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ORIGINAL ARTICLE

Targeting HDAC3, a new partner protein of AKT in the
reversal of chemoresistance in acute myeloid leukemia via

DNA damage response

J Long'?®, WY Fang'®, L Chang™*%, WH Gao', Y Shen*, MY Jia', YX Zhang', Y Wang', HB Dou', WJ Zhang®, J Zhu', AB Liang?®,

JM Li" and Jiong Hu'

Resistance to cytotoxic chemotherapy drugs remains as the major cause of treatment failure in acute myeloid leukemia. Histone
deacetylases (HDAC) are important regulators to maintain chromatin structure and control DNA damage; nevertheless, how each
HDAC regulates genome stability remains unclear, especially under genome stress conditions. Here, we identified a mechanism by
which HDAC3 regulates DNA damage repair and mediates resistance to chemotherapy drugs. In addition to inducing DNA damage,
chemotherapy drugs trigger upregulation of HDAC3 expression in leukemia cells. Using genetic and pharmacological approaches,
we show that HDAC3 contributes to chemotherapy resistance by regulating the activation of AKT, a well-documented factor in drug
resistance development. HDAC3 binds to AKT and deacetylates it at the site Lys20, thereby promoting the phosphorylation of AKT.
Chemotherapy drug exposure enhances the interaction between HDAC3 and AKT, resulting in decrease in AKT acetylation and
increase in AKT phosphorylation. Whereas HDAC3 depletion or inhibition abrogates these responses and meanwhile sensitizes
leukemia cells to chemotoxicity-induced apoptosis. Importantly, in vivo HDAC3 suppression reduces leukemia progression and
sensitizes MLL-AF9" leukemia to chemotherapy. Our findings suggest that combination therapy with HDAC3 inhibitor and
genotoxic agents may constitute a successful strategy for overcoming chemotherapy resistance.
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INTRODUCTION

Acute myeloid leukemia (AML) is a clonal disorder of hemato-
poietic stem cells characterized by the inhibition of differentiation
and excessive proliferation of cells at various stages of incomplete
maturation.! The general treatment strategy for AML patients has
not changed substantially during the past decades, with the
combination of cytarabine (Ara-C) and an anthracycline as the
chemotherapy backbone. The cytotoxicity of these chemotherapy
agents is primarily mediated by the inhibition of DNA synthesis
and subsequent generation of DNA strand breaks. The extent of
DNA damage induced by these drugs exceeds the DNA repair
capacity of cancer cells, resulting in cell cycle arrest and cell death.
Although the initial complete remission rate can be achieved in
around 70% for patients under the age of 60, drug resistance
developed in a large proportion of these patients, which died of
relapsed and refractory disease eventually.? The clinical efficacy
of chemotherapy agents is severely impaired by intrinsic and
acquired drug resistance. Therefore, characterization of mechan-
isms that contribute to drug resistance and identification of
strategies to tackle the problem may improve the treatment
outcome in AML.

The phosphoinositide 3-kinase (PI3K)/AKT pathway regulates
the fundamental cellular functions and plays a crucial role in
virtually all aspects of leukemia biology, such as cell survival and
proliferation. PI3K/AKT pathway is frequently activated in AML and
associated with a poor prognosis.>™ In a wide range of cancer
cells, elevated PI3K/AKT signaling has been involved in reduced
sensitivity to conventional chemotherapy agents® O’Gorman
et al’” first demonstrated the important role of the PI3K/AKT
pathway in causing resistance to drugs commonly used for AML
treatment. A clinical study also showed that inhibition of AKT
activation correlates with complete response in c-kit-positive
relapsed/refractory AML2 AKT is the center effector of the PI3K
pathway. In response to growth factor signaling, various forms of
cellular stress or oncogenic PI3K pathway mutations, AKT becomes
phosphorylated at two sites Thr308 and Ser473. Besides, AKT can
be regulated by the PI3K-related kinase family member DNA-
dependent protein kinase (DNA-PK), which phosphorylates AKT at
Ser473 in response to DNA damage,’ indicating AKT involves in
the DNA damage response. Since altered DNA damage response is
an important factor for drug resistance development,'®'" AKT
activation may promote cell survival through enhancing the DNA
repair capacity of cancer cells. Therefore, manipulating AKT
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activity in AML chemotherapy might be a good strategy to
increase the chemosensitivity of leukemia cells and reduce the
likelihood of relapsed/refractory AML.

In a variety of cancers, histone deacetylases (HDACs) function
and/or expression is perturbed and is often associated with poor
prognosis.'? In AML, oncogenic fusion proteins can recruit HDACs
to specific gene promoters to drive leukemogenesis.'® Besides,
HDACs can regulate the genome stability by facilitating DNA
damage repair,'* and overexpressed HDACs in cancer cells have
been implicated in protecting cells from genotoxic insults.”> For
example, HDAC3 was essential for DNA damage control and
genome stability maintenance, while deletion of Hdac3 greatly
impaired DNA repair.'® In consistent with this, HDAC inhibitors
have been developed to interfere with DNA damage repair
mechanisms and trigger apoptosis of cancer cells.'>'” However,
the mechanisms by which each HDAC regulates genome stability
remain poorly understood.

Here we demonstrate that common chemotherapy drugs—Ara-C
and doxorubicin (Doxo)-induces HDAC3 upregulation and AKT
activation in AML cell lines, and that HDAC inhibitors dramatically
enhance the cytotoxicity of both drugs. Mechanistically, we
identify that HDAC3 binds to and deacetylates AKT at the site of
Lys20, leading to enhanced activity of AKT, which in turn
promotes the resolution of DNA damage. Following the HDAC
inhibitors exposure, AKT dissociates with HDAC3, and becomes
highly acetylated and less phosphorylated. We propose that the
inhibition of AKT phosphorylation and disruption of DNA damage
repair contributes to the efficacy of combination therapy with
HDAC inhibitors and chemotherapy agents.

MATERIALS AND METHODS

Cell lines and reagents

K562, THP-1 and HEK293T cells were obtained from Shanghai Institute of
Hematology (Shanghai, China), and K562 Doxo-resistant cell line K562/
Doxo was obtained from Institute of Hematology, Chinese Academy of
Medical Sciences (Tianjin, China). THP-1 cells were cultured with 0.1 um Ara-
C for 3 months for promoting Ara-C resistance. K562/Doxo cells were
established by continuous culture of parental K562 cells with increasing
concentrations of Doxo until cells readily grew in the presence of 0.5 pg/ml
Doxo.'® K562, K562/Doxo and THP-1 were cultured in RPMI1640 medium
supplemented with 10% fetal bovine serum, 2 mm L-glutamine and
antibiotics. K562/Doxo was cultured in complete medium with 0.5 pg/ml
Doxo for drug resistance maintenance, and was re-cultured in complete
medium without Doxo for 2 weeks before experiments. HEK293T cells were
cultured in DMEM with 10% fetal bovine serum, 2 mm L-glutamine and
antibiotics. Cells were grown at 37 °C in an atmosphere containing 5% CO,.
Cell lines were authenticated by short tandom repeat profiling before
conducting the experiment and were regularly monitored for the absence
of mycoplasma.

Ara-C was from Pzifer (Shanghai, China). Doxo was from Shenzhen Main-
Luck Pharmaceuticals (Shenzhen, China). The class | HDAC inhibitor
valproic acid (VPA; #P4543) and HDAC3- (#57229) specific inhibitor
RGFP966 were purchased from Sigma-Aldrich (Shanghai, China) and
Selleck (Shanghai, China), respectively. Cell Counting Kit-8 (CCK-8; #CK04)
was from Dojindo (Shanghai, China). Annexin-V—FITC (#556420), Annexin-
V-APC (#550474) and 7-AAD (#559925) were obtained from BD Biosciences
(Shanghai, China). The origins of different antibodies were as follows:
acetylated lysine (#9814), AKT (#4685), p-AKT>%8 (#13038), p-AKT*”? (#4060),
YH2AX (#9718), HDAC1 (#2062), HDAC2 (#2540), Flag (#14793), GFP (#2956)
were from Cell Signaling Technology (Shanghai, China); HDAC3 (ab32369),
HDAC8 (ab187139), p-DNAKcs (ab32566), DNA-PKcs (ab124918), Ku70
(ab92450), Ku80 (ab80592) were from Abcam (Shanghai, China); Actin
(A5441) was from Sigma-Aldrich.

Patient samples

Peripheral blood and bone marrow samples were collected from patients
with de novo or relapsed AML after informed consent. Mononuclear blasts
were isolated through Ficoll (Axis-Shield, Oslo, Norway) density centrifuga-
tion, and cell viability was assessed by Trypan Blue Exclusion Assay. Protocol
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of sample handling and data analysis was approved by Ruijin Hospital Ethics
Committee, and was performed in compliance with the Helsinki Declaration.
Patients information was shown in Supplementary Table.

Mice and leukemia model

Female C57BL/6 mice were obtained from the Shanghai Laboratory Animal
Center, Chinese Academy of Sciences, Shanghai. The mice were housed in
specific pathogen-free conditions at the Research Center for Experimental
Medicine of Rui-Jin Hospital. Mice were between 6 and 8 weeks of age at
the start of the experiments. Sample sizes of more than six animals per
group were sufficient for detecting differences in survival of 20-30% with
statistical significance. Animals were assigned to different groups
randomly. Blinding was not applied in the analysis. All experiments were
carried out according to the National Institutes of Health Guide for Care
and Use of Laboratory Animals.

For leukemia mice model, bone marrow GFP* (MLL-AF9*) cells were
harvested from primary MLL-AF9 leukemia mice and injected into secondary
sublethally irradiated syngeneic normal mice via tail vein. Chemotherapy was
initiated 1 week after transplantation and consisted of five daily doses of Ara-
C (100 mg/kg) together with three doses of Doxo (3 mg/kg).'® VPA (300 mg/
kg) or RGFP966 (20 mg/kg) was also administered once daily 1 week post
transplantation for 5 days. Leukemia progression was monitored weekly by
peripheral blood samples using an automated blood counter and flow
cytometry for the percent of GFP* cells. Mice were killed 21 days post
transplantation and subjected to complete necropsy; Blood, bone marrow
and spleen were analyzed by cell counts and flow cytometry.

Plasmid construction and lentiviral transduction

AKT construct was obtained from Genechem (Shanghai, China), and was
used to generate domain deletion mutants. K562/Doxo cells were
transduced with lentiviral particles carrying human HDAC3-directed short
hairpin  RNA (shRNA) (pLVX-shRNA2, Clontech, Beijing, China), and
tranfected cells were selected from fluorescence activated cell sorting.
For murine Hdac3 knockdown in mice MLL-AF9" leukemia cells, pLVX-
shRNA1 (Clontech) was used, and transduced cells were selected with
1.0 pg/ml puromycin for 24 h. A scramble shRNA was used as a control for
off target effects of shRNA. The sequences were as follows: human
ShHDAC3-1: 5'-ACCTAGTGTCCAGATTCAT-3"; human shHDAC3-2: 5'-ACCCAA
TGAGTTCTATGAT-3’; murine shHdac3: 5'-ACCCGGTGTTGGACATATGAAA-3’;
scramble shRNA: 5-GCGCGCTTTGTAGGATTCG-3'.

Statistics

Data analysis was performed using GraphPad Prism software (Graphpad
Software, La Jolla, CA, USA). Survival comparisons were performed using
the Kaplan-Meier/log-rank test. Other differences between experimental
groups were analyzed using a two-tailed unpaired Student’s t test. A P-
value < 0.05 was considered to be significant in all experiments.

RESULTS

HDAC inhibitor VPA sensitizes leukemia cells to chemotherapy
drugs-induced death by inhibiting AKT

We previously found that the HDAC inhibitor VPA could inhibit the
phosphorylation of Akt in murine CD4* T cells.*° Since enhanced
AKT activity has been implicated as a crucial factor for drug
resistance development in cancer cells, we reasoned that
inhibition of AKT activity by HDAC inhibitors would sensitize
AML cells to chemotherapy drugs. Therefore, in our present study,
we chose K562/Doxo and THP-1 cells, which are resistant to Doxo
or Ara-C, respectively. CCK-8 assays showed that VPA had
remarkable synergistic effect with Doxo or Ara-C, especially when
VPA was used at 1 mwm, an achievable concentration in clinical
settings (Supplementary Figure 1a). Annexin-V/7-AAD staining
also showed VPA combination with Doxo or Ara-C and had more
significant apoptosis-inducing effect than single agent (Figure 1a).

We then tried to examine whether AKT indeed played a role in
drug resistance in AML cells. Comparison between K562 cells
(Doxo sensitive) and K562/Doxo cells found that the protein level
of both total AKT and phosphorylated AKT was much higher in
K562/Doxo cells (Supplementary Figure 1b). Besides, treatment of
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Figure 1. VPA enhances chemotherapy-induced DNA damage by inhibiting AKT activation and sensitizes cells to chemotherapy both in vitro

and in vivo. (a) K562/Doxo and THP-1 cells were treated with indicated drugs, and cell apoptosis was analyzed 24 h later by flow cytometry.
(b) K562/Doxo cells were treated with different concentrations of Doxo and/or VPA for 24 h, and then subjected to western blot to detect
indicated proteins (left); THP-1 cells were treated with different concentrations of Ara-C and/or VPA for 24 h, and then subjected to western
blot to detect indicated proteins (right). (c) Immunofluorescence staining of p-AKT*’® and yH2AX in K562/Doxo cells after treating with Doxo

(2 pg/ml) alone or in combination with VPA (1 mwm) for 24 h. Results are representative of three independent experiments. Data are expressed
as mean +s.d. **P < 0.01; ****P < 0.0001.
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Figure 2. HDACS3 interacts with AKT, and is regulated by chemotherapy

drugs and HDAC inhibitors. (a) The protein level of class | HDACs in

K562 cells and K562/Doxo cells treated for 24 h with different concentrations of VPA (left) or Doxo (right). (b) The protein level of class | HDACs
in THP-1 cells after treatment with VPA (left) and Ara-C (right) for 24 h. (c) K562/Doxo cells and THP-1 cells were subjected to indicated
treatment for 24 h, and were analyzed by western blot for the protein level of HDAC3. (d) AKT was immunoprecipitated from K562/Doxo cells

and THP-1 cells. The immunoprecipitates were immunoblotted with class | HDACs antibodies. Results are representative of three independent

experiments.

K562/Doxo with different concentrations of Doxo showed a dose-
dependent escalation of AKT phosphorylation and a correlated
phosphorylation of histone H2AX (yH2AX) (Supplementary
Figure 1c). Treatment of K562/Doxo with VPA had no obvious

© 2017 Macmillan Publishers Limited, part of Springer Nature.

effect on yH2AX, but inhibited the phosphorylation of AKT
(Supplementary Figure 1d). Moreover, combination of Doxo with
VPA blocked the AKT phosphorylation induction, and dose
dependently increased the level of yH2AX (Figure 1b), with no
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Figure 3. HDAC3-mediated deacetylation at Lys20 activates AKT. (a) HEK293T cells transfected with Flag-AKT or empty vector were co-

transfected with GFP vector control, GFP-HDAC3 or GFP-HDAC3 mutant, and lysates immunoprecipitated with Flag were immunoblotted for

acetylated-lysine, GFP, p-AKT>%, p-AKT*”3 and Flag. (b) HEK293T cells transfected with empty vector or HDAC3 were co-transfected with vector

control, Flag-AKT, Flag-AKT-APH, Flag-AKT-AKD, Flag-AKT-AC or Flag-AKT-KD, and lysates immunoprecipitated with Flag were immunoblotted

for HDAC3 and Flag. (c) HEK293T cells transfected with empty vector or HDAC3 were co-transfected with vector control, Flag-AKT, Flag-AKT-

APH, Flag-AKT-AC or Flag-AKT-KD. Lysates immunoprecipitated with Flag were immunoblotted for HDAC3, p-AKT>°® and Flag.

(d) HEK293T cells transfected with empty vector or HDAC3 were co-transfected with vector control, wild-tg/pe FI?Q-AKT, Flag-AKT K20R
p-AK

mutant or Flag-AKT K20Q mutant, and lysates immunoprecipitated with Flag were immunoblotted for p-AKT3%¢,

0 73 and Flag. (e) K562/

Doxo cells stably transduced with scrambled shRNA or shHDAC3 were treated with 2pg/ml Doxo for 24 h, and lysates were
immunoprecipitated with AKT and immunoblotted for acetylated-lysine, p-AKT*’3, HDAC3 and AKT (left panel); THP-1 cells were treated
with Ara-C (5 pm) or Ara-C (5 pm) plus RGFP966 (5 um) for 24 h, and lysates were immunoprecipitated with AKT and immunoblotted for
acetylated-lysine, p-AKT*’3, HDAC3 and AKT (right panel). Results are representative of three independent experiments.

effect on the intracellular concentration of Doxo (Supplementary
Figure 1e), suggesting that VPA combination enhanced Doxo-
induced DNA damage in K562/Doxo cells. VPA co-treatment also
inhibited  Doxo-induced  phosphorylation  of = DNA-PKcs
(Supplementary Figure 1f), a key factor in non-homologous end
joining and a phosphorylation target of AKT.2' Next, we examined
the effect of Ara-C and VPA on THP-1 cells. Treating THP-1 with
Ara-C increased the phosphorylation of AKT (Supplementary
Figure 1g), while co-treatment with VPA inhibited AKT phosphor-
ylation and significantly upregulated the level of yH2AX
(Figure 1b). In consistent with previous research, immunofluores-
cence assay showed that Ser473-phosphorylated AKT co-localized
with yH2AX (Figure 1c; Supplementary Figures 1h and i),
suggesting AKT directly contributing to DNA damage repair.
Moreover, co-treatment with VPA almost completely abrogated
the co-localization between p-AKT*’? and yH2AX, while markedly
increased the number of yH2AX foci (Figure 1c). Taken together,
these data demonstrate that AKT desensitizes cells to the toxicity
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of chemotherapy drugs by promoting DNA damage repair,
whereas co-treatment with HDAC inhibitor VPA inhibits the pro-
survival effect of AKT and reverses drug resistance in AML cells.

VPA enhances anti-leukemia effect in vivo in combination with
chemotherapy

The MLL-rearranged leukemia represents a subset of poor
prognosis leukemia characterized as chemotherapy-refractory
and high relapse rate.”> Mice leukemia model induced by MLL
fusion protein recapitulates these features.'®?* Therefore, we used
MLL-AF9-induced AML to study the ability of HDAC inhibitor to
sensitize the chemo-resistant leukemia to conventional che-
motherapy. Syngeneic mice were transplanted with primary
MLL-AF9* bone marrow cells and received different regimens of
chemotherapy and/or VPA. Although VPA alone had no significant
survival benefit, VPA combination with chemotherapy markedly
prolonged the overall survival of secondary MLL-AF9* leukemia

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 4. HDAC3 suppression sensitizes leukemia cells to chemotherapy through downregulating AKT activity. (a) K562/Doxo cells

stably transduced with shHDAC3 were treated with indicated concentrations of Doxo for 24 and 48 h, and cell apoptosis was analyzed by
Annexin V staining (left); THP-1 cells were treated with Ara-C (5 um) and/or RGFP966 (5 pum) for 24 and 48 h, and cell apoptosis was analyzed by
Annexin V/7-AAD staining (right). (b) The IC50 values of Doxo in K562/Doxo cells, and K562/Doxo cells stably transduced with scrambled
shRNA or shHDAC3 were determined by CCK-8 assays (left); K562/Doxo cells stably transduced with shHDAC3 were co-transduced with AKT
K20R or AKT K20Q, and were subjected to CCK-8 assays to determine the IC50 values of Doxo (middle); THP-1 cells were stably transduced
with empty vector, AKT K20R or AKT K20Q, and were exposed to RGFP966 (5 pm). The IC50 values of Ara-C were determined by CCK-8 assays
(right). (c) K562/Doxo cells stably transduced with shHDAC3 were treated with indicated concentrations of Doxo for 24 h, and lysates were
immunoblotted for p-AKT*’3, AKT and yH2AX (left); THP-1 cells were treated with indicated concentrations of Ara-C and/or RGFP966 for 24 h,
and lysates were immunoblotted for p-AKT*3, AKT and yH2AX (right). Results are representative of three independent experiments. Data are
expressed as mean +s.d. NS, P> 0.05; *P < 0.05; **P < 0.01; ****P < 0.0001.

mice (Supplementary Figure 2a). Besides, VPA co-treatment
delayed the reappearance of circulating leukemia cells after
chemotherapy (Supplementary Figures 2b and c). VPA co-treated
mice also showed decreased infiltration of leukemia cells in bone
marrow and spleen (Supplementary Figures 2d and e). Therefore,
these data suggest VPA have in vivo chemo-sensitizing effect.

HDAC3 interacts with AKT and is upregulated in leukemia cells

upon chemotherapy drugs exposure while downregulated by VPA
We next investigated the mechanism by which VPA modulated
the phosphorylation of AKT. As VPA is a class | HDACs selective
inhibitor,>* we looked for the regulation of VPA on these HDACs.

© 2017 Macmillan Publishers Limited, part of Springer Nature.

As shown in Figure 2a, K562 and K562/Doxo cells expressed
comparable level of HDAC2, while K562/Doxo cells had a higher
protein level of HDAC3 and 8, but a lower protein level of HDACT.
VPA dose dependently decreased the expression of HDACT, 3 and
8 in K562/Doxo cells (Figure 2a). We then looked for changes in
class | HDACs expression upon treatment of K562/Doxo cells with
Doxo. Western blot assay showed that only the expression of
HDAC3 was remarkably increased by Doxo, but not other three
HDACs (Figure 2a). Previous studies had shown HDAC3 as a critical
factor in DNA damage control and genome stability
maintenance.'®% Therefore, the upregulation of HDAC3 might
be a mechanism used by K562/Doxo cells to maintain DNA
stability upon Doxo treatment. Interestingly, the alteration of

Leukemia (2017) 2761-2770
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Figure 5. HDACS3 regulates the acetylation and phosphorylation of AKT in primary leukemia blasts, and inhibition of HDAC3 sensitizes primary

leukemia to chemotherapy. (a) Primary AML blasts were isolated from relapsed/refractory AML patients as well as de novo AML patients who
responded well to conventional induction chemotherapy. The levels of indicated proteins were analyzed by immunoblot. (b) Paired AML
samples before and 1 day after chemotherapy were collected and analyzed for indicated7§)roteins. (c) AML blasts from relapsed/refractory or

de novo AML patients were treated as indicated and analyzed by immunoblot for p-AKT*73,

0.5 pg/ml, Ara-C 1w, VPA 1 mm, RGFP966 10 pm).

HDAC3 in THP-1 cells to Ara-C or VPA was similar to that in K562/
Doxo cells, with an upregulation of HDAC3 in the presence of Ara-
C but a downregulation upon VPA treatment (Figure 2b). More-
over, combined treatment of VPA with Doxo or Ara-C abrogated
the induction of HDAC3 in K562/Doxo or THP-1 cells (Figure 2c).
Taken together, these data suggest changes in HDAC3 upon VPA
or chemotherapy drugs and the treatment might play a crucial
role in modulating the genome stability.

Previous study demonstrated the class Il HDAC SIRT1 interacted
with AKT and promoted AKT activation.?® Since our data showed a
positive correlation between the expression of HDAC3 and the
phosphorylation of AKT, we thus asked whether HDAC3 also
interacted with AKT. Co-immunoprecipitation assay showed that
AKT selectively interacted with HDAC3 in both K562/Doxo and
THP-1 cells, but not with other class | HDACs (Figure 2f).
Immunofluorescence staining further demonstrated that AKT
interacted with HDAC3 in the nucleus (Supplementary Figure 3).
Therefore, these data indicate that HDAC3 might regulate the
genome stability through AKT.

HDAC3 deacetylates AKT at Lys20 and activates AKT

We then evaluated whether and how HDAC3 maintained genome
stability through AKT. AKT immunoprecipitates from HEK293T cells
contained HDAC3, and conversely, HDAC3 co-immunoprecipitated
with AKT (Supplementary Figure 4a). Besides, expression of
HDAC3 reduced the acetylation of endogenous AKT, while
promoted the phosphorylation at both Thr308 and Ser473 sites
(Supplementary Figure 4b). The phosphorylation promoting effect
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of HDAC3 depended on its deacetylase activity, since only wild-
type HDAC3, but not a catalytically inactive mutant (Arg265 — Pro;
R265P)*"?® increased AKT phosphorylation (Supplementary
Figure 4c). We further confirmed these results by overexpressing
Flag-tagged AKT and GFP-tagged wild-type or inactive mutant
HDAC3 in HEK293T cells (Figure 3a).

AKT can be divided into three major domains: the N-terminal PH
domain, the middle kinase domain and the C-terminal substrate
binding domain (Supplementary Figure 4d). To investigate which
domain mediated the interaction with HDAC3 and how HDAC3
regulated AKT activity, we generated several mutants of AKT
(Supplementary Figure 4d). Co-expression of HDAC3 with full-
length AKT or each mutant in HEK293T cells showed that the
kinase domain of AKT mediated the interaction with HDAC3
(Figure 3b). However, the expression of HDAC3 could not increase
the phosphorylation of mutants lacking the PH domain (the APH
mutant and the KD mutant; Figure 3¢), indicating the PH domain is
indispensable for HDAC3-mediated AKT activation. Combining
these results, we hypothesized that HDAC3 might deacetylate AKT
at its PH domain and thereby promote AKT phosphorylation. We
next examined the possible lysine target sites of HDAC3. Previous
study had demonstrated that Lys20 was a target of SIRT1 to
mediate AKT activation.”® We therefore asked whether Lys20 is
also needed for HDAC3-mediated activation of AKT. AKT mutant
harboring Lys20—Arg (K20R), which resembled deacetylated
lysine in terms of charge, showed remarkably increased phos-
phorylation (Figure 3d). Whereas AKT mutant harboring Lys20 -
GIn (K20Q), which resembled acetylated lysine, showed reduced
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phosphorylation (Figure 3d). Moreover, co-expression of HDAC3
only increased the phosphorylation of wild-type AKT, but not K20R
or K20Q mutants, suggesting that deacetylation of Lys20 was
essential for HDAC3-mediated activation of AKT (Figure 3d).

Since our data demonstrated HDAC3 as an important regulator
for AKT activation, we then asked whether inhibition of HDAC3
increased AKT acetylation and thereby reduced its phosphoryla-
tion. Treatment of K562/Doxo or THP-1 cells with Doxo or Ara-C
increased the phosphorylation of AKT, which was accompanied
with reduced AKT acetylation and increased HDAC3 interaction
with AKT (Figure 3e). HDAC3 knockdown (Supplementary
Figure 4e) or inhibition by specific inhibitor RGFP966 reversed
these effects of chemotherapy drugs, with an increase in AKT
acetylation, a decrease in AKT phosphorylation and a dissociation
of HDAC3 with AKT (Figure 3e). These responses were also
mimicked by co-treatment with VPA (Supplementary Figures 4f
and g).

Inhibition of HDAC3 downregulates AKT activity and sensitizes
leukemia cells to the cytotoxicity of chemotherapy drugs

Since HDAC3 could regulate the activity of AKT and meanwhile
AKT was a critical factor in DNA damage control and chemore-
sistance development, we hypothesized that the HDAC3/AKT axis
maintained genome stability through AKT activity upregulation,
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sensitized AML cells to chemotoxic drugs. HDAC3 knockdown or
inhibition sensitized K562/Doxo or THP-1 cells to Doxo- or Ara-C-
induced apoptosis, respectively (Figure 4a; Supplementary
Figure 5a). AKT-specific inhibitor MK2206 also sensitized cells to
both cytotoxic agents (Supplementary Figure 5b). CCK-8 assays
showed that cells depleted with HDAC3 or treated with RGFP966
exhibited dramatically lower resistance to chemotherapy drugs, as
demonstrated by significantly decreased IC50 value of both Doxo
and Ara-C in K562/Doxo and THP-1 cells, respectively (Figure 4b).
Importantly, this response could be rescued by overexpression of
AKT K20R mutant, but not AKT K20Q mutant (Figure 4b). To further
reveal the functional significance of HDAC3/AKT axis on genome
stability maintenance, we first investigated the influence of AKT
on DNA damage response. Inhibition of AKT activity by MK2206
enhanced chemotherapy drugs-induced DNA damage in leukemia
cells, as demonstrated by a significant increase in yH2AX level
(Supplementary Figure 5c). Next, HDAC3 knockdown or inhibition
reduced AKT phosphorylation and remarkably enhanced che-
motherapy drugs-induced yH2AX (Figure 4c; Supplementary
Figure 5d). Taken together, these data reveal HDAC3 regulated
AKT phosphorylation, promotes leukemia cells to resist che-
motherapy drugs and contributes to cell survival following drug
exposure.

We then isolated leukemia blasts from relapsed/refractory AML
patients as well as de novo AML patients who responded well

while inhibition of HDAC3 downregulated AKT activity and thus ~ to conventional induction chemotherapy. Comparing the
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Figure 6.

C57BL/6 mice were sublethally irradiated and transplanted with primary murine MLL-AF9* leukemia cells stably transduced with

scramble shRNA or shHdac3, and subjected to indicated treatments as described in the Materials and Methods section. (a) The survival was
monitored over time (n=15). (b, ¢) Leukemia burden BM (b) and spleen (c) of mice treated as in a, killed on Day 21 post transplantation (n = 3).
Results are representative of two independent experiments. Data are expressed as meanz+s.d. *P < 0.05 **P<0.01; ***P<0.001;

****p < 0.0001.
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intracellular levels of HDAC3 and phosphorylated AKT between
the two groups, we found a trend of elevated levels of HDAC3 and
phosphorylated AKT in leukemia blasts from patients with
relapsed/refractory AML. Further analysis also showed that the
phosphorylation levels of AKT correlated with the protein levels of
HDAC3 (Figure 5a). We also isolated paired samples from the AML
patients before and 1 day after induction chemotherapy. Analysis
of the paired samples revealed that HDAC3 levels as well as
phosphorylated AKT levels were upregulated after chemotherapy,
while the acetylated AKT levels were downregulated (Figure 5b).
We further treated the freshly leukemia blasts with Doxo or Ara-C
alone, or in combination with VPA or RGFP966. Both HDAC
inhibitors sensitized leukemia blasts to the conventional cytotoxic
agents (Supplementary Figure 6a). Besides, immunoblot assay on
HDACS3 levels and AKT modifications revealed consistent changes
in patient samples as in K562/Doxo and THP-1 cells (Figure 5c;
Supplementary Figure 6b).

HDAC3 inhibition synergizes with chemotherapy drugs to reduce
MLL-AF9 leukemia in vivo

Because our results indicated the important role of HDAC3/AKT
axis in DNA damage control and genome stability maintenance,
we further evaluated whether HDAC3 suppression had synergistic
anti-leukemia effect with chemotherapy in vivo. Syngeneic mice
were inoculated with MLL-AF9™ leukemia cells transduced with
shHdac3 or scrambled shRNA. Remarkably, depletion of Hdac3
readily provided significant survival benefit in mice bearing MLL-
AF9* leukemia (Figure 6a). Moreover, this survival benefit was also
observed in AML mice treated with RGFP966 (Figure 6a).
Chemotherapy combination further prolonged the median
survival time in mice bearing Hdac3-depleted AML or being
treated with RGFP966 (Figure 6a). Peripheral blood monitoring
revealed that Hdac3 knockdown or inhibition reduced the
leukemia burden, which was further enhanced by chemotherapy
combination (Supplementary Figures 7a and b). Necropsy on Day
21 post transplantation also demonstrated that Hdac3 disruption
resulted in fewer leukemia cells in bone marrow and spleen
(Figures 6b and c; Supplementary Figure 7c).

DISCUSSION

Resistance to cytotoxic chemotherapy drugs is a common event in
AML treatment and has a severe impact on patient survival. Thus,
it is urgent to develop new approaches to overcome drug
resistance. One strategy is to design drug regimens combining
conventional chemotherapy with targeted therapy that blocks
intracellular mechanisms leading to chemotherapy evasion and
leukemia progression. The expression of HDACs is frequently
dysregulated in many kinds of cancers,?>*° and is often associated
with poor prognosis.>'~* Elevated expression of HDACs in cancer
cells may protect cells from chemotoxic insults by enhancing the
DNA damage repair ability, thereby contributing to drug
resistance occurrence. Various HDAC inhibitors have been
developed and are currently in clinical trials. However, modest
anti-leukemia effect has been reported following HDAC inhibitor
monotherapy and substantial leukemia regression is rarely
observed.>* In order to improve the clinical responses rate to
HDAC inhibitors, incorporation of these inhibitors into conven-
tional chemotherapy regimens might be a reasonable strategy.
Our study provides evidence that HDAC inhibitors significantly
sensitize drug-resistant AML cells to the DNA damage chemother-
apy agents Doxo and Ara-C. The frequency of HDACs alterations in
AML combined with the ability of HDACs to maintain genome
stability against cytotoxicity provides rationale to evaluate the
combination of HDAC inhibitors with conventional chemotherapy
in the clinic.
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In chemotherapy-sensitive cancer cells, DNA damage resulting
from chemo exposure exceeds the DNA repair ability, leading to
cell apoptosis. However, cancer cells may develop various
mechanisms to survive and evade from chemotherapy-induced
cytotoxicity, such as enhanced DNA damage repair capacity.'®"
The ability of HDACs to control DNA damage and maintain
chromatin structure and genome stability has been widely
documented. For example, HDAC1 and HDAC2 promote non-
homologous end joining, and HDAC1/2-depleted cells exhibited
defective double-strand break repair.>> HDAC3-null cells displayed
a reduction in both homologous recombination and non-
homologous recombination pathways.'® Although a number of
elements in DNA repair pathways have been reported to be
influenced by HDACs and their inhibitors, how each HDAC
regulates DNA damage repair remains poorly characterized.'>3¢
Our study finds that HDAC3 controls DNA damage by regulating
the activity of AKT. The ability of AKT to influence DNA repair and
promote cancer cells resistance to DNA damage has been well
established.3” We find that AKT is highly phosphorylated in
leukemia cell lines resistant to chemotherapy drugs, and AKT
signaling becomes further activated following chemotherapy
drugs exposure. Phosphorylated AKT localized at DNA damage
induced yH2AX foci. AKT activation can phosphorylate DNA-PK
and regulate its accumulation at DNA damage sites to improve the
efficiency of double-strand break re-joining by non-homologous
end joining.® In consistent with this, we demonstrate that HDAC
inhibitor or AKT inhibitor suppresses the phosphorylation of DNA-
PK. AKT can also promote double-strand break repair through
upregulating the expression of Mre1,> or through phosphorylat-
ing MERIT40 and thereby facilitating the assembly of BRCA1-A
complex in response to DNA damage.*° Inhibition of AKT by HDAC
inhibitors enhances DNA damage induced by chemotherapy
drugs, and sensitizes leukemia cells to apoptosis both in vitro and
in vivo.

In an attempt to discover the mechanisms by which HDAC
inhibitors modulate AKT activity, we find that AKT specifically
binds to HDAC3, but not other class | HDACs. The interaction
between AKT and HDAC3 is not cell type specific, since we find
this phenomenon in different cell lines. Importantly, the expres-
sion of HDAC3 is increased following chemotherapy drugs
exposure, and is positively correlated with the upregulation of
AKT phosphorylation. Besides, the association between AKT and
HDAC3 is enhanced by chemotherapy drugs and reduced
following HDAC3 inhibition or depletion. Several previous studies
have showed the regulation of AKT activity of HDAC3. Gupta
et al*' demonstrated that the knockdown of HDAC3 resulted in
increased binding of protein phosphatase PP1 to AKT, thereby
dephosphorylating AKT. Another study showed that HDAC3
promoted AKT/mTOR signaling by suppressing the expression of
protein phosphatase PHLPP1.*> However, in our study, pretreat-
ment with PP1 inhibitor calyculin A cannot diminish the effect of
HDAC inhibitor on AKT phosphorylation (data not shown). Nor did
we find any elevation in PHLPP1 expression or increased
interaction between AKT and PHLPP1 following HDAC3 inhibition
or depletion (data not shown). Therefore, the mechanisms of AKT
phosphorylation regulation by HDAC3 may be different in
leukemia cells.

Posttranslational modification is a versatile modulator of protein
functions and interactions. Among which the reversible acetyla-
tion of lysine residues by histone acetyltransferases and HDACs is
a posttranslational mechanism that controls the activity of many
proteins besides histones, including transcriptional factors and
kinases.**** Cross-talk between phosphorylation and acetylation
modification has been described for proteins with important
functions in both physiology and pathology conditions. For
example, Kramer et al.** found that the signaling of STAT1 was
regulated by a phosphorylation-acetylation switch via CBP, HDAC3
and TCP45 complex. The activity of STAT3 is also regulated by
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cross-talk between phosphorylation and acetylation. Inhibition of
HDAC3 triggers hyperacetylation of STAT3 at site Lys685, while
downregulates phosphorylation at sites Tyr705 and Ser727.%%47
Previous study also indicated reversible acetylation as a potential
regulatory mechanism that controls the activity of AKT.%® In our
study, we find the regulation of AKT phosphorylation by HDAC3
requires its deacetylase activity, suggesting a possible cross-talk
signaling between phosphorylation and acetylation of AKT.
Indeed, overexpression of HDAC3 reduces the acetylation of AKT
and meanwhile promotes its phosphorylation, whereas inhibition
or depletion of HDAC3 increases AKT acetylation but decreases its
phosphorylation. We further identify the Lys20 at the PH domain
of AKT as the posttranslational modification target site of HDAC3.
The PH domain contains a bipolar structure in which one side of
the domain is a positively charged surface composed of basic
amino acids, whereas the other side is populated by acidic
residues, which form the ligand-binding pocket in its center.*®
Therefore, acetylation at the PH domain might influence the
bipolar structure by neutralizing the positive charges, thereby
affecting the binding of AKT to PIP3, an important step for AKT
activation. In our study, the Lys20 deacetylation mimic mutant of
AKT (K20R) shows highly increased phosphorylation and rescues
the drug resistance of leukemia cells after HDAC3 depletion or
inhibition; whereas the Lys20 acetylation mimic mutant of AKT
(K20Q) shows dramatically reduced phosphorylation and has no
drug resistance rescue effect.

HDAC3 suppression exhibits in vivo anti-leukemia effect. In
consistent with the study by Matthews et al.** Hdac3-depleted
murine MLL-AF9" leukemia cells show retarded recurrence of
leukemia cells in peripheral blood. Treating MLL-AF9™ leukemia
mice with HDAC3-selective inhibitor RGFP966 phenocopies the
effects of Hdac3 depletion. Moreover, HDAC3 suppression
enhances the response of AML to conventional chemotherapy
in vivo, reducing the leukemia burden and further prolonging the
survival period of leukemia mice. Since the clinical usage of HDAC
inhibitors that target multiple HDAC isoforms has been hampered
by dose limiting toxicities, our data suggest the isoform-specific
HDAC inhibitor would be a good choice, especially considering
that HDAC expression may be upregulated following chemother-
apy treatment. Future experimental and clinical studies to
investigate the effect of isoform-specific HDAC inhibitors and
conventional chemotherapy combination are warranted.

In sum, our study identifies a mechanism by which the HDAC3
regulates AKT activity and mediates DNA damage repair in
response to chemotherapy exposure. This indicates disrupting the
HDAC3/AKT axis by HDAC inhibitors and combing these inhibitors
with cytotoxic agents may constitute a promising strategy to
overcome chemotherapy resistance in AML treatment.
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