure (3). In addition,
affected children are predisposed to a variety of cancers, includ-
ing acute myelogenous leukemia and squamous cell carcinoma
of the head and neck, suggesting that the FA pathway plays a
role as an essential tumor suppressor mechanism that retrains
genome instability (4).

Germline mutations in any one of the 22 known FA comple-
mentation groups (FANCA to FANCW) result in the clinical
symptoms of FA. Mechanistically, these gene products work in
a common DNA repair process to recognize DNA ICLs during
DNA replication fork progression and initiate the signaling that
recruits enzymes necessary for repairing the lesion (5). This
involves monoubiquitination of FANCD2 in the FANCI–
FANCD2 (ID) heterodimeric complex by the FA core complex,
a multisubunit ubiquitin E3 ligase, and localization of the ID
complex at an ICL-induced stalled replication fork (6, 7).
FANCD2 monoubiquitin (FANCD2-Ub) in turn recruits
SLX4/FANCP and its associated 39-flap structure-specific en-
donuclease, the XPF/FANCQ-ERCC1 heterodimer, which
incises and unhooks the DNA ICL (8, 9). The incision results
in a replication-associated double-strand break, which is
repaired by translesion DNA synthesis and homologous
recombination (10). In this sense, FANCD2 monoubiquitina-
tion by the FA core complex is a prerequisite step that enables
downstream enzymatic repair processes in response to DNA
damage, hence controlling the FA core complex activity is
critical for the commitment of FA pathway activation.
The FA core complex consists of at least 8 FA proteins,

namely FANCA/B/C/E/F/G/L/M along with several ancillary
factors (11). In vitro reconstitution experiments have estab-
lished that the FA core complex is modular, consisting of
FANCB–FANCL–FAAP100, FANCA–FANCG–FAAP20, and
FANCC–FANCE–FANCF, along with FANCM–FAAP24–
MHF1/2, which is required for damage recognition and DNA
remodeling (12–15). Recent cryo-EM studies have revealed
that the FA core complex constitutes an extended asymmetric
dimer, which suggests a distinct and independent role for each
catalytic module (16, 17). Although the subcomplex that con-
tains the FANCL ubiquitin E3 ligase subunit is sufficient for
monoubiquitinating FANCD2 in vitro, loss of individual subu-
nits in the FA core complex abolishes FANCD2 monoubiquiti-
nation in cells, indicating that each module is essential for
maintaining the functional integrity of the FA core complex.
Among the FA core auxiliary proteins, FAAP20 (FA-associ-

ated protein, 20 kDa) constitutes a key regulatory protein that
preserves the integrity of the FA core complex, and in our pre-
vious investigations, we have elucidated players and mecha-
nisms that control the FA pathway via modulation of FAAP20
proteolysis (Fig. 1A). FAAP20 directly interacts with FANCA, a
scaffold of the FA core complex, and they exist as an obligate
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heterodimer that is responsible for stabilizing each other (18–
20). The N terminus of FAAP20 is required for interacting with
FANCA to prevent proteasomal degradation of FANCA, and

deficiency of FAAP20 leads to uncontrolled degradation of
FANCA, mediated by SUMO-targeted ubiquitination of
FANCA by RING finger protein 4 (RNF4) (21). Consequently,

Figure 1. FAAP20 is acetylated by CBP/p300 and deacetylated by HDAC3. A, schematic of protein interaction networks that control FAAP20 proteolysis
and function. Lys-152, a major site for ubiquitination within the ubiquitin-binding zinc finger (UBZ) is indicated. pS48-P49, phosphorylated PIN1 recognition
site. CPD, Cdc4 phosphodegron. B, prediction outcome of the FAAP20 acetylation site at Lys-152 using PAIL (prediction of acetylation on internal lysines). C
and D, screening of FAAP20 acetylation by multiple KATs. 293T cells expressing Flag–FAAP20 were transfected with the indicated KATs, and cell lysates were
subjected to anti-Flag immunoprecipitation (IP), followed byWestern blotting (WB) using an acetyl-Lys–specific antibody. EV, empty vector control. E, specific-
ity of FAAP20 acetylation. 293T cells transfected with siRNA FAAP20 (versus control) were co-transfected with Flag–FAAP20 and HA–CBP, followed by anti-Flag
IP and Western blot. F, acetylation of endogenous FAAP20. Cell lysates from 293T cells transfected with HA-CBP (versus EV) were immunoprecipitated by an
anti-FAAP20 antibody (versus rabbit IgG control) and analyzed by Western blot. G, inhibition of FAAP20 deacetylation by TSA. 293T cells transfected with the
indicated plasmids were left untreated or treated with 400 nM TSA for 16 h, and FAAP20 acetylation was analyzed by anti-Flag IP andWestern blot. H, FAAP20
deacetylation by HDACs. 293T cells transfected with the indicated plasmids were subjected to anti-Flag IP and Western blot analysis. I, quantification of
FAAP20 acetylation levels in H. Error bar indicates mean 6 S.D., n = 3 from three independent experiments, **, p , 0.01; *, p , 0.05; ns, not significant, Stu-
dent’s t test.
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FAAP20 depletion impairs FANCD2 monoubiquitination and
subsequent resolution of DNA ICLs because the structural in-
tegrity of the FA core complex is compromised, thereby leading
to the loss of its functionality. FAAP20 degradation is mediated
by the multimeric SKP1–CUL1–F-Box (SCF)FBW7 ubiquitin E3
ligase complex, which recognizes the Cdc4 phosphodegron
(CPD)motif that is phosphorylated by glycogen synthase kinase
3b to trigger FAAP20 polyubiquitination (22). Two lysine resi-
dues of FAAP20, Lys-83 and Lys-152, are the sites of SCFFBW7-
dependent polyubiquitination, among which Lys-152 has been
shown to be a major modification site (22). Defective CPD
phosphorylation increases cellular FAAP20 levels and prevents
completion of DNA ICL repair, indicating that regulated
FAAP20 turnover at sites of DNA damage, controlled by the
CPD phosphorylation, is critical for completing the FA path-
way. Furthermore, CPD phosphorylation status is regulated by
phosphorylation-dependent cis-trans prolyl isomerization of
FAAP20 near the N-terminal FANCA-interacting region,
which is catalyzed by the PIN1 isomerase to promote FAAP20
stability (23). Mechanistically, the PIN1-induced structural
change of FAAP20 enhances its interaction with the PP2A
phosphatase, which removes the phosphate group from the
CPD and thus counteracts FAAP20 degradation. This unique
method of regulation highlights the role of dynamic protein–
protein interactions and posttranslational modifications within
the FA core complex for preserving its structural integrity and
function. In this sense, it is not surprising to note that the indi-
vidual FA core complex subunits are subjected to multiple
posttranslational modifications both during the cell cycle and
upon DNA damage (24). Nevertheless, it remains unclear how
the ubiquitination levels of FAAP20 are adjusted to control the
kinetics of FAAP20 degradation, which would impact the func-
tion of the FA core complex and dictate FA pathway activation.
Here, we reveal lysine acetylation as an additional posttrans-

lational modification that controls FAAP20 stability. By sharing
a common lysine for modification, acetylation of FAAP20
enhances its stability by interfering with FAAP20 ubiquitina-
tion and proteasomal degradation. This study identifies a
mechanism whereby FA pathway signaling is controlled by a
competition between ubiquitination and acetylation, and thus
highlights the role of multiple posttranslational modifications
in regulating the activity of the FA core complex and FANCD2
activation.

Results

FAAP20 is acetylated by p300/CBP and deacetylated by
HDAC3

Because FAAP20 is subjected to multiple posttranslational
modifications, we sought to identify additional modifications
that may control the activity and stability of FAAP20. Interest-
ingly, analysis of FAAP20 modifications via various prediction
tools revealed that FAAP20 contains a potential acetylation site
at Lys-152 (25)(Fig. 1B). This residue has been reported as a pu-
tative site for acetylation from a large-scale quantitative proteo-
mic analysis, implying that endogenous FAAP20 may be regu-
lated by acetylation (26). Protein acetylation on a lysine residue
is a prevalent covalent modification in eukaryotes that modu-

lates various properties of proteins, including protein interac-
tions, stability, activity, and subcellular localization (27). Acetyl
groups are added by lysine acetyltransferases (KATs), which
transfer acetyl groups from acetyl-CoA to the e-amino group of
an internal lysine. This reversible process is balanced by lysine/
histone deacetylases (HDACs), which remove acetyl groups
and therefore antagonize KAT activity (28, 29).
To address whether FAAP20 is acetylated in the cells, we co-

expressed Flag-tagged FAAP20 with various Flag- or HA-
tagged KATs, followed by anti-Flag immunoprecipitation to
specifically enrich exogenous Flag-FAAP20 (Fig. S1A for com-
parison between endogenous and exogenous FAAP20 expres-
sion). Immunoblot analysis using a pan-acetyl lysine antibody
revealed that Flag–FAAP20 is acetylated by the p300/CBP
(CREB-binding protein) family protein CBP (Fig. 1C). Both
CBP (KAT3A) and its paralog p300 (KAT3B) belong to the
KAT3 family, a group of enzymes that cooperatively bind and
modify histones, as well as other nonhistone nuclear proteins
that are involved in DNA replication and repair processes (30).
Indeed, both CBP and p300 were able to induce FAAP20 acety-
lation (Fig. 1D). In contrast, other KAT family proteins, such as
the MYST family TIP60 (KAT5) and MOF (KAT8), or the
GNAT family PCAF (KAT2B) failed to do so, suggesting that
the p300/CBP KAT3 proteins are responsible for FAAP20 acet-
ylation in cells (Fig. 1, C and D). Additionally, knockdown of
FAAP20 resulted in a decreased signal in the pan-acetyl lysine
immunoblot induced by CBP expression, confirming the speci-
ficity of acetylation on FAAP20 (Fig. 1E). We were also able to
detect acetylation of endogenous FAAP20 when CBP is exoge-
nous expressed and FAAP20 was enriched by anti-FAAP20
immunoprecipitation (Fig. 1F). To further confirm the FAAP20
acetylation promoted by the p300/CBP acetyltransferases, we
determined whether p300 and CBP are required for FAAP20
acetylation. To this end, we knocked down both p300 and CBP
by previously validated siRNA oligonucleotides and confirmed
its functionality by RT-quantitative PCR and Western blotting
(31) (Fig. S1B). Anti-FAAP20 immunoprecipitation revealed
that depletion of p300 and CBP results in disappearance of
the FAAP20 acetylation signal, indicating that endogenous
FAAP20 acetylation is controlled by p300 and CBP (Fig. S1C).
Notably, FAAP20 acetylation was preserved and enhanced

when cells were pretreated with an HDAC inhibitor, trichosta-
tin A (TSA), indicating that FAAP20 acetylation is antagonized
by HDAC activity (Fig. 1G). TSA is known to target the class I
and II HDAC family of enzymes, which include Zn21-depend-
ent HDAC1-3s that mainly target substrates in the nucleus
(32). Indeed, we observed that exogenous expression of
HDAC3, and HDAC2 to a lesser extent, but not HDAC1, was
able to reduce FAAP20 acetylation induced by HA-CBP (Fig. 1,
H and I). At the similar expression of HDAC1 and HDAC3,
HDAC3 more efficiently deacetylated FAAP20 as well (Fig. S2,
A and B). Intriguingly, a previous study has reported deacetyla-
tion of another nuclear FANC protein, FANCJ, specifically by
HDAC3 (33). Together, these results indicate that FAAP20 is
acetylated by p300/CBP and deacetylated primarily by HDAC3
in vivo.
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Catalytic activity of p300/CBP is required for FAAP20
acetylation

To further characterize FAAP20 acetylation, we examined its
modulation by p300/CBP. Recombinant His-tagged FAAP20
pulled down HA-tagged CBP derived from cell lysates via Ni-
NTA pulldown, indicating that FAAP20 directly interacts with
CBP (Fig. 2A and Fig. S3A). The catalytic core of CBP and p300
contains a catalytic KAT domain responsible for lysine acetyla-
tion, which is adjacent to the bromodomain that recognizes ace-
tylated substrates, and the CH2 region consisting of a PHD do-
main and a RING domain required for chromatin binding (Fig.
2B) (34, 35). Exogenous expression of HA-tagged CBP WT, but
not the catalytically-deadmutant that has lost its interaction with
acetyl-CoA, was able to induce FAAP20 acetylation (Fig. 2C).
Similarly, the p300 mutant where the KAT domain is deleted
failed to trigger FAAP20 acetylation, together indicating that the
catalytic activity of p300/CBP is necessary for FAAP20 acetyla-
tion in vivo (Fig. 2D).

Lysine 152 is a major site for FAAP20 acetylation

FAAP20 is a small protein that harbors two lysine residues,
Lys-83 and Lys-152, that are candidates for modification (Fig.
3A). These two residues are highly conserved throughout spe-
cies, and it was previously shown that Lys-152 is a major site for
polyubiquitination required for FAAP20 degradation (22). To
determine which lysine is responsible for FAAP20 acetylation,
we generated Flag-tagged FAAP20 where one or both lysine
residues were mutated to disrupt its modification. Immunoblot
analysis using the pan-acetylation antibody revealed that Flag-
FAAP20 Lys-152 and Lys-83/Lys-152 mutants fail to be acety-
lated byHA-tagged CBP, whereas the Lys-83mutation has little
effect (Fig. 3, B and C). These results indicate that Lys-152 is a
major site for FAAP20 acetylation, whereas Lys-83 may make

minor contributions to its modification. This is consistent with
the bioinformatics analysis that predicted Lys-152 as a site for
FAAP20 acetylation (Fig. 1B). In addition, the fact that the
major site for ubiquitination is also acetylated indicates that
balancing the levels of ubiquitination and acetylationmaymod-
ulate FAAP20 in cells.

Acetylation of FAAP20 inhibits its degradation

Protein acetylation regulates many aspects of protein prop-
erty and function. To understand the role of FAAP20 acetyla-
tion, we tested several possibilities that acetylation may exert
on the regulation of FAAP20. First, to examine the subcellular
localization of FAAP20, we generated various GFP-tagged
FAAP20 mutants. These mutants include C147A/C150A (i.e.
disrupting the UBZ domain required for ubiquitin binding),
S113A/S117A CPD (i.e. inhibiting FAAP20 degradation), and
K83Q/K152Q acetylation-mimetic mutants (18, 22). Replace-
ment of lysine by glutamine is a widely accepted method for
mimicking lysine acetylation (36, 37). WT GFP-FAAP20 is
known to primarily localize in the nucleus and exhibit distinct
nuclear foci, which depends on a functional UBZ domain (18).
Epifluorescence microscopy demonstrated that both CPD and
KQmutants exhibit nuclear localization with distinct foci simi-
lar to WT, indicating that acetylation does not deregulate sub-
cellular localization of FAAP20 to the nucleus (Fig. 4A). Fur-
thermore, subcellular fractionation using cytoskeleton buffer
revealed that both Flag-tagged FAAP20 WT and KQ mutants
show a similar pattern of localization in soluble (S) and chro-
matin-enriched (P) fractions, suggesting that acetylation of
FAAP20 does not impact its localization (Fig. 4B). Because Lys-
152 is within the C-terminal UBZ domain of FAAP20 that
mediates its interaction with ubiquitin, we next sought to
determine whether acetylation affects the ability of FAAP20 to

Figure 2. Catalytic activity of p300/CBP is required for FAAP20 acetylation. A, interaction between FAAP20 and CBP. Purified recombinant His-tagged
FAAP20 was incubated with 293T cell lysates expressing HA-CBP and pulled down by Ni-NTA column, followed by Western blot analysis. B, schematic of the
CBP and p300 proteins used in the study. Point or deletionmutations in the catalytic KAT domain are shown. BrD, bromo-domain; CH2, cysteine, histidine-rich
region 2. C, an intact KAT domain is required for FAAP20 acetylation. 293T cells expressing Flag-FAAP20 were transfected with HA-CBP WT or mutant (LA/DA:
L1435A/D1436A), and cell lysates were subjected to anti-Flag IP andWestern blot using an acetyl-Lys specific antibody. D, performed as C, except for transfec-
tion of Flag–p300WT orDKATmutant.
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bind ubiquitin. Analysis of a previously published FAAP20-
ubiquitin structure revealed that although Lys-152 is located
within the b-sheet near the zinc-coordinating finger motif, it is
projecting outward, and the ubiquitin-binding interface lies op-
posite to it (Fig. 4C) (38). A GST pulldown experiment demon-
strated that GST-ubiquitin is able to pull down both the
FAAP20 WT and the KQ mutant equally well, indicating that
acetylation does not disrupt the ability of FAAP20 to bind to
ubiquitin (Fig. 4D).
We then reasoned that acetylation may impact cellular

FAAP20 levels as it targets the major site of ubiquitination nec-
essary for FAAP20 degradation. When cells expressing Flag-
tagged FAAP20 variants were treated with cycloheximide
(CHX) to inhibit nascent protein synthesis and monitor degra-
dation of remaining proteins, both Flag-FAAP20 KQ acetyla-
tion-mimetic and KR acetylation-deficient mutants showed
increased steady-state levels and exhibited impaired degrada-
tion compared with WT, indicating that deregulation of acety-
lation on FAAP20 prevents its degradation (Fig. 4, E and F).
Because ubiquitination and acetylation both occur on the same
lysine residue, these data also suggest that acetylation may
increase FAAP20 stability by protecting FAAP20 against
degradation.

FAAP20 acetylation antagonizes FAAP20 ubiquitination and
degradation

Because FAAP20 acetylation may be a mechanism to fine-
tune the kinetics of ubiquitination that affect FAAP20 stability
in cells, traditional immunoblotting of the heterologous
FAAP20 protein population from bulk cell lysates may not be
sensitive enough to perceive the subtle changes in FAAP20 lev-
els. Therefore, we have established a fluorescence-based quan-
titative method to monitor FAAP20 stability at a single cell
level, adapted from a previous proteomics study (39). In this
system, N terminally Flag-tagged FAAP20 and EGFP polypep-
tides are independently translated from one mRNA transcript
via P2A peptide-mediated ribosome skipping, such that the
two proteins are expressed at a constant ratio (Fig. 5A). The sta-
bility of FAAP20 is analyzed by flow cytometry, where the Flag-

conjugated phycoerythrin (PE) signal is represented as a mean
value of the intensity, whereas EGFP fluorescence serves as an
internal control to normalize the PE signal in conditions that
affect FAAP20 degradation. This allows us to monitor the
changes in FAAP20 stability at a single cell level. We have con-
firmed that transfection of Flag–FAAP20–P2A–EGFP results
in independent expression of Flag–FAAP20 and EGFP, which
can be monitored by PE and EGFP fluorescence, respectively
(Fig. 5B). Transfecting increasing amounts of this bicistronic
plasmid resulted in increased signals of both PE and EGFP,
whereas the PE/EGFP ratio was constant, indicating that GFP
fluorescence can be used as an internal control (Fig. 5C). Inhibi-
tion of protein degradation by the proteasome inhibitor
MG132 led to an increased PE signal, whereas GFP fluores-
cence remained constant (Fig. 5D). By contrast, inhibition of
protein synthesis by CHX specifically led to a decrease in the
PE signal within the time we tested (Fig. 5E). Together, these
control experiments indicate that the PE signal normalized by
EGFP is a reliable readout for monitoring FAAP20 stability at
the level of individual live cells.
With this system in hand, we determined the role of acetyla-

tion in FAAP20 stability in cells. Exogenous expression of CBP
WT, but not the catalytic mutant, was able to increase the PE/
EGFP signal, indicating that CBP activity promotes FAAP20
stabilization (Fig. 6A). The CBP catalytic mutant also failed to
increase the endogenous levels of FAAP20 as shown by West-
ern blot (Fig. S3B). In addition, both Flag–FAAP20 KQ acetyla-
tion-mimetic and KR acetylation-deficient mutants exhibited
an increase in the PE/EGFP signal, confirming that the status of
acetylation affects FAAP20 stability (Fig. 6B). Similarly, overex-
pression of CBP failed to further increase the PE/EGFP signal
in the cells expressing the FAAP20 KQ mutant, in contrast to
its ability to enhance the PE/EGFP signal of FAAP20WT, indi-
cating that the promotion of FAAP20 stability observed from
CBP overexpression is determined by the acetylation status of
FAAP20 (Fig. 6C). Furthermore, exogenousHDAC3 expression
was able to decrease the elevated PE/EGFP signaling after CBP
overexpression, suggesting that a balance between acetylation
and deacetylation of FAAP20 determines FAAP20 stability

Figure 3. Lysine 152 is a major site for FAAP20 acetylation. A, schematic representing FAAP20 and the two potential lysine residues for acetylation. The
position of lysines 83 and 152, and conservation of their flanking regions are shown. B, acetylation of the FAAP20 lysine mutants. 293T cells expressing Flag–
AAP20 WT or various lysine mutants were transfected with HA–CBP, and cell lysates were subjected to anti-Flag IP and Western blot using an acetyl-Lys spe-
cific antibody. C, quantification of FAAP20 acetylation levels in B. Error bar indicates mean6 S.D., n = 3 from three independent experiments, ****, p, 0.0001;
ns, not significant, Student’s t test.
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(Fig. 6D). Finally, an in vivo ubiquitination assay using Ni-NTA
pulldown revealed that polyubiquitination of FAAP20 is mark-
edly reduced by CBP overexpression, further confirming that
acetylation of FAAP20 competes with ubiquitination to antago-
nize FAAP20 degradation (Fig. 6E). Taken together, these
results support the notion that FAAP20 acetylation antagonizes
FAAP20 ubiquitination and degradation.

Deregulation of FAAP20 acetylation disrupts FANCD2
activation

Destabilization of FAAP20 impairs the integrity of the FA
core complex, leading to a defect in the activation of the FA
pathway. Therefore, we next wanted to determine whether
down-regulating FAAP20 acetylation disrupts the balance of
FAAP20 levels, leading to the destabilization of FAAP20 and
impaired FANCD2 monoubiquitination in response to DNA

damage. Knockdown of either p300 or CBP in U2OS cells
caused a significant decrease in damage-induced FANCD2
monoubiquitination frommitomycin C (MMC), an ICL-induc-
ing clastogen (Fig. 7A). Induction of CHK1 phosphorylation at
serine 345 was similar across the knocked down samples, indi-
cating that DNA damage signaling is not affected by p300 or
CBP depletion. It is plausible that the observed effect results
from a pleotropic consequence of disrupting global acetylation
in cells. However, exogenous expression of the Flag–FAAP20
KQ acetylation-mimetic mutant in p300- or CBP-depleted cells
was able to restore FANCD2monoubiquitin levels after MMC-
induced DNA damage, indicating that defects in FANCD2 acti-
vation in p300/CBP-depleted cells are at least in part caused by
a defect in the FA core complex due to the loss of FAAP20 and
can be rescued by the FAAP20 protein that is refractory to deg-
radation (Fig. 7A). Furthermore, cell cycle analysis using 5-
ethynyl-2’-deoxyuridine (EdU) uptake did not reveal any major

Figure 4. Acetylation of FAAP20 inhibits its degradation. A, left panel: representative images of localization of GFP-FAAP20 variants. U2OS cells were trans-
fected with indicated GFP–FAAP20 WT or mutants, and their subcellular localization was analyzed by GFP epifluorescence. C147A/C150A, UBZ zinc finger mu-
tant; S113A/S117A, CPD mutant; K83Q/K152Q, acetylation mimetic mutant. Scale bar: 10 mm. Right panel: expression of GFP-FAAP20 variants in U2OS cells. B,
subcellular fractionation of U2OS cells transfected with Flag–FAAP20WT or KQ (K83Q/K152Q) mutants. Tubulin and ORC2 immunoblots serve as controls for S
and P fractions, respectively. C, a ribbon diagram of the FAAP20 UBZ–ubiquitin complex. The position of FAAP20 lysine 152 within the FAAP20 UBZ domain is
shown in red (PDB 2MUR). D, interaction of the FAAP20 UBZ domain with ubiquitin in vitro. 293T cell lysates expressing GFP–FAAP20 WT or KQ mutants were
subjected to GST pulldown using recombinant GST or GST-ubiquitin, followed by anti-GFP Western blot (top) or Ponceau S staining (bottom). E, degradation
kinetics of Flag–FAAP20 variants. U2OS cells expressing Flag–FAAP20WT, KQ (K83Q/K152Q), or KR (K83R/K152R) were incubated with 100mg/ml of CHX for the
indicated times, and cell lysates were analyzed by Western blot. The short-lived MCL-1 protein serves as a control for CHX treatment. F, quantification of Flag–
FAAP20 levels in E. Error bar indicatesmean6 S.D., n = 3 from three independent experiments, *, p, 0.05, KQ or KR compared withWT, Student’s t test.
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disruption of the cell cycle upon p300 or CBP knockdown
within the time we tested, suggesting that an aberrant cell cycle
is not sufficient to account for the defect in FANCD2monoubi-
quitination noted above (Fig. 7B). In contrast, we observed that
co-depletion of p300 and CBP markedly reduced cells in the S

phase with a concomitant increase of cells in G1, indicating
that depletion of p300 and CBP together causes a defect in the
G1/S transition (Fig. 7B). Indeed, co-knockdown of p300 and
CBP abrogated damage-induced FANCD2 monoubiquitina-
tion, which could not be rescued by Flag-FAAP20 KQ

Figure 5. A fluorescence-based system to monitor FAAP20 stability. A, schematic of the FAAP20–P2A–EGFP reporter construct. A CMV promoter drives
the transcription of the single mRNA transcript for both Flag–FAAP20 and EGFP. Ribosomal skipping of glycyl-prolyl peptide bond formation in a P2A “self-
cleaving” peptide leads to the generation of Flag–FAAP20 and EGFP polypeptides at an equal molar ratio. EGFP serves as an internal control for transfection,
whereas Flag–FAAP20 is stained by a PE-conjugated anti-Flag antibody for fluorescence quantification. B, left panel: a representative FACS plot showing Flag–
PE1/EGFP1 cells in the upper right quadrant. Right panel: immunoblots confirming the production of Flag–FAAP20 and EGFP in U2OS cells transfected with
Flag–FAAP20–P2A–EGFP. C, left panel: FACS histogram of Flag–PE and EGFP from U2OS cells transfected with the indicated amount of the Flag–FAAP20–P2A–
EGFP reporter construct. Ctrl-PE indicates cells stained with a PE-conjugated IgG2a control antibody. Right panel: mean PE/EGFP values from the various
amounts of plasmid transfection are plotted. D, left panel: U2OS cells expressing the reporter construct were treated with 10 mM MG132 for 6 h and analyzed
by FACS. Right panel: fold-change of the Flag–PE mean value normalized by EGFP. Error bar indicates mean6 S.D., n = 2 from two independent experiments,
**, p, 0.01, Student’s t test. E, left panel: U2OS cells expressing the reporter construct were treated with 100mg/ml of CHX for 5 h and analyzed by FACS. Right
panel: fold-change of the Flag–PE mean value normalized by EGFP. Error bar indicates mean6 S.D., n = 3 from three independent experiments, **, p, 0.01,
Student’s t test.
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overexpression, indicating that G1/S cell cycle arrest is pre-
dominantly responsible for the defect in FANCD2 activation in
this condition (Fig. 7C). Nevertheless, knocking down both
p300 and CBP accelerated the degradation of endogenous
FAAP20 when its synthesis was inhibited by cycloheximide,
indicating that FAAP20 becomes unstable when p300 and CBP
are not present in cells (Fig. 7D). This further confirms that
FAAP20 is a valid determinant for the activation of FANCD2 in
p300- or CBP-depleted cells. Moreover, we observed that over-
expression of HDAC2 and HDAC3 is able to down-regulate
FANCD2 monoubiquitination, which can be antagonized by
exogenous expression of Flag–FAAP20 KQ (Fig. 7E). Taken to-

gether, these results demonstrate that down-regulation of
FAAP20 acetylation, either by depletion of p300/CBP or over-
expression of HDACs, causes a defect in FANCD2 monoubi-
quitination upon DNA damage in a FAAP20-dependent man-
ner, indicating that disruption of FAAP20 acetylation renders
FAAP20 unstable, compromising the integrity of the FA core
complex necessary for FANCD2 activation.
To further understand the physiological role of FAAP20

acetylation in modulating the FA pathway, we examined the
acetylation of FAAP20 in response to DNAdamage and its con-
tribution to DNA repair. We previously showed that controlled
degradation of FAAP20, prompted by its phosphorylation at

Figure 6. FAAP20 acetylation antagonizes FAAP20 ubiquitination and degradation. A, left panel: FACS histogram of Flag–PE and EGFP from the re-
porter-expressing U2OS cells transfected with HA–CBP WT or L1435A/D1436Amutant (EV). Right panel: fold-change of the Flag–PE mean value normalized by
EGFP. Error bar indicates mean6 S.D., n = 3 from three independent experiments, ***, p, 0.001, ns, not significant, Student’s t test. B, left panel: FACS histo-
gram of Flag–PE from U2OS cells transfected with Flag–FAAP20–P2A–EGFP WT, K83R/K152R, or K83Q/K152Q. Right panel: fold-change of the Flag–PE mean
value normalized by EGFP. Error bar indicates mean6 S.D., n = 3 from three independent experiments, **, p, 0.01, Student’s t test. C, left panel: FACS histo-
gram of Flag–PE from the reporter-expressing U2OS cells (WT or KQ) transfected with HA–CBP (versus EV). Right panel: fold-change of the Flag–PE mean value
normalized by EGFP. Error bar indicates mean6 S.D., n = 3 from three independent experiments, **, p, 0.01, ns, not significant, Student’s t test. D, left panel:
FACS histogram of Flag–PE from the reporter-expressing U2OS cells transfected with HA–CBP alone or together with Flag–HDAC3 (versus EV). Right panel:
fold-change of the Flag–PE mean value normalized by EGFP. Error bar indicates mean6 S.D., n = 3 from three independent experiments, *, p, 0.05, ns, not
significant, Student’s t test. E, Ni-NTA pulldown of polyubiquitinated His–FAAP20. 293T cells were transfected with the indicated plasmids, treated with 10 mM

MG132 for 4 h, and subjected to Ni-NTA pulldown under denaturing conditions to enrich His–FAAP20 polyubiquitination by HA-ubiquitin.
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Figure 7. Deregulation of FAAP20 acetylation impairs FANCD2 activation. A, left panel: defective FANCD2 activation upon depletion of p300 or CBP.
U2OS cells transfected with the indicated siRNAwere treated with 100 ng/ml of MMC for 6 h, and cell lysates were analyzed byWestern blot. Where indicated,
cells were transfected with pcDNA3–Flag–FAAP20 K83Q/K152Q (versus empty vector) for 40 h before MMC treatment. Right panel: quantification of the
FANCD2–Ub:FANCD2 ratios (L:S), via Fiji (ImageJ). Error bar indicates mean6 S.D., n = 3 from three independent experiments, *, p, 0.05, ns, not significant,
Student’s t test. B, representative FACS plots of EdU cell cycle analysis. EdU1 S phase cells are gated, and % cell populations are represented as an average
from two independent experiments. C, the FAAP20 KQ cannot rescue the FANCD2 activation defect caused by co-depletion of p300 and CBP. U2OS cells trans-
fected with the indicated siRNAwere treated with 100 ng/ml of MMC for 6 h, and cell lysates were analyzed byWestern blot. Where indicated, cells were trans-
fected with pcDNA3–Flag–FAAP20 KQ (versus empty vector) for 40 h before MMC treatment. D, depletion of p300 and CBP accelerates the degradation of
endogenous FAAP20. U2OS cells transfectedwith siRNA control or p300 and CBP together were treated with 100mg/ml of CHX for the indicated times, and en-
dogenous FAAP20 levels were analyzed by Western blot. siRNA FAAP20-transfected cells were used for control to confirm the specificity of FAAP20 signals. E,
left panel: defective FANCD2 activation upon overexpression of HDACs. U2OS cells were co-expressed with Flag–HDAC2 and HDAC3 alongwith an empty vec-
tor or Flag–FAAP20 KQ, and cell lysates were analyzed byWestern blot. Right panel: quantification of the FANCD2–Ub:FANCD2 ratios (L:S), via Fiji (ImageJ). Error
bar indicatesmean6 S.D., n = 2 from two independent experiments, *, p, 0.05, ns, not significant, Student’s t test. F, U2OS cells transfectedwith the indicated
plasmids were treated with 1 mM MMC for the indicated times, and chromatin-enriched fractions were subjected to anti-Flag IP, followed by Western blot
using acetyl-Lys specific and FAAP20 pS113 CPD antibodies.
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CPD under DNA damage, is necessary for the completion of
DNA ICL repair in a timely fashion by inactivating the FA core
complex (22). Intriguingly, whereas we did not observe any sig-
nificant induction of FAAP20 acetylation upon MMC treat-
ment, we noticed that FAAP20 acetylation is down-regulated
upon prolonged incubation of MMC (Fig. 7F). This coincided
with increased phosphorylation at the degron motif that trig-
gers FAAP20 degradation by SCFFBW7, indicating that down-
regulation of FAAP20 acetylation during DNA repair may
prime FAAP20 ubiquitination for its controlled turnover. Thus,
the cellular DNA damage response signaling that regulates
FAAP20 acetylation may fine-tune the FAAP20 degradation
process to balance FAAP20 levels in the FA core complex, con-
tributing to the completion of DNA repair.

Discussion

Acetylation as a new mechanism for FAAP20 regulation

In this study, we present evidence that acetylation of
FAAP20 plays a regulatory role in governing FAAP20 degrada-
tion. We propose that the acetylation of Lys-152 in FAAP20
prevents the ubiquitination of the common lysine residue,
thereby preventing proteasome-dependent degradation of
FAAP20mediated by the SCFFBW7 ubiquitin E3 ligase.We have
demonstrated that the p300/CBP KATs are responsible for the
acetylation of FAAP20, primarily at Lys-152, whereas one or
more of the class I deacetylases, predominantly HDAC3, antag-
onizes its modification. Hence, cellular levels of FAAP20 are
determined by the balanced action between acetylation signal-
ing and ubiquitin-dependent proteasomal degradation (Fig. 8).
Accordingly, decreased acetylation by down-regulation of
p300/CBP activity or enhanced HDAC3 activity sensitizes

FAAP20 to ubiquitination and subsequent degradation,
thereby resulting in compromised FA core complex activity
and defective FANCD2 activation. Under the DNA damage sig-
naling, down-regulation in FAAP20 acetylation levels may also
prime regulated FAAP20 degradation that contributes to the
inactivation of the FA core complex and timely completion of
DNA ICL repair. Together, our study elucidates a new competi-
tion mechanism between ubiquitination and acetylation that
works on a common lysine residue to control the stability of
FAAP20. Of note, a previous study has demonstrated a similar
competition mechanism between acetylation and ubiquitina-
tion that controls protein stability, in which the cellular levels
of Smad7 in transforming growth factor b signaling is regulated
by the acetylation of the lysine residues targeted by ubiquitin
E3 ligase Smurf1-mediated ubiquitination (40). Thus, modula-
tion of protein ubiquitination or acetylation on the same resi-
duemay be a general mechanism that cells have devised to fine-
tune protein stability in various cellular processes.
Proteolysis of FAAP20 constitutes a key mechanism to regu-

late the function of the FA core complex. By directly interacting
with the FANCA subunit and masking its SUMO-targeted
degron, FAAP20 prevents proteasomal degradation of FANCA
and maintains the integrity of the FA core complex (18, 21). As
a result, deficiency of FANCA or FAAP20 results in defective
damage-induced FANCD2 monoubiquitination. Accordingly,
the FANCA loss-of-function mutations are most prevalent
among FA patients (41). Interestingly, several somatic muta-
tions derived from cancer patients are known to disrupt the
FAAP20–FANCA interaction, suggesting that keeping the
FAAP20–FANCA interaction to preserve FA core complex in-
tegrity may be crucial for suppressing genome instability and
limiting tumorigenesis (21). As a small protein, FAAP20 is sub-
jected to rapid degradation that may act as a switch to regulate
the dynamics of the FA core complex both in an unstressed
condition and under DNA damage. Integrated phosphoryla-
tion-ubiquitin signaling is known to control FAAP20 degrada-
tion. We have previously shown that glycogen synthase kinase
b-dependent phosphorylation of the CPD motif provides a
docking site for recruiting the SCFFBW7 ubiquitin E3 ligase
complex to polyubiquitinate Lys-152 and degrade FAAP20,
indicating that the phosphorylation status of CPD determines
the kinetics of FAAP20 degradation (22). Importantly, a struc-
tural changemediated by the PIN prolyl isomerase that isomer-
izes the phosphorylated Ser48–Pro49 motif, located in the N ter-
minus of FAAP20, promotes its interaction with the PP2A
phosphatase, thereby down-regulating CPD phosphorylation
and antagonizing FAAP20 degradation (23). Here, we have
unveiled Lys-152 as a primary acceptor residue for acetylation,
which competes with ubiquitination to block FAAP20 de-
gradation. Thus, multiple independent posttranslational modi-
fications, including phosphorylation, ubiquitination, SUMO-
ylation, and acetylation, cooperate to control proteasomal
degradation of FAAP20 and FANCA in the FA core complex,
through which FANCD2 activation is modulated. Understand-
ing the physiological cellular signaling that coordinates these
modifications to govern FANCA and FAAP20 levels during cell
cycle progression and upon DNA damage would be an impor-
tant future direction to pursue.

Figure 8. Amodel depicting the regulation of FAAP20 stability by acety-
lation signaling. Top panel: cellular FAAP20 levels were determined by the
competitive modification of Lys-152, which undergoes either ubiquitination
by the SCFFBW7 ubiquitin E3 ligase to promote degradation, or acetylation by
the p300/CBP acetyltransferase to antagonize degradation. Bottom panel:
disruption of FAAP20 acetylation either by the depletion of p300/CBP or by
the overexpression of HDAC3 renders the lysine residue of FAAP20 suscepti-
ble to polyubiquitination, leading to FAAP20 degradation and defective
FANCD2 activation.
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Posttranslational modifications in the FA core complex

Our results highlight another layer in the complex posttrans-
lational regulatory mechanisms that control FA core complex
activity and function. It is still unclear why the FA core complex
exists as a multisubunit complex that is composed of at least 10
proteins without any obvious homology or evolutionary rela-
tionship. Although the FANCL subunit alone exhibits catalytic
activity mediated by a RING domain, mutation of individual
FANC genes is sufficient for abrogating the E3 ligase function
of the FA core complex in cells, indicating that the other subu-
nits work as structural and regulatory elements to support the
functional integrity of the FA core complex. A modular feature
of the FA core complex revealed by a series of in vitro biochem-
ical experiments suggests that individual subunits play distinct
roles required for achieving optimal activity of the FA core
complex (12, 13). Intriguingly, a recently published structure
revealed that the FA complex dimerizes asymmetrically,
wherein two FANCL subunits form into distinct conformations
and arrange in an asymmetric manner within the B-L-100 cata-
lytic module, suggesting that individual FANCL has a different
role in positioning the ID complex and promoting the monou-
biquitination of FANCD2 (16). In addition, a wide range of
posttranslational modifications in the individual subunits of
the FA core complex implicates them in fine-tuning the signal-
ing of the FA pathway during DNA replication and in response
to DNA damage. For instance, ATR-dependent phosphorylation
is known to activate multiple components of the FA pathway. In-
hibition of FANCM phosphorylation at Ser-1045 disrupts CHK1
phosphorylation and FANCD2 monoubiquitination from DNA
replication stress (42). FANCE phosphorylation at Thr-346 and
Ser-374 and FANCA phosphorylation at Ser-1449 by the ATR-
CHK1 checkpoint are known to promote the function of the FA
core complex (43, 44). FANCD2 phosphorylation at Thr-691 and
Ser-717 as well as phosphorylation of a cluster of SQ/TQ sites on
FANCI potentiates FANCD2 monoubiquitination (45, 46). Fur-
thermore, different levels of ATR-mediated FANCI phosphoryla-
tion are known to switch the function of FANCI either to dor-
mant origin firing or to DNA repair, depending on the severity of
the DNA replication stress (47). Conversely, FANCMhyperphos-
phorylation on a b-TRCP phosphodegron and subsequent
FANCMdegradation inactivates the FA core complex duringmi-
tosis (48). Similarly, SUMOylation of FANCD2 promotes the
extraction and degradation of chromatin-bound FANCD2 at
DNA lesions to down-regulate FANCD2 activity, indicating that
multiple posttranslational modifications fine-tune FA pathway
signaling (49).

Regulation of DNA repair by acetylation

Protein acetylation modulates a variety of cellular processes,
and as revealed in this study, the genomemaintenance pathway
is no exception. Originally identified as a modifier of histones
that regulates transcription and chromatin remodeling, the
p300/CBP KATs are also known for regulating the recruitment
of DNA repair factors to DNA lesions to facilitate repair (30).
p300/CBP is generally thought of as a tumor suppressor, and
the EP300 andCREBBP genes (encoding p300 andCBP, respec-
tively) are mutated in several solid tumors and hematological

malignancies (50, 51). Mutations in these genes are also respon-
sible for some causes of Rubinstein-Taybi syndrome, which is
often a predisposition to brain tumors and leukemia (52).
Emerging evidence indicates that p300/CBP contributes to ge-
nome stability by acetylating specific DNA replication and
repair factors to regulate their function in the DNA damage
response (DDR), through a variety of distinct mechanisms. Sev-
eral examples include: FANCJ acetylation that determines
DNA repair choice within the FA pathway (33); PARP1 acetyla-
tion that blocks histone ADP-ribosylation and shut downs
PARP activity (53); PCNA acetylation that promotes PCNA
unloading and degradation during nucleotide excision repair
(54); DNA2 helicase/nuclease acetylation that increases its af-
finity to DNA (55); RECQL4 helicase acetylation that regulates
subcellular localization (56); and KU70 acetylation that affects
protein–protein interactions and DNA binding (57, 58). Intri-
guingly, several studies indicate that p300/CBP activity is up-
regulated in response to DNA damage, indicating that p300/
CBP may undergo posttranslational modifications from DDR
signaling (54, 59, 60). Indeed, p300 is known to be phosphoryl-
ated at Ser-106 by ATM following g-irradiation to enhance its
activity, but other unknownmodifications may also be involved
in response to different genotoxic stresses (61). In addition, the
interaction between p300/CBP and ATR increases under DNA
replication stress, which promotes CHK1 phosphorylation,
indicating that p300/CBP may exert a broader role on check-
point activation and recruitment of DNA repair factors to sites
of DNA damage along withmodulation of the chromatin struc-
ture (62). It is unknown if ICL-induced stalling of DNA replica-
tion forks triggers DDR signals that change the activity of p300/
CBP. Thus, it would be important to investigate if this may
influence the dynamics of the FA pathway during DNA ICL
repair. Collectively, our discovery of FAAP20 acetylation rein-
forces the idea that lysine acetylation is a key mechanism
through which DNA repair is regulated and genome integrity is
maintained. Building on this idea would provide insights into
how the deregulation of acetylation signaling, such as HDAC
inhibition used in the clinic, affects tumor cell survival and sen-
sitivity to chemotherapeutics. This knowledge may lead to the
development of new therapeutic strategies to exploit DNA
repair regulation by modulating the acetylation of key genome
maintenance proteins.

Experimental procedures

Cell culture and plasmid construction

U2OS and 293T cell lines were acquired from the American
Tissue Culture Collection (ATCC). Cells were cultured in Dul-
becco’s modified Eagle’s medium at 37 °C, 5% CO2 supple-
mented with 10% fetal bovine serum and 1% penicillin/strepto-
mycin, following standard culture conditions and procedures.
pcDNA3.1–Flag–FAAP20 and EGFP–FAAP20 were previously
described (18). Point mutations were introduced using the
QuikChange II XL site-directed mutagenesis kit (Agilent Tech-
nologies) and confirmed by DNA sequencing. To construct
pcDNA3.1–Flag–FAAP20–P2A–EGFP, FAAP20 cDNA (clone
ID: OHu13709, GenScript) was first ligated to pcDNA3.1–
P2A–EGFP via 5’ BamHI and 3’ EcoRI restriction sites, and an
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N-terminal Flag tag was inserted in front of cDNAusingGenEZ
ORF cDNA clones and mutagenesis service (GenScript). The
same FAAP20 cDNA was cloned into the pcDNA3-N–His6
vector (GenScript) via 5’ BamHI and 3’ EcoRI restriction sites
to generate anN-terminal His-tagged FAAP20-expressing plas-
mid. Expression plasmids for HA–CBP, HA–p300, Flag–
TIP60, Flag–MOF, Flag–PCAF, Flag–p300, Flag–p300 DHAT,
Flag–HDAC1, and Flag–HDAC2 were a kind gift from Dr.
Sharon Cantor (University of Massachusetts, Worcester, MA).
pcDNA3–HDAC3–Flag was a gift fromDr. Eric Verdin (Addg-
ene plasmid No. 13819). pcDNA3b–Flag–CBP–HA and
pcDNA3b–Flag–CBP–HA L1435A/D1436A were a gift from
Dr. Tso-Pang Yao (Addgene plasmid numbers 32908 and
32906).

Plasmids and siRNA transfection

Plasmid transfection was performed using GeneJuice (Milli-
pore) in Opti-MEM (Thermo Fisher) according to the manu-
facturer’s protocols. The ratio of DNA/Genejuice was 1 mg/2
ml. siRNA duplexes were transfected at 25 nM using Lipofect-
amine RNAiMAX (Thermo Fisher). siRNA oligonucleotides
were synthesized by Qiagen. The following siRNA target
sequences were used; control, 5´-GGGTATCGACGATTA-
CAAA-3´; p300, 5´-GGGAATGAATGTAACAAAT-3´; CBP,
5´-GATGCTGCTTCCAAACATA-3´.

Antibodies and chemicals

The following antibodies were used for Western blotting:
FAAP20 (HPA038829, Sigma-Aldrich), pFAAP20 S113 (in-
house) (22), acetylated-lysine (No. 9441, Cell Signaling Tech-
nology), pCHK1 S345 (No. 2341, Cell Signaling Technology),
Flag (M2, F1804, Sigma-Aldrich), Flag (M2, F3165, Sigma-
Aldrich), GFP (B-2, sc-9996, Santa Cruz), HA (2-2.2.14, No.
26183, Thermo Fisher), MCM6 (H-8, sc-393618, Santa Cruz),
Tubulin (B-7, sc-5286, Santa Cruz), PCNA (PC-10, sc-56, Santa
Cruz), and MCL-1 (16225-1-AP, Proteintech). Mitomycin C
(M5350), Z-Leu-Leu-Leu-al (MG132; C2211), cycloheximide
(C4859), and trichostatin A (T1592) were purchased from
Sigma-Aldrich. Drugs were used at the concentrations indi-
cated in the figure legends.

Western blotting, immunoprecipitation, fractionation

Cells were lysed in NETN300 buffer (1% Nonidet P-40, 300
mM NaCl, 0.1 mM EDTA, and 50 mM Tris (pH 7.5)) supple-
mented with protease inhibitor mixture (Roche) and 10 mM

TSA (T1952, Sigma-Aldrich). Lysates were resolved by SDS-
PAGE, transferred onto PVDF membranes (Millipore), and
antibodies were detected by an enhanced chemiluminescence
method (Pierce ECL, or SuperSignal West Pico Plus, Thermo
Fisher) using either Hyblot Cl autoradiography film (Denville
Scientific) or iBright CL1000Western blotting imaging systems
(Thermo Fisher). To detect the acetylation of immunoprecipi-
tated FAAP20 induced by HA-CBP, 293T cells were lysed in
NETN150 buffer (1% Nonidet P-40, 150 mM NaCl, 0.1 mM

EDTA, and 50 mM Tris (pH 7.5)), supplemented with protease
inhibitor mixture (Roche) and 10 mM TSA, and centrifuged at
15,000 rpm at 4 °C. 5% of the input was saved, and cell lysates

were incubated with anti-Flag M2 affinity gel (A2220, Sigma-
Aldrich) with gentle rocking at 4 °C for 3 h. Agarose resins were
washed three times with NETN150 buffer, and immune com-
plexes were released by boiling in 23 Laemmli sample buffer.
To detect endogenous FAAP20 acetylation, 293T cells were
transfected with siRNA and treated with 400 nM TSA for 16 h.
Cells were lysed in NETN150 buffer, supplemented with prote-
ase inhibitor and 10 mM TSA, and cell lysates were incubated
with anti-FAAP20 antibody (Sigma-Aldrich) at 4 °C for 4 h and
with protein G-Sepharose 4 fast flow (GE Healthcare) for an
additional 2 h. Resins were washed three times with NETN150
buffer, and immune complexes were eluted with 0.1 M glycine
(pH 2.5) at room temperature for 10min twice. Protein samples
were neutralized by 1 M Tris-HCl (pH 8.0), precipitated with
TCA by adding 1 volume of 100% TCA to 4 volumes of protein
samples on ice for 20 min, and centrifuged at 15,000 rpm at
4 °C. Precipitated protein pellets were resuspended with 1 M

Tris-HCl (pH 8.0) and boiled with 23 Laemmli sample buffer for
SDS-PAGE. Subcellular fractionation was performed as previ-
ously described (22). Briefly, cells were lysed using cytoskeleton
buffer (10 mM Tris (pH 6.8), 100 mM NaCl, 300 mM sucrose, 3
mM MgCl2, 1 mM EGTA, 1 mM EDTA, and 0.1% Triton X-100)
for 5 min on ice. After centrifugation at 1,5003 g for 5 min, the
supernatant (S) was separated from the pellet (P), and pellets
were sequentially lysed in PBS and 23 boiling lysis buffer (50 mM

Tris-Cl (pH 6.8), 2% SDS, and 850mMb-mercaptoethanol).

Fluorescence microscopy

To conduct GFP epifluorescence, cells were transfected and
grown on coverslips, fixed with 4% paraformaldehyde for 10
min at room temperature, then washed three times with PBS,
and mounted with 49,6-diamidino-2-phenylindole-containing
mounting medium (Vector Laboratory). Images were captured
using the Eclipse Ts2R-FL inverted fluorescence microscope
(Nikon) equipped with the Nikon DSQi2 digital camera, and
analyzed via NIS-Elements software (Nikon).

Flow cytometry-based protein stability profiling

U2OS cells were harvested and fixed with the eBioscience
Foxp3/transcription factor fixative solution (Thermo Fisher)
for 15 min. Cells were diluted with PBS, 1% BSA and spun
down at 4,000 rpm for 5 min. Pellets were permeabilized with
PBS, 0.3% Triton X-100 for 5 min and washed once with the
Foxp3/transcription factor staining buffer (Thermo Fisher).
Subsequently, cells were incubated with PE-conjugated rat
anti-Flag antibody (1:25, No. 637309, Biolegend) for 1 h. PE-
conjugated rat IgG2a, k isotype antibody was used as a control,
and an unstained control was incubated with staining buffer
only. Cells were washed with staining buffer once, resuspended
in 500 ml of staining buffer, and analyzed by the Attune NxT
acoustic focusing flow cytometer (Thermo Fisher). Fluoro-
phores were excited with a 400-nm blue laser, and PE and GFP
fluorescence were detected with BL2 (574/26) and BL1 (530/
30) emission filters, respectively. Mean PE intensity was deter-
mined by the integrated Attune NxT software version 2.7
(Thermo Fisher) and normalized by themean intensity of GFP.
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GST pulldown assay

GST pulldown was performed as previously described. For
the interaction between GST-Ub and GFP-FAAP20, GST or
GST-Ub was expressed using the Escherichia coli BL21 (DE3)
expression strain induced with 0.5 mM isopropyl b-D-1-thioga-
lactopyranoside (Sigma-Aldrich) at 37 °C for 4 h. Cells were
lysed in PBS with lysozyme, sonicated, and further incubated
with 1% Triton X-100. Cell lysates were recovered by centrifu-
gation at 15,000 rpm at 4 °C for 15 min and incubated with
GSH-Sepharose beads (GE Healthcare). After washing, the
beads were incubated with lysates from 293T cells expressing
GFP–FAAP20 in NETN150 buffer at 4 °C for 3 h followed by
three washes with NETN150. The beads were resuspended
with 23 Laemmli sample buffer, boiled, and protein complexes
were analyzed by SDS-PAGE.

In vivo ubiquitin assay

In vivo ubiquitin assays were performed under denaturing
conditions. MG132-treated cells were harvested, resuspended
with Buffer A (6 M guanidine-HCl, 0.1 M Na2HPO4/NaH2-

PO4·H2O, 10 mM imidazole, pH 8.0), and sonicated (setting
70%, 10 s on, 10 s off, 10 times; Q500 Sonicator, Qsonica). Cells
were spun down at 15,000 rpm for 15 min at 4 °C, and lysates
were incubated with HisPurTM Ni-NTA Resin (Thermo Fisher)
at room temperature for 3 h. Subsequently, beads were washed
twice with Buffer A, twice with Buffer A/B (1:3; Buffer B, 25mM

Tris-HCl, 20 mM imidazole, pH 6.8), and once with Buffer B,
followed by boiling in 23 Laemmli sample buffer and SDS-
PAGE.

Cell cycle analysis

siRNA-transfected U2OS cells were incubated with 10 mM

EdU (Thermo Fisher) for 30 min before being harvested. The
harvested cells were fixed with 4% paraformaldehyde at room
temperature for 15 min, permeabilized by saponin-based per-
meabilization buffer (Thermo Fisher) for 15 min, and subjected
to the EdU-click reaction using Alexa Fluor 488 picolyl azide
and the click-iT Plus EdU flow cytometry assay kit (Thermo
Fisher) according to the manufacturer’s protocol. Cells were
washed once and resuspended with 200 mg/ml of PureLinkTM

RNase A and eBioscienceTM 7-AAD viability staining solution
(Thermo Fisher). After 30 min of incubation at 37 °C, cells were
analyzed with the Attune NxT acoustic focusing cytometer and
the Attune NxT software version 2.7 (Thermo Fisher).

RT-quantitative PCR

RNA was isolated using TRIzol (Invitrogen) and chloroform
(Sigma). cDNA synthesis was performed using a high-capacity
cDNA reverse transcription kit (Applied Biosystems) according
to the manufacturer’s protocols. Real-time quantitative PCR
was performed using Fast SYBR Green Master Mix (Applied
Biosystems) and a StepOnePlus Real-Time PCR system (Ap-
plied Biosystems). Glyceraldehyde-3-phosphate dehydrogenase
mRNA levels were used as a control for normalization. The
following primers were used for cDNA amplification: EP300
forward, 59-GATGACCCTTCCCAGCCTCAAA-39; EP300

reverse, 59-GCCAGATGATCTCATGGTGAAGG-39; CBP for-
ward 59-AGTAACGGCACAGCCTCTCAGT-39; CBP reverse
59-CCTGTCGATACAGTGCTTCTAGG-39.

Statistical analysis

p Values for statistical analyses were obtained using the Stu-
dent’s t test (Prism 8, GraphPad). Unpaired t-tests were per-
formed with a 95% confidence interval, using two-tailed p val-
ues, unless stated otherwise.
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