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HDAC5 Loss Impairs RB Repression of Pro-Oncogenic
Genes and Confers CDK4/6 Inhibitor Resistance in
Cancer
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ABSTRACT
◥

The tumor-suppressor protein RB acts as a transcription repres-
sor via interaction of its pocket domain with an LXCXE motif in
histone deacetylase (HDAC) proteins such as HDAC1. Here, we
demonstrate that HDAC5 deficient for the LXCXE motif interacts
with both RB-N (via an FXXXV motif) and RB-C segments, and
such interactions are diminished by phosphorylation of RB serine-
249/threonine-252 and threonine-821. HDAC5 was frequently
downregulated or deleted in human cancers such as prostate cancer.
Loss of HDAC5 increased histoneH3 lysine 27 acetylation (H3K27-
ac) and circumvented RB-mediated repression of cell-cycle–related
pro-oncogenic genes. HDAC5 loss also conferred resistance to

CDK4/6 inhibitors such as palbociclib in prostate and breast cancer
cells in vitro and prostate tumors in vivo, but this effect was
overcome by the BET-CBP/p300 dual inhibitor NEO2734. Our
findings reveal an unknown role ofHDAC5 inRB-mediated histone
deacetylation and gene repression and define a new mechanism
modulating CDK4/6 inhibitor therapeutic sensitivity in cancer cells.

Significance: This study defines a previously uncharacterized
role of HDAC5 in tumor suppression and provides a viable strategy
to overcome CDK4/6 inhibitor resistance in HDAC5-deficent
cancer.

Introduction
The retinoblastoma protein RB is a well-studied tumor suppres-

sor. RB negatively regulates cell-cycle progression by binding to
and inhibiting E2F transcription factor–mediated expression of
cell-cycle genes (1, 2). In response to the stimulation of growth
factor increased expression of D type cyclins and activation of cyclin
D–CDK4/6 complex induce RB phosphorylation in G1 phase of the
cell cycle, and subsequently further activated cyclin E–CDK2 com-
plex promotes hyper-phosphorylation of RB and disruption of RB-
imposed restriction on the activities of E2F transcription factors and
cell-cycle progression (1, 2). Mechanistic studies show that through
the pocket domain in the central portion of the protein, RB binds to
an LXCXE motif in histone deacetylase (HDAC) proteins such as
HDAC1 (3). It is generally accepted that LXCXE motif-dependent

recruitment of HDAC proteins represents an important mechanism
by which RB protein promotes histone deacetylation and gene
silencing (3–5).

In agreement with the pivotal role of D type cyclins in cell-cycle
progression, these proteins are often upregulated in many human
cancers due to gene amplification, chromosomal translocation and
abnormal protein synthesis and degradation (6–8), indicating that
CDK4/6 kinases might be an feasible target for cancer therapy. Indeed,
several CDK4/6 inhibitors have been developed and some of themhave
been approved by the FDA for treatment of solid tumors such as breast
cancer (9). However, CDK4/6 inhibitor resistance often emerges
during cancer treatment and the underlying mechanisms remain
poorly understood (10).

As a family of important epigenetic regulators, HDAC proteins
can be divided into four subgroups based on their homologs in
yeast (11). Class I (HDAC1, 2, 3 and 8), II (HDAC4, 5, 6, 7, 9, 10)
and IV (HDAC11) HDACs are zinc-dependent hydrolases whereas
class III subfamily members (Sirtuins) are NADþ-dependent
hydrolases. Class II HDACs can be further subdivided into class
IIa (HDAC4, 5, 7 and 9) and class IIb (HDAC6 and 10; ref. 12).
Class IIa HDACs are distinct from other HDAC proteins because
of their large molecular weight (120–135 kDa) and limited enzy-
matic activity owing to the replacement of a tyrosine (Y) residue by
a histidine (H) residue in catalytic center (13). Class IIa HDACs
tend to bind but do not directly hydrolyze the acetylated lysine (13).
Further studies also suggest that class IIa HDACs can act as a
reader of acetylated lysine and a scaffold for other HDACs to
complete the deacetylation process (14).

To date, the exact role of HDAC class IIa proteins in cancer
is controversial and not fully elucidated. Some studies show that
HDAC4 expression causes resistance to DNA damage-based platinum
drugs in ovarian cancer (15) and HDAC4 inhibition decreases cell
viability in breast cancer (16). In urothelial cancer, however, HDAC4
expression impedes cell proliferation (17). Overexpression of HDAC5
promotes proliferation, invasion, and survival of lung cancer cells
(18). In contrast, HDAC5 overexpression results in growth
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suppression and apoptosis in osteogenic sarcoma, neuroblastoma, and
breast carcinoma (19).

In our present study, we find that HDAC5 gene is downregulated
in majority of solid tumor types in The Cancer Genome Atlas
(TCGA) database and decreased expression of HDAC5 is attributed
to genomic deletion as shown in prostate cancer patient specimens.
We show that knocking down HDAC5 enhances prostate cancer
cell proliferation and that cell growth inhibitory effect of HDAC5 is
mediated through its interaction with RB and histone deacetylation-
induced repression of cell-cycle–related pro-oncogenic genes. Fur-
thermore, we demonstrate that loss of HDAC5 confers resistance to
CDK4/6 inhibitor and this effect can be overcome by coadminis-
tration of the BET-CBP/p300 dual inhibitor.

Materials and Methods
Cell culture and transfection

C4-2, PC3, MCF7, MDA-MB-231 and 293T cell lines were pur-
chased from the ATCC and authenticated periodically via STR pro-
filing (IDEXX BioResearch). C4-2, PC3 and MCF7 cell lines were
cultured in RPMI-1640 with 10% FBS. MDA-MB-231 and 293T cell
lines were cultured in DMEM with 10% FBS. Cells were cultured in
37�C incubator with 5% CO2. Mycoplasma contamination was reg-
ularly examined using the Lookout Mycoplasma PCR Detection Kit
(Sigma-Aldrich). Plasmocin (InvivoGen) was routinely added to the
cell culture medium to prevent or eliminate Mycoplasma contamina-
tion. Transfections were performed using Lipofectamine 2000
(Thermo Fisher Scientific).

RNA interference
Lentivirus-based control and gene-specific shRNAswere purchased

fromSigma-Aldrich. Viral packaging plasmids (pEXQVand pVSV-G)
and shRNA were transfected into 293T cells. 24 hours after transfec-
tion, culture medium was replaced. 48 hours after transfection,
medium was collected, filtered, and used for cancer cell culture in the
presence of 12 mg/mL of polybrene. Cancer cells were harvested
48 hours after puromycin selection. shRNA sequence information is
provided in Supplementary Table S1.

Quantitative RT-PCR
Total RNA was isolated using TRIzol (Thermo Fisher Scientific).

RNA yield and purity was assessed through NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific). RNAwas reversely transcribed
using Super reverse transcriptase (Thermo Fisher Scientific). Quan-
titative real-time PCR was performed by mixing cDNA, gene-specific
primers and IQ SYRB Green Supermix and detected by iCycler QTX
detection system (Bio-Rad). The 2(�D DCt) method (20) was used to
determine the fold change by normalizing to the level of GAPDH.
Sequence of primers used for RT-qPCR is provided in Supplementary
Table S2.

Coimmunoprecipitation
Cells used for coimmunoprecipitation (co-IP) were harvested and

lysed by IP buffer (50mmol/LTris-HCl, pH 7.4, 150mmol/L NaCl, 1%
Triton X-100, 1% sodium deoxycholate, and 1% protease inhibitor
cocktails) on ice for 30 minutes. Cell lysate was centrifuged for 15
minutes at 13,200 rpm at 4�C, and the supernatant was incubated with
primary antibodies and protein A/G agarose beads (Thermo Fisher
Scientific) at 4�C overnight. The next day, the beads were washed at
least six times with IP buffer on ice, and then subjected to Western
blot analysis.

Western blot
Cells were harvested and lysed by IP buffer. The supernatant

was quantified by BCA protein quantification assay (Thermo Fisher
Scientific). Equal amounts of protein samples were added into sample
buffer (Thermo Fisher Scientific) and boiled for 5 minutes. The
samples were subjected to SDS-PAGE and transferred to nitrocellu-
lose membrane. The membrane was blocked by 5% milk powder in
1 � TBST (137 mmol/LNaCl, 20 mmol/LTris-HCl, pH 7.6, 0.1%
Tween-20) for 1 hour at room temperature and incubated with
primary antibody at 4�C overnight. The next day, the membrane was
washed three times with 1 � TBST and incubated with horseradish
peroxidase–conjugated secondary antibodies for 1 hour at room
temperature. The protein bands were visualized by SuperSignal West
Pico Stable Peroxide Solution (Thermo Fisher Scientific). All the
Western blot experiments were performed twice. The information of
antibodies is provided in Supplementary Table S3.

Glutathione S-transferase pulldown assay
Cells were lysed with lysis buffer (50 mmol/LTris-HCl, pH 7.4,

150 mmol/LNaCl, 1% Triton X-100, 1% sodium deoxycholate and
1% protease inhibitor cocktails) on ice for more than 30 minutes.
Glutathione S-transferase (GST) fusion proteins were immobilized
on glutathione-Sepharose beads (GE Healthcare Lifesciences). After
washing with lysis buffer, the beads were incubated with cell lysates
at 4�C overnight. The beads were washed six times with lysis buffer
and resuspended in sample buffer (Thermo Fisher Scientific). The
bound proteins were subjected to Western blot analysis.

In vitro kinase assay
Plasmid DNA was added to the TNT T7 Quick Master Mix with

1 mLmethionine (1 mmol/L), by following the manufacturer's instruc-
tion of TNT Quick Coupled Transcription/Translation Systems (Pro-
mega). GST recombinant proteins were immobilized on glutathione-
Sepharose beads. After wash with PBS, the beads were incubated with
in vitro transcribed and translated CDKs, human recombinant cyclin
D1 or cyclin E (Promega) and reaction buffer (40 mmol/LTris-HCl,
pH 7.5, 20 mmol/L MgCl2, 0.1 mg/mL BSA, 50 mmol/LDTT) at room
temperature for 1 hour. The beads were washed with PBS and then
incubated with in vitro transcribed and translated HDAC5 for 4 hours.
The beads were then washed six times with PBS and resuspended in
sample buffer (Thermo Fisher Scientific). The bound proteins were
subjected into Western blot analysis.

Cell-cycle analysis
PC3 cells infected with control or HDAC5-specific shRNAs were

harvested after treated with or without palbociclib (5 mmol/L) for
24 hours. Cells were fixed with 70% ethanol on ice for 1 hour and were
washed once in PBS. Cells were resuspendedwith PBS and treatedwith
RNase A at the final concentration of 0.2–0.5 mg/mL) at 37�C for
1 hour. Propidium iodide solution was added to samples at the final
concentration of 10 mg/mL for 30 minutes before flow cytometry
analysis using a FACSCanto flow cytometer. Data were analyzed using
ModFit 5.0 software.

MTS assay
Cell viability was measured using the MTS assay according to the

manufacture's instruction (Promega). 1,000 cells were seeded in each
well of 96-well plates with 100 mL of medium and drugs were added to
medium 24 hours after cells were seeded. After drug treatment, 20 mL
of CellTiter 96R aqueous one solution reagent (Promega) was added to
each well and absorbance was measured in a microplate reader at
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490 nm. The detailed information of chemicals used in this study is
provided in Supplementary Table S4.

Colony formation assay
Cells were plated at a density of 1,500 cells/well in 6-well plates. At

the following day, cells were treated with DMSO or indicated drugs for
4 days and then cultured with freshmediumwithout drugs for another
7 days. Colonies were fixed with methanol and acetic acid (1:3) for
1 hour, and stained with 0.5% crystal violet for 1 hour. The areas of
colonies were quantified using ImageJ, and the area in drug-treated
group was normalized to the control group.

Generation of prostate cancer xenografts in mice
Six-week-old NOD-SCID IL-2-receptor gamma null (NSG) mice

were generated in house and used for animal experiments. The animal
study was approved by the Institutional Animal Care and Use Com-
mittee at Mayo Clinic. All mice were housed in standard conditions
with 12-hour light/dark cycle and access to food and water ad libitum.
PC3 cells (5� 106) infected with lentivirus (in 50mL1�PBS and 50mL
Matrigel; BD Biosciences) were injected subcutaneously into the right
flank of mice. The xenograft size was measured every other day for
21 days and tumor volume was calculated using the formula L�W2�
0.5. Xenografts were harvested once the measurement was completed.

Statistical analysis
Statistical analysis was performed with one-sided or two-sided paired

Student t test for single comparison andone-wayANOVAanda post hoc
test for multiple comparisons. P values of <0.05 are considered statis-
tically significant. All values shown are expressed as means � SD.
JASPAR 2020 (21) was used to identify canonical E2F binding motifs.

Other information related to Materials and Methods
The detailed information of cell lines and recombinant DNA is pro-

vided in Supplementary Table S5. The detailedmethods and information
for RNA-seq, chromatin immunoprecipitation (ChIP)-seq and ChIP-
qPCR are provided in Supplementary Materials and Methods and
Supplementary Tables S6 and S7.

Results
HDAC5 loss confers resistance to CDK4/6 inhibitor

To elucidate the role of class I and II HDACs in oncogenesis, we
examined their expression in human cancers. We found that class I
and IIb HDAC genes were upregulated in the TCGA cohort of
prostate cancers (Fig. 1A; Supplementary Fig. S1A). In contrast, two
class-IIa HDAC members (HDAC4 and HDAC5) were significantly
downregulated in prostate cancer specimens compared with normal
tissues in the TCGA cohort (Fig. 1A; Supplementary Fig. S1A).
Comparison of HDAC5 mRNA expression in paired normal and
tumor samples further showed that HDAC5 gene was significantly
downregulated in tumors (Supplementary Fig. S1B). In agreement
with gene expression data, the frequency (7%) of HDAC5 gene
deletion was much higher than other HDAC IIa genes in prostate
cancer specimens of the TCGA cohort (Fig. 1B). Furthermore, pan-
cancer survey of HDAC5 gene expression showed that HDAC5
mRNA level was lower in tumors compared with normal tissues in
the majority (approximately 61%, 11 out of 18) of cancer types
examined (Fig. 1C). These data indicate that the HDAC5 gene is
downregulated or deleted in a subset of human cancers, including
prostate cancer and breast cancer.

Next, we sought to use prostate cancer cells as a working model to
determine whether loss of HDAC5 affects the sensitivity of cancer cells

to drugs or pathway inhibitors in clinical use, trials or in preclinical
testing, which include BET, PARP, CDK4/6, andHDAC inhibitors. To
this end, we generatedHDAC5-deficient PC3 prostate cancer cell lines
by two independent HDAC5-specific shRNA (Fig. 1D). Among the
drugs and pathway inhibitors tested, we found that HDAC5-deficient
cells were very sensitive to HDAC inhibitor Vorinostat (SAHA), but
highly resistant to CDK4/6 inhibitor palbociclib (IC50 changed from
1.959 mmol/Lto 9.659 and 7.957 mmol/L; Fig. 1E and F). HDAC5
deficiency-mediated palbociclib resistance was also observed in anoth-
er prostate cancer cell line C4–2 (IC50 altered from 2.690 mmol/L to
8.997 and 9.665 mmol/L; Fig. 1D and F). Palbociclib resistance in
HDAC5-deficient PC3 and C4–2 cells was confirmed by both colony
formation and MTS assays (Fig. 1G and H). The resistance to
palbociclib caused by HDAC5 deficiency was further confirmed by
the selective HDAC5 inhibitor LMK235 (Supplementary Fig. S1C–
S1E). These data indicate that loss of HDAC5 confers resistance to the
CDK4/6 inhibitor palbociclib in prostate cancer cells.

We further examined the impact of HDAC5 loss on palbociclib
resistance in other cancer types. We demonstrated that knockdown
(KD) of HDAC5 in estrogen receptor (ER)–positive breast cancer cell
line MCF7 promoted cell growth and conferred resistance to palbo-
ciclib (Supplementary Fig. S2A–S2D). In contrast, KD of HDAC5 in
ER-negative breast cancer cell line MDA-MB-231 inhibited cell
growth, but showed no significant impact on cell sensitivity to palbo-
ciclib treatment (Supplementary Fig. S2A–S2D). Moreover, we found
that in TCGA breast cancer database expression of ESR1 mRNA
(encoding ER) positively correlated with the level of CCND1 gene
(encoding cyclin D1), a known ER-regulated gene (Supplementary
Fig. S2E; ref. 22). Importantly, the CCND1 mRNA levels were signif-
icantly higher in ER-positive breast cancer than those in ER-negative
counterparts in the TCGA database (Supplementary Fig. S2F). These
data suggest that HDAC5 loss-mediated palbociclib resistance could
also occur in breast cancer, especially in the ER-positive subtype, which
can be explained, at least partially by the observation that CCND1
expression level is much higher in ER-positive breast cancers than that
in ER-negative counterparts. This finding is highly relevant because
palbociclib has recently been approved for the treatment of ER-
positive breast cancer (23).

HDAC5 binds RB and their interaction is enhanced by
palbociclib treatment

As the CDK4/6 inhibitor palbociclib induces cell-cycle arrest by
blocking the G1-to-S phase transition (24), we were interested to
explore whetherHDAC5deficiency could affect cell-cycle progression.
We demonstrated that HDAC5 KD alone in PC3 cells decreased the
percentage of cells in G1 (Fig. 2A). As expected, treatment of cells with
palbociclib significantly increased cell numbers in G1 and decreased
cell numbers in S phase; however, such effects were almost completely
reversed by HDAC5 KD (Fig. 2A), indicating that HDAC5 could be a
keymediator of CDK4/6 inhibition-inducedG1 cell-cycle arrest. Given
that the effect of CDK4/6 inhibition on cell-cycle arrest is largely
mediated through RB and its related proteins p107 and p130 (25), we
aimed to determine the impact of HDAC5 KD on the RB signaling
pathway. We found that depletion of HDAC5 in both PC3 and C4–2
cells had no obvious effect on expression of RB family proteins and
their binding partners such as E2F1 and E2F2 regardless of palbociclib
treatment (Fig. 2B; Supplementary Fig. S3A). We further examined
whether HDAC5 protein interacts with any member of the RB/E2F
pathway. co-IP analysis demonstrated that RB, p107 and p130, but not
E2F1 and E2F2 proteins were coimmunoprecipitated by ectopically
expressed Flag-tagged HDAC5 in PC3 cells (Fig. 2C). Notably,
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Figure 1.

Loss ofHDAC5 confers resistance toCDK4/6 inhibitor.A,Heatmap showing the comparison ofHDAC family [except III (Sirtuins) subfamily] gene expression between
normal and tumor tissues in TCGA PRAD database. B,Analysis of genomic alterations of HDAC Class IIa members in TCGA PRAD database. C, Box plots showing the
comparison of HDAC5 gene expression between normal and tumor tissues of different cancer types in TCGAdatabase.D,Western blot analysis shows theHDAC5KD
efficiency inbothPC3 andC4–2 cells.E,Heatmap shows the normalized IC50 ratio of different inhibitors determinedbyMTSassay inPC3 cells.F–H,PC3 andC4–2 cells
were infected with lentivirus expressing control or HDAC5-specific shRNAs as in D. After 48 hours infection, the first set of cells was treated with different doses of
palbociclib for 48 hours and cell viability was measured by MTS assay (F). The second set of cells was used for the colony formation assay and photographed and
quantified using ImageJ (G). Data are shown as mean� SD (n¼ 3). The third set of cells was used to measure cell proliferation rate over a time course (H). Data are
shown as mean � SD (n ¼ 6). n.s., not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Figure 2.

HDAC5 binds RB and their interaction is enhanced by palbociclib treatment.A, PC3 cells were infected with indicated lentivirus. Forty-eight hours after infection, the
cells were treated with or without palbociclib (5 mmol/L) for 24 hours and harvested for cell-cycle analysis by FACS. Data are shown as mean� SD (n¼ 3), n.s., not
significant; � , P < 0.05; �� , P < 0.01. B, PC3 cells infected with indicated lentivirus. Forty-eight hours after infection, cells were treated with palbociclib (5 mmol/L) for
24 hours and harvested forWestern blot.C, PC3 cellswere transfectedwith the indicated plasmids for 24 hours and harvested for co-IP andWestern blot.D,Western
blot analysis of whole-cell lysate (input) and co-IP samples from PC3 cells. Cells were transfected with indicated plasmids. One day after transfection, cells were
treated with DMSO or palbociclib (5 mmol/L) for 24 hours and harvested for co-IP andWestern blot. E,Western blot analysis of reciprocally coimmunoprecipitated
endogenous HDAC5 and RB proteins in PC3 cells. F, Schematic diagram depicting a set of GST-RB recombinant protein constructs. G, Western blot analysis of
HDAC5 proteins in PC3 whole-cell lysate pulled down by GST or GST-RB recombinant proteins. H, Schematic diagram shows a set of GST-HDAC5 recombinant
protein constructs. I–K,Western blot analysis of full length RB protein (I) or SFB-tagged RBN protein (J) and SFB-tagged RBC protein (K) in PC3 whole-cell lysate
pulled down by GST or GST-HDAC5 recombinant proteins.
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palbociclib treatment largely enhanced HDAC5 interaction with RB,
but not p107 and p130 (Fig. 2D; Supplementary Fig. S3B). HDAC5–
RB interaction was further confirmed at the endogenous level via
reciprocal co-IP in both PC3 and C4–2 cell lines (Fig. 2E; Supple-
mentary Fig. S3C). Intriguingly, we found that besides HDAC5, RB
also binds to other class IIa HDAC members (HDAC4, 7, and 9;
Supplementary Fig. S3D). These data suggest that HDAC5 interacts
with RB and their interaction is negatively regulated by CDK4/6.

By performing GST pulldown assays, we showed that both N- and
C-terminal (RB-N andRB-C), but not themiddle (RB-M) fragments of
RB specially bind to HDAC5 protein (Fig. 2F andG). Using reciprocal
GST pulldown assays, we demonstrated that the middle portion of
HDAC5 containing NLS and DAC domains interacted with the full-
length RB (Fig. 2H and I). Further analysis showed that the NLS and
DAC domains of HDAC5 interact with RB-C and RB-N, respectively
(Fig. 2J and K).

S249/T252 and T821 phosphorylation on RB are important for
RB-HDAC5 interaction

Our finding that palbociclib treatment largely enhanced HDAC5
and RB interaction prompted us to determine whether CDK4/6
phosphorylation of RB impairs RB binding with HDAC5. We treated
PC3 cell lysate with or without l protein phosphatase and incubated
the cell lysate with GST–HDAC5 recombinant proteins GST–
HDAC5–NLS (interacts with RB-C) and GST–HDAC5–DAC (inter-
acts with RB-N).We found thatl phosphatase treatment enhanced RB
interaction with both NLS and DAC of HDAC5 (Fig. 3A), indicating
that RB phosphorylation diminishes HDAC5 interaction with both
RB-N and RB-C.

Because both CDK4/6 and CDK2 can phosphorylate RB despite on
different residues (26), we examined whether CDK2 phosphorylation
of RB is important for HDAC5–RB interaction. We treated 293T cells
with CDK4/6 inhibitor palbociclib (positive control) and roscovitine
and flavopiridol, two compounds inhibiting multiple CDKs, including
CDK2. Similar to the effect of palbociclib, both roscovitine and
flavopiridol treatment enhanced the interaction between HDAC5 and
RB (Fig. 3B). We noticed that at least serine and threonine phos-
phorylation on HDAC5 was not obviously affected by any CDK
inhibitor we examined (Fig. 3B). Consistent with the GST–HDAC5
pulldown results, these data further suggest that RB phosphorylation
by CDK4/6 and CDK2 is important for HDAC5–RB interaction. In
support of this notion, we found that HDAC5–RB interaction was
largely enhanced by RB phosphorylation-resistant mutant RBDCDK,
in which 15major CDK phosphorylation sites weremutated to alanine
(Supplementary Fig. S3E; ref. 27). There are four major reported CDK
phosphorylation sites in RB-N (Fig. 3C; ref. 26). We generated
phospho-mimicking mutants of RB-N by mutating four CDK sites
into aspartic acid (D) individually or two together.GSTpulldown assay
showed that only S249D/252D mutant, but not other site mutations
decreased RB-N binding of HDAC5 (Fig. 3D). Consistent with the
finding that S249/T252 can be phosphorylated by CDK4/6, phosphor-
ylation of GST–RB-N recombinant protein by cyclin D1–CDK4
complex in vitro diminishedHDAC5–RB-N interaction, but this effect
was abolished by the phosphorylation-resistant mutant S249A/T252A
(Fig. 3E). Furthermore, co-IP assays showed that RB-N S249A/T252A
mutant had higher, but RB-N S249D/T252D mutant had less inter-
actionwithHDAC5 comparedwith unmutated RB-N (Supplementary
Fig. S3F). These data provide a plausible explanation as to why
palbociclib treatment specifically enhances HDAC5 interaction with
RB, but not p107 or p130 because CDK4/6 phosphorylation sites
present in RB-N are not conserved in p107 and p130 (28).

There are five major CDK phosphorylation sites identified in RB-C
(Supplementary Fig. S4A; ref. 29). We also performed mutagenesis
analysis for RB-C and found that only the T821D phospho-mimicking
mutant, but not S795D, S807D/S811D and S826DdiminishedHDAC5
binding with RB-C (Supplementary Fig. S4B and S4C), and T821A
mutant of SFB–RB-C also binds more HDAC5 compared with wild
type SFB–RB-C (Supplementary Fig. S4D). T821 is a known CDK2
phosphorylation site (29). Phosphorylation of T821 by cyclin E–CDK2
via in vitro kinase assay decreased HDAC5–RB binding and this effect
was abolished by phosphorylation-resistant mutant T821A (Supple-
mentary Fig. S4E). In agreement with these observations, co-IP
analysis showed that S249A/T252A or T821A alone enhanced
HDAC5–RB interaction in PC3 cells and their interaction was further
augmented by the triple mutant S249A/T252A/T821A (Supplemen-
tary Fig. S4F). Together, our data indicate that activation of CDK4/6
andCDK2 impairsHDAC5 interactionwith RB-N andRB-C via S249/
T252 and T821 phosphorylation, respectively.

Previous studies identify an FXXXV motif (X represents any
unspecified amino acid) in two RB-binding partners that is important
for their binding with RB-N (28, 30). We found that HDAC5 harbors
several putative FXXXV motifs in RB-interacting regions, including
DAC domain and the segment between NLS and DAC domain. We
generated Flag-HDAC5-DDACdeletionmutant by only deletingDAC
domain (Fig. 3F). Using co-IP assay, we demonstrated that deletion of
the DAC domain largely diminished HDAC5 binding with RB
(Fig. 3G), indicating that the DAC domain is important for HDAC5
binding with RB and the effect is likely mediated through RB-N
because this portion of RB binds to HDAC5 DAC domain
(Fig. 2J). There are three putative FXXXV motifs in the DAC domain
(Fig. 3H), and GST pulldown assay revealed that only DFV-3 mutant
(deletion of 952FSPDV956 motif), but not DFV-1 and DFV-2 largely
diminished HDAC5–RB interaction (Fig. 3I). Because there are two
negatively charged residues (aspartic and glutamic acid) around the
evolutionally conserved 952FSPDV956 motif (Fig. 3J), we sought to
determine whether these negatively charged amino acids would influ-
ence HDAC5–RB binding. We converted the two negatively charged
residues glutamic acid (E) 951and aspartic acid (D) 955 into alanine (A
mutant) or positively charged arginine (R mutant; Fig. 3K). GST
pulldown assay showed that Amutant binding of RBwas stronger than
WT whereas R mutant binding was even greater (Fig. 3L). These data
provide a plausible explanation for the observation that introduction of
negative charge by S249/T252 phosphorylation in RB-N largely
decreased RB-N interaction with HDAC5 DAC domain (Fig. 3D)
because this domain contains two negative charges in the 952FSPDV956

motif (Fig. 3M). This hypothetical model (Fig. 3M) also explains why
CDK4/6 inhibitor treatment or CDK phosphorylation-resistant
mutant DCDK largely enhances RB-HDAC5 interaction (Fig. 2D;
Supplementary Fig. S3E).

HDAC5 loss dampens RB-mediated histone deacetylation
It has been shown previously that RB represses gene expression via

regulation of chromatin deacetylation and condensation (31, 32).
Because RB phosphorylation impairs HDAC5–RB interaction, we
sought to determine whether inhibition of RB phosphorylation by
CDK inhibitors affects histone acetylation and if so, whether HDAC5
plays any role in this process. To this end, we first examined the effect
of three different CDK inhibitors on acetylation of pan histone H3 and
H4 and certain specific residues such as H3K27-ac that are associated
with transcription activation. We found that these CDK inhibitors
largely decreased H4 acetylation and residue-specific acetylation,
especially H3K27-ac (Fig. 4A). In agreement with this observation,
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Figure 3.

S249/T252 phosphorylation is important for RB–HDAC5 interaction. A, Western blot analysis of HA-RB proteins in PC3 whole-cell lysate treated with PBS or
l-phosphatase, followed by pulldownwith GST or GST-HDAC5 recombinant proteins.B,Western blot analysis of whole-cell lysate and co-IP samples from PC3 cells
transfected with indicated plasmids for 48 hours and treated with indicated drugs for 24 hours. Ros, roscovitine; Palbo, palbociclib; Flav, flavopiridol. C, Schematic
diagram depicting CDK phosphorylation sites on RB-N. D,Western blot analysis of proteins pulled down by WT or mutant GST-RB-N recombinant from whole-cell
lysate of PC3 cells transfected with Flag-HDAC5. E, Western blot analysis of in vitro transcribed and translated HDAC5 proteins pulled down by GST-RB-N. GST
recombinant proteins were inoculated with purified CYCLIN D1 and CDK4 for in vitro kinase assay prior to GST pull-down assay. F, Schematic diagram depicting the
construction of full-lengthHDAC5andHDAC5DDACmutant.G,Western blot analysis ofwhole-cell lysate and co-IP samples fromPC3 cells transfectedwith indicated
plasmids for 48 hours. H, Schematic diagram depicting putative RB-interacting FXXXV motifs within the DAC domain of HDAC5. I, Western blot analysis of RB
proteins in PC3WCL pulled down by GST or GST-HDAC5-DACWT and truncation mutants. J, Schematic diagram depicting the acidic amino acid (negative charge)
around the identified FXXXVmotif in HDAC5 DAC domain (952FSPDV956).K, Schematic diagram depicting GST-taggedwild-type (WT) HDAC5-DAC and alanine (A)
and arginine (R) mutations in the FXXXV motif (952FSPDV956). L, Western blot analysis of RB proteins in PC3 whole-cell lysate pulled down by indicated GST
recombinant proteins.M, Schematic diagramdepicting aworkingmodelwherein introduction of negative charge by S249/T252 phosphorylation (circled P letters) in
RB-N impedes its interaction with negatively charged 952FxxxV956 motif in HDAC5. This process is reversed by depletion of RB-N phosphorylation due to CDK4/6
inhibition.
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Figure 4.

HDAC5 loss dampens RB-mediated histone deacetylation.A,Western blot analysis of whole-cell lysates from PC3 and C4-2 cells treated as indicated for 24 hours.B,
Western blot analysis ofwhole-cell lysates fromPC3 cells 48 hours after infectionwith indicated shRNAs.C,Western blot analysis ofwhole-cell lysates fromPC3 cells
48 hours after infection with indicated shRNAs and treated with indicated inhibitors for 24 hours. D, Relative intensity of H3K27-ac as determined by Western blot
analysis in whole-cell lysates of PC3 cells infected by indicated shRNAs for 48 hours and treated with palbociclib (5 mmol/L) for 24 hours. The relative intensity was
determined by normalizing the H3K27-ac intensity in shHDAC cells to that of shNC cells in the present of palbociclib treatment. E,Western blot analysis of whole-cell
lysates fromPC3 andC4-2 cells infectedwith lentivirus for indicated shRNAs for 48hours and treatedwith indicated drugs for 24hours.F andG,Western blot analysis
of whole-cell lysates from PC3 and C4-2 cells treated with indicated drugs for 24 hours. H,Western blot analysis of whole-cell lysates from PC3 cells infected with
indicated shRNAs. I,Western blot analysis of whole-cell lysates from PC3 cells infectedwith indicated shRNAs and treatedwith indicated drugs for 24 hours. J andK,
PC3 cells infected with lentivirus expressing indicated shRNAs were transfected with indicated plasmids and treated with indicated drugs for 24 hours, followed by
Western blot analysis. L, Schematic diagram depicting a working model wherein CDK phosphorylation of RB impairs HDAC5 recruitment H3K27 deacetylation, but
this process is reverse by CDK inhibitors (CDKi).
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we demonstrated that RB KD not only markedly increased H3K27-ac
in mock-treated PC3 cells, but also largely attenuated palbociclib or
roscovitine-induced inhibition of H3K27-ac (Fig. 4B and C; Supple-
mentary Fig. S5A and S5B). These data and reports in literature
indicate that RB promotes chromatin condensation via mediating
histone deacetylation and that CDK4/6 and CDK2 act as negative
regulators of this process.

To determine whether any HDAC family member is involved in
CDK inhibitor-induced downregulation of H3K27-ac, we individually
knocked down 11 members of the HDAC family (except Sirtuins—
members of the class III HDAC subfamily) in PC3 cells. RT-qPCR
analysis showed that each HDAC was effectively knocked down by
approximately 50% (Supplementary Fig. S5C). Importantly, we found
that KD of HDAC IIa members, especially HDAC5 alone not only
increased the steady-state level ofH3K27-ac inmock-treated PC3 cells,
but also largely blocked palbociclib inhibition of H3K27-ac (Fig. 4D
and E; Supplementary Fig. S5D–S5M). A similar result was obtained
when HDAC5 was knocked down in C4-2 cell line (Fig. 4E). Con-
sistent with the effect of HDAC5 depletion, treatment of the pan
HDAC inhibitor SAHA and the HDAC class IIa-specific inhibitor
TMP195 also circumvented palbociclib-induced H3K27 deacetylation
whereas no such effect was observed by treatment of cells with the
HDAC3-specific inhibitor RGFP966 or the HDAC6 selective inhibitor
Tubastatin A (Fig. 4F). TMP195 treatment also hindered the inhib-
itory effect of CDK inhibitors roscovitine and flavopiridol on H3K27-
ac level (Fig. 4G), in agreement with the observation that roscovitine
and flavopiridol treatment enhanced HDAC5–RB interaction
(Fig. 3B). Collectively, these data indicate that class IIa HDAC
members, especially HDAC5, play a vital role in RB-mediated histone
deacetylation.

To further define the role of HDAC5 in RB regulation of H3K27-ac
level, we knocked down HDAC5 and RB individually or together in
PC3 cells and examined their effect on H3K27-ac level. We found that
under comparable KD efficiency (Supplementary Fig. S5N), RB KD
resulted in a much greater increase in H3K27-ac than HDAC5 KD
(Fig. 4H). One possible explanation of this observation is that besides
HDAC5 RBmay also work in concert with other HDAC proteins such
as the rest of HDAC IIa family members. This interpretation is also
supported by the findings that other HDAC IIa members also affected
H3K27-ac and that these proteins interacted with RB (Fig. 4D;
Supplementary Fig. S3D). Another possibility is that PC3 cells are
highly proliferative andmajority of RB proteins are likely in hyperpho-
sphorylated (inactive) form, which restricts RB interaction with
HDAC5 (Figs. 2 and 3). This notion is supported by our finding that
HDAC5 KD-induced H3K27-ac elevation was comparable with the
effect of RB KD in palbociclib-treated PC3 cells (Fig. 4I). Rescue
experiments further showed that both RB andHDAC5 are essential for
palbociclib inhibition of H3K27-ac in PC3 cells (Fig. 4J), but no rescue
effect was observed for the phospho-mimicking mutant RB-S249D/
T252D, which impairs RB binding with HDAC5 (Figs. 3D and 4K).
Together, our data support a model where inhibition of RB phos-
phorylation by CDK inhibitors promotes histone deacetylation,
including inhibition of H3K27-ac due to enhanced RB interaction of
HDAC5 (Fig. 4L).

HDAC5 represses a subset of cell-cycle–related pro-oncogenic
genes via H3K27-ac deacetylation

Because palbociclib treatment decreases H3K27-ac level by enhanc-
ing HDAC5 interaction with RB, we hypothesized that HDAC5 is
essential for RB-mediated gene repression under the condition of
palbociclib treatment. We performed RNA-seq analysis in control or

HDAC5 KD PC3 cells treated with or without palbociclib. We also
performed H3K27-ac ChIP-seq in mock or palbociclib-treated PC3
cells. We first identified a subset of 336 genes expression, which was
repressed by palbociclib treatment and its downregulation was asso-
ciated with palbociclib-induced decrease of H3K27-ac level at their
promoters (Fig. 5A andB). Through further analysis of RNA-seq data,
we identified 65 palbociclib-repressed genes expression, which was
reversed by HDAC5 KD in PC3 cells (Fig. 5C and D). Gene set
enrichment analysis (GSEA) and pathway enrichment (Kyoto Ency-
clopedia of Genes and Genomes, KEGG) analysis showed that most of
the 65 genes coregulated by palbociclib and HDAC5 are enriched in
the processes of cell cycle and oncogenesis (Fig. 5E and F). These data
indicate thatHDAC5 loss can lead to the upregulation of genes that are
involved in oncogenesis and can overcome palbociclib-induced G1

cell-cycle arrest, thereby promoting oncogenic cell growth. RNA-seq
and ChIP-seq results of the 65 target genes are exemplified by 4
oncogenic-related genes, including NCAPG, KIF11, CLSPN, and
CENPF (Fig. 5G; refs. 33–36). ChIP-qPCR analysis confirmed that
the H3K27-ac level in the promoters of these four target genes was
significantly downregulated by palbociclib treatment, but such effects
were impeded by HDAC5 KD (Fig. 5H). Regulation of expression of
these genes by palbociclib and HDAC5 was further confirmed by RT-
qPCR (Fig. 5I; Supplementary Fig. S5O). Notably, RNA-seq, ChIP-
qPCR, and RT-qPCR data invariably showed that HDAC5 KD cannot
completely reversed palbociclib treatment-induced suppression of the
target genes examined (Fig. 5G–I). This effect could presumably be
mediated by either incomplete depletion of HDAC5 (Supplementary
Fig. S5O). Nevertheless, these data indicate that HDAC5 loss increases
H3K27ac level at a subset of oncogenic-related genes and thereby
circumvents palbociclib-induced repression of their expression.

We further examined whether palbociclib/HDAC5-repressed genes
are E2F1 targets. Analysis of E2F1 ChIP-seq we generated in PC3
cells (37) showed that a distinct E2F1-binding peak was detectable in
the promoter of NCAPG, KIF11, CLSPN, and CENPF genes (Sup-
plementary Fig. S6A). We further found that these four genes also
harbor a canonical E2F-binding motif in their promoter (Supplemen-
tary Fig. S6A and S6B). Moreover, the vast majority of palbociclib/
HDAC5-repressed genes we identified (63 out of 65, approximately
97%) contain the E2F1-binding site (Supplementary Fig. S6C). Fur-
thermore, we found that expression of the four oncogenic-related
geneswas downregulated after E2F1KD inmock-treated PC3 cells and
most importantly, in palbociclib-treated PC3 cells, KD of HDAC5
increased expression of these genes and these effects were largely
reversed by E2F1 co-KD (Supplementary Fig. S6D and S6E). E2F1
ChIP-qPCR analysis indicated that HDAC5 KD significantly
enhanced E2F1 occupancy at the promoter ofNCAPG,KIF11, CLSPN,
and CENPF genes(Supplementary Fig. S6F). E2F1 binding at these loci
was markedly reduced after palbociclib treatment in both control and
HDAC5 KD cells, although E2F1-binding level at these gene loci in
HDAC5 KD cells remained higher than that in control cells (Supple-
mentary Fig. S6F). Taken together, these data support the notion that
palbociclib/HDAC5 regulation of these oncogenic-related genes is
dependent, at least in part on E2F1.

Next, we assessed the clinical relevance of HDAC5 repressed
oncogenic-related genes. We found that high expression of NCAPG,
KIF11, CLSPN and CENPF mRNA significantly associated with
reduced progress-free survival of patients with prostate cancer in the
TCGA cohort (Fig. 5J). Expression of all four genes was negatively
correlated with HDAC5 mRNA level in the same cohort of patients,
although the Pearson coefficient was within a moderate range (from
�0.37 to�0.26; Fig. 5K). A possible explanation of these results could
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Figure 5.

HDAC5 regulates a subset of cell-cycle–relatedoncogenic genesviaH3K27-ac.A andB,Venndiagram (A) andheatmap (B) show the results of genome-wide analysis
of RNA-seq andChIP-seq data revealing 336genes that are downregulated and associatedwith decreasedH3K27-ac after palbociclib treatment in PC3 cells.C andD,
Venn diagram (C) and heatmap (D) show the results of analysis of RNA-seq data, indicating 65 out of 336 palbociclib-downregulated genes whose expression was
reversedbyHDAC5KD inPC3 cells.E,GSEAof 65 target genes coregulatedby palbociclib andHDAC5 as shown inD, and detailed result is provided in Supplementary
Table S8. F, KEGG-based pathway enrichment analysis of 65 target genes shown inD.G,UCSC Genome Browser screenshots of RNA-seq and ChIP-seq tracks of the
palbociclib and HDAC5 cotarget genes. H and I, ChIP-qPCR analysis of H3K27-ac enrichment at the promoter of indicated genes (H) and RT-qPCR analysis of mRNA
expression of these genes (I) in PC3 cells. Cells were infected with indicated shRNAs for 48 hours and treatedwith DMSO or palbociclib (5 mmol/L) for 24 hours. Data
are shown as mean � SD (n ¼ 3). ��, P < 0.01; ��� , P < 0.001. J, Kaplan–Meier plots showing the significant association of exemplified genes with progression-free
survival of patients in TCGA PRAD database. K, Correlation analysis of mRNA level between HDAC5 and exemplified genes in TCGA PRAD database.
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be that these patients have not been treated with the CDK4/6 inhibitor.
We further showed that only expression of HDAC5 but not HDAC4, 7
and 9 significantly inversely correlated with the level of all these four
genes in the TCGA prostate cancer database (Supplementary
Fig. S6G), further highlighting the importance ofHDAC5 in regulating
oncogenic-related genes in prostate cancer patient samples.

BET-CBP/p300 dual inhibition overcomes CDK4/6 inhibitor
resistance in HDAC5-deficient cells in vitro and in vivo

Binding of acetylated histones such as H3K27-ac by bromodomain
proteins such as bromodomain and extra terminal (BET) family
proteins (e.g., BRD4), CBP and p300 is essential for gene transactiva-
tion (38). As described above, palbociclib treatment promotes RB-
dependent deacetylation of H3K27-ac, and the deacetylation process is
mediated, at least in part by HDAC5 (Fig. 4; Supplementary Fig. S5).
Palbociclib treatment enhances RB binding with HDAC5 (Figs. 2
and 3), resulting in H3K27-ac deacetylation and gene repression,
whereas loss of HDAC5 circumvents this inhibitory mechanism and
confers palbociclib resistance (Figs. 1 and 5). On the basis of these
findings, we sought to determine whether the newly reported BET-
CBP/p300 dual inhibitor NEO2734 (39) could prohibit H3K27-ac
elevation-induced oncogenic-related gene expression and palbociclib
resistance caused byHDAC5 loss.We found that similar to the effect of
palbociclib, NEO2734 treatment substantially decreased H3K27-ac
level and BRD4 binding at the RB/HDAC5 cotarget gene loci, includ-
ing NCAPG, KIF11, CLSPN and CENPF in control (shNC) PC3 cells;
however, the effect was greater after cells were co-treated with
NEO2734 and palbociclib (Fig. 6A). In contrast, palbociclib alone
failed to drastically decrease H3K27-ac level and BRD4 binding at
those four gene loci inHDAC5-KD cells, but such defect was overcome
by co-treatment of NEO2734 and palbociclib (Fig. 6A). Similar to the
effects on H3K27-ac and BRD4 binding, NEO2734 inhibited expres-
sion of NCAPG, KIF11, CLSPN and CENPF genes at mRNA level in
both control and HDAC5 KD cells (Fig. 6B). These data indicate that
dual inhibition of BET-CBP/p300 by NEO2734 effectively circum-
vents the surge in oncogenic-related gene expression caused by
HDAC5 loss.

We also performed MTS assays in both PC3 and C4-2 cells and
found that the IC50 of palbociclib wasmuch higher inHDAC5KDcells
than control KD cells; however, this effect was revered by co-treatment
of NEO2734 (Fig. 6C). Using colony formation assay, we further
confirmed that although palbociclib or NEO2734 treatment alone had
equivalent inhibition of growth of HDAC5-proficient PC3 and C4-2
cells, HDAC5 KD cells were much more resistant to palbociclib than
NEO2734 (Fig. 6D). Importantly, the palbociclib resistance was
abolished by co-treatment with NEO2734 (Fig. 6D). Similar results
were obtained from cell viability assays in PC3 cells (Fig. 6E). Con-
sistent with the in vitro results, we found that HDAC5-deficient PC3
xenografts were very resistant to palbociclib compared with control
tumors, but the resistance was overcome by NEO2734 co-
administration (Fig. 6F–H). These data suggest that HDAC5 loss
results in palbociclib-resistant growth of prostate cancer cells in vitro
and in vivo and this effect can be overcome by coadministration of the
BET-CBP/p300 dual inhibitor.

Discussion
RB is known to bind to class I HDACs such as HDAC1 through

direct binding of the pocket domain of RB and an LXCXE motif in
HDAC1 (3) or RB phosphorylation-dependent recruitment of
HDAC1/2 via the NuRD complex (26). Apart from these well-

characterized interactionmechanisms between RB and class I HDACs,
we demonstrate that HDAC5 binds to RB N terminal (RB-N) and C
terminal (RB-C) regions and that HDAC5 binding of RB-N is medi-
ated through an FXXXV motif (952FSPDV956). Consistent with pre-
vious reports (28, 30), we further show that the charges of residues
surrounding the FXXXV motif in the RB binding partner protein are
critical for either enhanced or interrupted binding of the FXXXVmotif
with S249/T252-phosphorylated RB-N. In agreement with the obser-
vation that there are two negatively charged residues (E951 and D955)
next to or within the FXXXV motif (952FSPDV956), HDAC5 interac-
tion with RB-N was diminished by CDK4/6-mediated S249/T252
phosphorylation (negative charge) of RB-N. These findings also
provide a mechanistic explanation for the phenomenon that CDK4/
6 inhibitor palbociclib treatment largely enhances HDAC5-RB inter-
action. Thus, we identify a previously uncharacterized functionalmotif
that facilitates RB interaction with HDAC proteins and thereby
represents a newmechanism of RB regulation of histone deacetylation
and cell growth (Fig. 7A).

Another major finding of our current study is the identification of a
previously unappreciated vital co-repressor function ofHDAC5 inRB-
mediated silencing of cell-cycle–related oncogenic genes. We demon-
strate that HDAC5 can bind to RB, p107 and p130, but CDK4/6
inhibition only specially increases HDAC5 binding with RB, but not
other pocket proteins. This result is consistent with our data that RB
phosphorylation on S249/T252 by CDK4/6 and T821 by CDK2
impedes RB binding with HDAC5. These findings provide a plausible
explanation to our observation that CDK inhibitors induce H3K27-ac
deacetylation by enhancing RB recruitment of HDAC5 (Fig. 7A). The
importance of RB phosphorylation by CDKs in RB–HDAC5 interac-
tion has potential clinical applications. We provide evidence that
CDK4/6 inhibition specifically enhances the HDAC5 interaction with
RB, but not other RB-like proteins p107 and p130 and in turn induces
chromatin deacetylation and silencing of cell-cycle–related oncogenic
genes. Notably, HDAC5 gene expression is often downregulated in
multiple solid tumors or often homozygously deleted in human
cancers (e.g., deleted in approximately 7% TCGA patients with
prostate cancer). Importantly, we show that depletion of HDAC5
confers resistance to the CDK4/6 inhibitor palbociclib by disrupting
palbociclib-induced histone deacetylation and suppression of onco-
genic gene expression. Thus, we envision a model where HDAC5-
deficient cancer cells are intrinsically resistance to the CDK4/6 inhi-
bitors such as palbociclib, and therefore could serve as a biomarker to
guide the clinical use of CDK4/6 inhibitor (Fig. 7B).

BET family members are bromodomain-containing proteins that
activate transcription by recognizing acetylated histones such as
H3K27-ac and promoting the recruitment of RNA polymerase II at
gene promoters and enhancers (40). CBP and p300 belong to another
subfamily of bromodomain proteins. They modulate transcription via
working as epigenetic “readers” via their bromodomain and as histone
acetyltransferases (epigenetic “writers”) via their SET domain to
catalyze H3K27-ac and other histone acetylation (41). In agreement
with these findings, we demonstrate that increased gene expression
and palbociclib resistance caused by histone hyperacetylation due to
HDAC5 loss are vulnerable to BET or CBP/p300 bromodomain
inhibitors. We recently reported a dual inhibitor of BET-CBP/p300
(NEO2734) that can effectively override BET inhibitor resistance
caused by elevated BET proteins in SPOP-mutated prostate cancer
cells (39, 42). Similar to the effects in BET-overexpressing cells, we
found that HDAC5-deficient cells are also highly sensitive to the BET-
CBP/p300 dual inhibitor. More importantly, we demonstrate that co-
administration of this dual inhibitor overcome CDK4/6 inhibitor
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Figure 6.

Dual inhibition of BET-CBP/p300 overcomes CDK4/6 inhibitor resistance in HDAC5-deficient cells in vitro and in vivo. A and B, PC3 cells were infected with
indicated lentivirus for 48 hours and treated with indicated drugs for 24 hours, followed by ChIP-qPCR analysis (A) and RT-qPCR analysis (B). NEO, NEO2734.
Data are shown as mean � SD (n ¼ 3). C, PC3 and C4-2 cells infected with indicated lentivirus for 48 hours, and their IC50 to palbociclib was measured with or
without NEO2734 (2 mmol/L) by MTS assay. Data are shown as mean � SD (n ¼ 6). D, PC3 and C4-2 cells were infected with indicated lentivirus. Forty-
eight hours after infection, cells were used for the colony formation assay, followed by photograph analysis using ImageJ (left) and quantification (right). Data
are shown as mean� SD (n¼ 3). E, PC3 cells infected with indicated shRNAs for 48 hours were treated with indicated drugs before MTS assay. Data are shown
as mean � SD (n ¼ 6). F–H, PC3 cells infected with indicated shRNAs were injected subcutaneously into the right flank of NSG mice and treated with vehicle
(DMSO), palbociclib, NEO2734 or both. Tumor growth was measured every other day for 21 days. Tumors in each group at day 21 were harvested and
photographed (F). Tumor volume at each time point and the weight of harvested tumors are shown in G and H. Data are shown as mean � SD (n ¼ 5). n.s., not
significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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resistance in HDAC5-deficient cells. Therefore, our findings identify
an epigenetic vulnerability in HDAC5-deficient cancer cells that is
targetable by the BET and CBP/p300 dual inhibitor (Fig. 7C).

Class IIa HDACs are generally considered as enzymatic inactive
HDACs due to the amino acid substitution in catalytic center (13).
Instead, they may act as a scaffold to recruit other enzymatic active
HDACs such as class I HDACs to complete the deacetylation pro-
cess (14). To our surprise, we demonstrate that KD of each individual
member of class IIa HDACs, especially HDAC5, completely reversed
palbociclib-induced inhibition of H3K27-ac in prostate cancer cells. In
contrast, KD of each member of class I HDACs only had minimal
impact on H3K27-ac in palbociclib-treated cells. A plausible expla-
nation is that HDAC5 may work in concert with multiple class I
HDAC members to mediate histone deacetylation, but this possibility
warrants further investigation. Nevertheless, our study identifies an
indispensable role of HDAC5 in RB-mediated regulation of H3K27
deacetylation and gene expression.

In summary, our current study revealsHDAC5as a key co-repressor
in RB-mediated gene silencing and this effect is mediated by its
interaction with RB via an FXXXV motif rather than an LXCXE
motif. This process is enhanced byCDK inhibitors such as the CDK4/6
inhibitor palbociclib. However, we demonstrate that HDAC5 is often
genetically deleted or downregulated in human cancers such as

prostate cancer and that loss of HDAC5 confers resistance to palbo-
ciclib due to promiscuous elevation of H3H27-ac and upregulation of
cell-cycle–related oncogenic genes. In agreement with the observation
that HDAC5 deficiency-caused palbociclib resistance is H3K27-ac–
centric, we provide further evidence that palbociclib-resistant cancer
cells are hypersensitive to the coadministration of BET-CBP/p300 dual
inhibitor NEO2734. Our findings not only define an unrevealed role of
HDAC5 in RB-mediated chromatin remodeling and gene silencing,
but also suggest that bromodomain inhibitors represent a new arsenal
to overcome CDK4/6 inhibitor resistance in HDAC5-deficient
cancers.
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