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HEMATOPOIESIS AND STEM CELLS

HDACS regulates long-term hematopoietic stem-cell maintenance under
stress by modulating p53 activity

Wei-Kai Hua, Jing Qi, Qi Cai, Emily Carnahan, Maria Ayala Ramirez, Ling Li, Guido Marcucci, and Ya-Huei Kuo

Department of Hematological Malignancies Translational Science, Gehr Family Center for Leukemia Research, Hematologic Malignancies and Stem Cell
Transplantation Institute, Beckman Research Institute, City of Hope Medical Center, Duarte, CA

The maintenance and functional integrity of long-term hematopoietic stem cells
(LT-HSCs) s critical for lifelong hematopoietic regeneration. Histone deacetylases (HDACs)

* HDACS plays a key role in
maintaining long-term
hematopoietic repopulation.

¢ HDAC8 modulates p53
activity to ensure LT-HSC cell
survival under stress.

modulate acetylation of lysine residues, a protein modification important for regulation
of numerous biological processes. Here, we show that Hdac8 is most highly expressed
in the phenotypic LT-HSC population within the adult hematopoietic hierarchy. Using
an Hdac$8-floxed allele and a dual-fluorescence Cre reporter allele, largely normal
hematopoietic differentiation capacity of Hdac8-deficient cells was observed. However,
the frequency of phenotypic LT-HSC population was significantly higher shortly after
Hdac8 deletion, and the expansion had shifted to the phenotypic multipotent progenitor
population by 1 year. We show that Hdac8-deficient hematopoietic progenitors are compromised in colony-forming cell serial replating in
vitro and long-term serial repopulating activity in vivo. Mechanistically, we demonstrate that the HDACS8 protein interacts with the p53
protein and modulates p53 activity via deacetylation. Hdac8-deficient LT-HSCs displayed hyperactivation of p53 and increased apoptosis
under genotoxic and hematopoietic stress. Genetic inactivation of p53 reversed the increased apoptosis and elevated expression of
proapoptotic targets Noxaand Pumaseen in Hdac8-deleted LT-HSCs. Dramatically compromised hematopoietic recovery and increased
lethality were seen in Hdac8-deficient mice challenged with serial 5-fluorouracil treatment. This hypersensitivity to hematopoietic
ablation was completely rescued by inactivation of p53. Altogether, these results indicate that HDAC8 functions to modulate p53 activity

to ensure LT-HSC maintenance and cell survival under stress. (Blood. 2017;130(24):2619-2630)

Introduction

Long-term hematopoietic stem cells (LT-HSCs) have the unique
potential of both self-renewal to maintain their pool and multilineage
differentiation to produce all types of blood cells throughout life. The
intricate balance between alternative cell fates, including differentia-
tion, self-renewal, quiescence, and apoptosis, is achieved by integrating
a variety of intrinsic and extrinsic regulatory mechanisms concert-
edly governing the HSC function."? To ensure regeneration of the
hematopoietic system throughout life, HSCs must also respond
efficiently to hematopoietic stresses, such as blood loss, infection, or
exposure to genotoxic agents.’

The tumor suppressor p53, a sequence-specific transcriptional
regulator, is known to centrally coordinate cellular processes, including
cell-cycle progression, cellular senescence, DNA repair, and apoptosis,
in response to a wide variety of stressors. In hematopoietic cells, p53
plays important roles in proliferation, differentiation, apoptosis, and
aging.*® It has also been shown to regulate self-renewal and quies-
cence of HSCs during steady-state hematopoiesis.”® The stability and
transcriptional activity of the p53 protein are modulated through several
posttranslational modifications, such as ubiquitination, phosphoryla-
tion, methylation, and acetylation.””'" Notably, acetylation of the p33
protein is critical for its activation.'?

Histone deacetylase 8 (HDACS) is a member of the class | HDAC
enzymes that remove acetyl moieties from lysine residues on histones

and a variety of nonhistone proteins. HDACS is important for diverse
biological functions, including smooth muscle contraction,'* telo-
mere protection, ' skull morphogenesis,'> and regulation of cohesin
dynamics.'® HDACS is highly expressed in multiple tumor types,
including myeloid and lymphoid leukemia cells,'” neuroblastoma,
glioma,'® and childhood acute lymphoblastic leukemia.'® We pre-
viously showed that the acute myeloid leukemia (AML)-associated
inv(16) fusion protein binds both HDACS and p53 proteins, leading
to aberrant deacetylation of p53 in inv(16)* AML cells.”® However,
the expression and function of HDACS8 in normal hematopoiesis and
HSCs remain unknown.

Here, we investigate the contribution of HDACS to LT-HSC function
and maintenance using an Hdac8-floxed allele and reporter mice. We
demonstrate that HDACS plays a pivotal role in controlling LT-HSC
maintenance and functional integrity by modulating p53 activity.

Materials and methods
Mice

Hdac8”¥®and MxI-Cre®' mice were backcrossed to C57BL/6 for
>10 generations. ROSA™"""¢ mice (C57BL/6) were purchased from the
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Figure 1. Hdac8 contributes to HSC homeostasis and long-term CFC activity. (A) Relative expression levels of Hdac8 messenger RNA (mRNA) in sorted phenotypic
HSPC and lineage populations (n = 2-7) assessed by SYBR Green—based quantitative reverse transcription polymerase chain reaction assays. Shown is the relative
expression level (mean = standard error of the mean [SEM]) for Hdac8 mRNA normalized to the Hprt mRNA expression level. (B) Schematic of experimental design (left).
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Jackson Laboratory. Mice with the pS3ER™Y knockin (KI)* allele were
generously donated by Gerard Evan (University of Cambridge). To induce Hdac8
deletion, 6- to 8-week-old MxI-Cre/Hdac8™™, MxI-Cre/Hdac8”™ /mTmG™, or
MxI-Cre/Hdac8™jpS3ER*¥ mice were injected intraperitoneally with 14 mg/kg
per dose of polyinosinic-polycytidylic acid (poly [I:C]; InvivoGen) every other
day for 7 doses. Similarly treated littermates lacking 1 or all alleles were used as
control. For in vivo bromodeoxyuridine (BrdU) labeling, mice were injected
intraperitoneally with 1.5 mg of BrdU 24 hours before analysis. All mice were
maintained and all procedures were performed in accordance with federal and
state government guidelines and established institutional guidelines and protocols
approved by the Institutional Animal Care and Use Committee at City of Hope.

Cell isolation and flow cytometry

Bone marrow (BM) mononuclear cells were collected from femurs, tibias, and
pelvis as previously described.”*?* For fluorescence-activated cell-sorting analyses,
cells were stained in phosphate-buffered saline with 0.5% bovine serum albumin for
15 minutes on ice with fluorescently labeled antibodies. Antibodies used included
CD3, CD4, CD8, B220, CD19, immunoglobulin M, NK1.1, CD11b, CD11c, Grl,
CD41, interleukin-7 (IL-7) receptor «, cKit, Scal, CD16/32, CD105, CD150,
CDA48, and Ter119 purchased from BD Biosciences, BioLegend, or eBiosciences.
Flow cytometry was performed using a S-laser, 15-detector LSRII (BD Biosci-
ences). For cell sorting, lineage-negative cells were enriched using EasySep selection
reagents (StemCell Technologies), and sorting was performed using ARIA-III (BD
Biosciences). Acquired data were analyzed by Flowjo software (Tree Star). Pheno-
typic hematopoietic stem and progenitor cell (HSPC) populations were defined as
previously described (supplemental Methods, available on the Blood Web site).>*

Colony-forming cell assays

Myeloid/erythroid colony-forming units (CFUs; CFU-GEMMs, CFU-GMs, and
BFU-Es) were enumerated using MethoCult containing stem-cell factor, IL-3,
IL-6, and erythropoietin (M3434; StemCell Technologies) and pre-B CFUs were
enumerated using MethoCult containing IL-7 (M3630; StemCell Technologies)
according to manufacturer’s protocol. Mouse BM cells were seeded in
MethoCult (1 X 10* cells per mL per dish) and were counted at day 7 according to
the manufacturer’s protocol. For replating assays, cells from each plate were
harvested and replated at 1 X 10* cells per mL per dish.

In vivo repopulation assays and 5-FU treatment

Mononuclear BM cells (2 X 10%) were transplanted IV into lethally irradiated
(11 Gy; 2 split doses) CD45.1" 6- to 8-week-old C57BL/6 congenic mice
together with 2 X 10° CD45.1" wild-type (WT) BM supporting cells. After
4 weeks, mice were administered 7 doses (14 mg/kg per dose) of poly (I:C).
Donor chimerism in peripheral blood (PB) was analyzed over time and in BM at
16 weeks. For secondary or tertiary transplantation, 2 X 10° BM cells were
injected IV into lethally irradiated congenic CD45.1" mice. For 5-fluorouracil
(5-FU) ablation, 8- to 10-week-old induced mice were injected with 100 mg/kg
5-FU intraperitoneally every 7 days. Weekly differential blood count was
performed using Hemavet HV950 (Drew Scientific). Mice were euthanized
for phenotypic analysis at specified time points or monitored for survival.

Statistics

Statistical analyses were performed with Student # test or analysis of variance
for normal distributions. Mann-Whitney U tests were used when the criteria
for a normal distribution were not satisfied. P <.05 was considered statistically
significant.
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Results

Hdac8 contributes to HSC homeostasis and long-term
colony-forming progenitor activity

As a first step to evaluate the role of HDACS in hematopoiesis, we
assessed the expression level of Hdac8 in various hematopoietic
populations in C57BL/6 mice (2-3 months old). We sorted cells of
different lineages as well as phenotypic HSPC populations, including
LT-HSCs (Lin~cKit*Scal *CD48 ~CD150™), multipotent progenitors
(MPPs; Lin cKit*/Scal "CD150™~CD48™), lymphoid-primed MPPs
(LMPPs; Lin~cKit"Scal "FIt3"CD48 " CD150"/"), common lymphoid
progenitors (CLP) (Lin IL-7Ra "cKit'°Scal'®), pregranulocyte macro-
phages (pre-GMs; Lin cKit*Scal "CD16/32 "°CD105 CD150"),
granulocyte-macrophage progenitors (GMPs; Lin ™ cKit*Scal “"CD16/
327CDI1507), premegakaryocytes/erythrocytes (pre-Meg/Es; Lin~
cKit*Scal "CD16/32°CD105 CD150™"), and erythroid progenitors
(EPs; Lin ™ cKit*Scal "CD16/32"°CD105", including pre—-CFU-E,
CFU-E, and proerythrocytes [pro-Erys]) as previously defined (sup-
plemental Methods).**** Highest level of Hdac8 was seen in the
phenotypic LT-HSC subset followed by MPP and lymphoid-primed
MPP subpopulations (Figure 1A). To further investigate Hdac8 func-
tion in hematopoiesis, we generated conditional Hdac8-deficient mice
(Mx1-Cre/Hdac8™) using MxI-Cre and an Hdac8-floxed (Hdac8')
allele as previously described.”® Hdac8 deletion (Hdac8*™) in adult
hematopoietic cells was induced by 7 doses of poly (I:C) treatment
(14 mg/kg) and confirmed by polymerase chain reaction (data not
shown) and western blot analysis (Figure 1B). Similarly poly (I:C)—
treated littermates (WT, Hdac8”", or MxI-Cre) were included as
controls, and no differences were observed among the 3 genotypes
(supplemental Figure 1A-B). Total BM cellularity of Hdac8** mice
was slightly reduced 6 weeks after induction compared with control
mice (supplemental Figure 1C). Phenotypic analysis by flow cytometry
showed largely normal frequencies and numbers of hematopoietic
cells of various lineages in Hdac8** mice (Figure 1C; supplemental
Figure 1D). Analysis of BM HSPC populations revealed no significant
changes in progenitor subsets, including LSK (Lin "cKit"Scal *) and
myeloid/erythroid progenitors (pre-GMs, GMPs, pre-Meg/Es, EPs,
pre—CFU-Es, CFU-Es, and pro-Erys) in Hdac8* mice (Figure 1E;
supplemental Figure 1E). However, the frequency of phenotypic
LT-HSC population was significantly higher in Hdac8** mice com-
pared with similarly treated littermate control mice (Figure 1D). The
estimated LT-HSC cell number was not significantly changed in Hdac8** A
mice (supplemental Figure 1F), because of the slightly reduced overall
cellularity (supplemental Figure 1C).

We next evaluated the functional capacity of Hdac8** hemato-
poietic progenitor cells using an in vitro colony-forming cell (CFC)
assay. Hdac8*” or WT BM cells (1 X 10* cells) were seeded in
semisolid methylcellulose culture media supplemented with stem-cell
factor, IL-3, IL-6, and erythropoietin. Hdac8** progenitors generated
similar numbers of total CFU-C scored at day 7 (Figure 1F plating 1).
We then performed serial replating every 7 days to assess their capacity

Figure 1 (continued) Mx1-Cre/Hdac8”™ or controls (WT, Hdac8”™), or Mx1-Cre) were injected with 7 doses (14 mg/kg) of poly (I:C) to induce the expression of Cre.
Phenotypic analysis of HSPCs and CFC assays were performed 6 weeks after induction. Hdac8 protein levels in induced Mx1-Cre/Hdac8”") (Hdac8**) or control (Ctrl) BM
cells shown by western blotting using Hdac8 specific antibody (right). (C) Frequency of various lineage populations in 2- to 3-month-old Hdac8*” (n = 7) or Ctrl (n = 15) BM
assessed by fluorescence-activated cell sorting. (D) Frequency of LT-HSC, short-term HSC (ST-HSC), and MPP subsets in Hdacg*” (n = 10) or Ctrl (n = 13-19) BM. (E)
Frequency of LSK, myeloid/erythroid progenitor populations in Hdac8"” (n = 10) or Ctrl (n = 13-19) BM. (F) Number of CFU-Cs derived from Hdac8” or Ctrl BM cells
(1 X 10* cells) in serial replating assays every 7 days. Shown is mean = SEM with triplicates from 2 independent experiments. (G) The percentage of CFU-GEMM, CFU-GM,
and BFUE colony types determined based on morphology. Shown is mean = SEM with triplicates from 2 independent experiments. (H) Number of pre-B CFU-Cs derived
from Hdacg* or Ctrl BM cells (1 x 10* cells). Shown is mean + SEM. *P < .05, **P < .01, ***P < .001.
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Figure 2. Hdac8 deficiency results in altered hematopoietic output over time. (A) Western blot analysis of Hdac8 and B-actin in control (Ctrl) or Mx1-Cre/Hdac8"”) BM
(13-15 months old) >1 year after poly (I:C) treatment. (B) Total number of BM cells harvested from Hdac8"” (n = 5) or Ctrl (Hdac8” ; n = 8) 1 year after poly (I:C)
induction. (C) Frequency of lymphoid and myeloid lineage populations in Hdac8*“ (n = 5) or Ctrl (n = 8) BM assessed by fluorescence-activated cell sorting (FACS). (D)
Representative FACS plots showing gating strategy and frequency of phenotypic populations including LSKs, LT-HSCs, ST-HSCs, MPPs, GMPs, pre-GMs, pre-Meg/Es,
and EPs from Hdac&” or Ctrl BM. (E) Frequency of LSK, myeloid/erythroid progenitor populations in Hdac8* (n = 5) or Ctrl (n = 8) BM. (F) Frequency of LT-HSC, ST-
HSC, and MPP subsets in Hdac8"” (n = 5) or Ctrl (n = 8) BM. Lines indicate mean = SEM. *P < .05, **P < .01, ***P < .001. MP, myeloid progenitor.

to maintain progenitor activity over time. Significantly reduced num-
bers of CFU-Cs were generated from Hdac8*? progenitor cells in
secondary and tertiary platings (Figure 1F). Differential counts of
colony morphology revealed that Hdac8** cells produced an increased
frequency of CFU-GEMMs and a reduced frequency of CFU-GMs
compared with control cells, especially in the first plating (Figure 1G).
No significant difference in pre-B lymphoid progenitor activity was
seen in a CFC assay supplemented with IL-7 (Figure 1H). Collectively,

Hdac8 seems largely dispensable for lineage differentiation but might
contribute to LT-HSC homeostasis or output.

Hdac8 is essential for long-term HSC maintenance in vivo

Given that Hdac8 deletion results in compromised CFC progenitor
activity over time, we reasoned that alterations of phenotypic popu-
lations by Hdac8 deletion might manifest over time in older mice. Thus,
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we analyzed HSPC and lineage populations in the BM 1 year after
induction of Hdac8 deletion in MxI-Cre/Hdac8”, confirmed by
western blot analysis (Figure 2A; data not shown), compared with
similarly treated age-matched littermate control Hdac8”™ mice. We
observed that BM cellularity was slightly but significantly reduced in
1-year-old Hdac8** mice (Figure 2B). The frequency and cell number
of B cells (B220™) were significantly reduced, whereas the frequency
of myeloid cells (CD11b", CD11c™) was significantly increased, in
Hdac8** BM (Figure 2C; supplemental Figure 2A). There was also a
significant increase in the frequency and cell number of LSK population
(Figure 2D-E; supplemental Figure 2B), which was predominantly due
to expansion of the MPP subpopulation (Figure 2D,F; supplemental
Figure 2C). In contrast to the findings in young mice, phenotypic short-
term (ST)-HSCs were increased, whereas no change in phenotypic
LT-HSC frequency was seen, in old mice (Figure 2F; supplemen-
tal Figure 2C). These results indicate that Hdac8 deletion perturbs
homeostasis of HSPCs and hematopoietic output over time.

To further determine the functional consequences of Hdac8 deletion
and track Hdac8*” cellsin vivo, we crossed Mx1-Cre/Hdac8”™ mice
with a dual-fluorescence Rosa26™""C (mT/mG) Cre reporter allele,
which expresses tdTomato and becomes green fluorescent protein
positive (GFP™") after Cre-mediated recombination. We performed a
hematopoietic repopulation assay by transplanting BM cells (2 X 10°)
from MxI-Cre/Hdac8"/mTmG™* (CD45.2™) mice together with WT
(CD45.1™) support cells (2 X 10°) into lethally irradiated (11 Gy)
CD45.1" congenic recipients. Hdac8 deletion was then induced by
treating the recipients with 7 doses of poly (I:C) (Figure 3A). Flow
cytometry analysis of PB every 4 weeks and in BM at 16 weeks
posttransplantation revealed that Hdac8 deletion did not affect overall
CD45.2% or GFP™ donor-derived repopulation or GFP™ chimerism
in various lineages (B220", CD3", CD11b", CD11c", Gr1*, and
Ter119™; Figure 3B; supplemental Figure 3A; data not shown). Similar
frequencies of GFP™ donor-derived lineage populations were seen
between Hdac8** and control groups (Figure 3C; supplemental
Figure 3B). There was also no change in the frequency or number
of GFP™ donor-derived phenotypic LT-HSCs or lymphoid/myeloid/
erythroid progenitor subpopulations (CLP, pre-GMs, GMPs, pre-Meg/
Es, EPs, pre-CFU-Es, CFU-Es, and pro-erys) in the BM (Figure 3D-E;
supplemental Figure 3C-D). Similar compositions of phenotypic
HSPCs were observed between control and Hdac8*” GFP™ donor-
derived populations (supplemental Figure 3E-F). To further assess
long-term repopulating activity of Hdac8** HSCs, we performed
serial transplantation repopulation assays. BM cells (2 X 10° cells)
isolated from primary recipients 16 weeks posttransplantation were
transplanted into lethally irradiated CD45.1" congenic recipients. In
secondary transplant recipients, Hdac8** GFP* donor-derived multi-
lineage repopulation was significantly compromised at multiple time
points (Figure 3F). The repopulation deficiency was a result of
reduction of all lineage populations (Figure 3G), suggesting that the
deficiency was at the level of functional HSCs. In tertiary trans-
plantation, little or no donor chimerism was observed in recipients of
Hdac8** cells compared with 4 of 8 recipients showing long-term

BLOOD, 14 DECEMBER 2017 - VOLUME 130, NUMBER 24

(16 weeks) repopulation of control cells (Figure 3H). To confirm that
the Hdac8** phenotypic LT-HSCs were functionally compromised,
we sorted CD45.2" LT-HSCs from a cohort of secondary transplant
recipients and transplanted 200 LT-HSCs along with WT CD45.1"
support cells (2 X 10%) into lethally irradiated (11 Gy) CD45.1*
congenic recipients. Analysis of CD45.2" donor-derived repopulation
in transplant recipients showed significantly reduced Hdac8* LT-
HSC—derived populations over time (Figure 3I). Together, these results
indicate that Hdac8 is essential for maintaining long-term serial re-
populating activity of HSCs over time.

Hyperactivation of p53 mediates increased sensitivity to
hematopoietic stress in Hdac8-deficient LT-HSCs

We previously showed that HDACS acts to inhibit p53 activity through
deacetylating p53 in inv(16)" AML cells.”° We reasoned that Hdac8
could perhaps modulate pS3 activity under conditions of stress, given
that acetylation is crucial for p53 activation.'"'*** Indeed, coimmu-
noprecipitation assay revealed that Hdac8 binds to the p53 protein,
which can be strongly enhanced upon radiation (3 Gy) exposure
(Figure 4A). Analysis of BM cells after 2 to 6 hours of irradiation (3 Gy)
showed elevated acetylated p53 levels (Figure 4B) and increased p53
target gene expression, including Bax, Noxa, Puma, and Cdknla,
in Hdac8** mice compared with similarly treated WT control mice
(Figure 4C). To confirm that these effects resulted from p53 activity, we
crossed Mx1-Cre/Hdac8™ mice with the p5S3ER™™ KI mice carrying
ap53 fusion protein completely dependent on ectopic 4-hydroytamoxifen.
In homozygote pS3ER* " mice, p53 protein is not functional in the
absence of 4-hydroytamoxifen.®* Hdac8 deletion did not cause increased
radiation-induced expression of Bax, Cdknla, Noxa, or Puma when p53
was also deleted (Figure 4C), suggesting that these effects were indeed
mediated by p53. To test whether Hdac8 modulates p53 activation via its
deacetylase activity, we treated WT BM cells with HDACS-selective
inhibitor 22d% (10 M for 2 hours) targeting HDACS catalytic site before
exposure to radiation (3 Gy). Treatment with the HDACS-selective
inhibitor significantly enhanced the responsiveness of p53 targets to
radiation (Figure 4D), supporting that the effect on p5S3 was dependent on
HDACS deacetylase activity.

We reasoned that enhanced p53 activity could render Hdac8**
LT-HSCs more sensitive to radiation-induced apoptosis. To test this, we
induced Hdac8 deletion in Mx!-Cre/Hdac8”" or MxI-Cre/Hdac8"""/
pS3ER®X! along with Hdac8™ control mice by poly (I:C) and sorted
phenotypic LT-HSC, ST-HSC, MPP, and myeloid progenitor (MP)
subpopulations; administered radiation (3 Gy); and conducted
apoptosis analysis 48 hours later (Figure 5A). Annexin V and DAPI
staining revealed that Hdac8** LT-HSCs were significantly more
susceptible to apoptosis after irradiation (control, mean 21.95% with a
standard error of 0.425%; Hdac8* A, mean 30.3% with a standard error
of 0.807%; P = .00006), whereas no difference was seen in sponta-
neous apoptosis (Figure 5B-C; supplemental Figure 4A). There were
no significant changes in spontaneous or radiation-induced apoptosis
in Hdac8*” ST-HSC, MPP, or MP populations, suggesting a distinct
regulatory program operative in the LT-HSC compartment (Figure 5C;

Figure 3. Hdac8 deletion leads to loss of long-term serial repopulating activity in vivo. (A) Schematic of experimental design. Mx1-Cre/Hdac8"/mTmG"* (Hdac&**) or
Mx1-Cre/mTmG" (control [Ctrl]) mouse (CD45.2"; 2-3 months old) BM cells (2 X 10°) were transplanted into lethally irradiated (11 Gy) CD45.1" congenic recipients, along with CD45.1*
supporter BM cells (2 X 10°). Cre-mediated deletion of Hdac8 was induced in recipients by 7 doses of poly (I:C). Phenotypic HSPCs and GFP chimerism in the BM were analyzed 16
weeks after transplantation by flow cytometry. (B) Percentage of GFP™ donor chimerism in various lineage population at 16 weeks (n = 5-7). (C) Frequency of GFP* donor-derived
lineage populations 16 weeks after the first transplantation (n = 5-7). (D-E) The frequency of GFP* donor-derived phenotypic HSPCs in the BM analyzed at 16 weeks (n = 5). (F)
Frequency of GFP ™ donor-cell repopulation over time (8-16 weeks). (G) The frequency of GFP* donor-derived lineage populations in PB of secondary recipients (n = 3). (H) Frequency
of GFP* donor-derived cells in tertiary transplant recipients (Ctrl, n = 8; Hdac8"”, n = 4). Dashed line indicates 1%, above which is considered positive engraftment. (I) Phenotypic
CD45.2" LT-HSCs (200 cells) sorted from secondary recipient mice were transplanted along with CD45.1" supporter BM cells (2 X 10°) into lethally irradiated (11 Gy) CD45.1*
congenic recipients. Frequency of Ctrl or Hdac8'” CD45.2" donor-derived populations in the transplant recipients (Ctrl, n = 8; Hdac8”, n = 5-6) over time. Mean = SEM is

shown. *P < .05, **P < .01, **P < .001. IR, irradiation.
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Figure 4. Hdac8 modulates stress-induced p53 acetylation and target gene expression. (A) Coimmunoprecipitation (IP; anti-p53) and immunoblotting (anti-HDACS8 or
anti-p53) analyses in 32D cells before or 2 to 6 hours after exposure to radiation (3 Gy). (B) Western blot analysis of acetylated p53, total p53, and B-actin before and after
(3-6 hours) after irradiation (IR; 3 Gy) in control (Ctrl) or Hdac8"” BM (2-3 months old) cells. (C) Relative expression of Bax, Noxa, Puma, and Cdnk1a, without IR and 6 hours after
IR (3 Gy) in Ctrl, Hdac8"", Hdac8"” /p53ER" or p53ERX BM cells, measured by qRT-PCR assays. Bars represent mean * standard deviation (n = 3-5). (D) Relative
expression of p53 targets Bax, Noxa, and Pumain WT BM cells treated with HDAC8-selective inhibitor 22d (10 wM for 2 hours) or vehicle, without IR or 6 hours after IR (3 Gy).

*P < .05, **P < .01, ***P < .001.

supplemental Figure 4A-C). Inactivation of p53 in Hdac8* jp53ERXVK!
mice reversed the increased apoptosis of Hdac8™* A LT-HSCs induced by
radiation (Figure 5B-C), indicating that this increased sensitivity to
radiation was indeed mediated by p53. Consistent with this, Hdac A
LT-HSCs showed increased radiation-induced expression of apopto-
sis mediators Noxa and Puma, which was also reversed by p53 deletion
(Figure 5D). We further examined apoptosis of HSPCs induced by
whole-body irradiation (3 Gy) in vivo. Both Annexin V and DAPI
staining and intracellular-activated caspase 3 staining 6 hours after
irradiation showed significantly higher frequency of apoptotic cells,

specifically in the LT-HSC compartment, in Hdac8** mice relative to
controls (Figure SE-F; supplemental Figure 4D-E). This increased
radiation-induced LT-HSC apoptosis was completely rescued when 1
or both alleles of p53 were inactivated (Figure SE-F; supplemental
Figure 4D-F), confirming that this effect was mediated by p53.
Hyperactivation of p53 could render LT-HSCs more sensitive
to hematopoietic stressors, such as ablation with 5-FU, a cell
cycle—dependent cytotoxic chemotherapeutic agent. We tested this
by treating control or Hdac8*™ mice with serial 5-FU (100 mg/kg)
weekly (Figure 6A). We confirmed that elevated acetylated pS3
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Figure 5. Hdac8-deficient LT-HSCs are hypersensitive to p53-mediated apoptosis induced by genotoxic stress. (A) Schematic of experimental design. Hdacg8”"
(control [Ctrl]), Mx1-Cre/Hdac8"") (Hdac8*"), or Mx1-Cre/Hdac8” ) /p53ER*"! (Hdac8* /p53ER ") mice (2 months old) were induced by 7 doses of poly (I:C). Two weeks
after induction, phenotypic LT-HSC, ST-HSC, MPP, and MP populations were sorted from BM and underwent irradiation (IR; 3 Gy). Gene expression was analyzed at
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levels (supplemental Figure 5A-B) and increased pS53 target gene
expression were seen in Hdac8* LT-HSCs 2 days after 5-FU treatment
compared with similarly treated controls (Figure 6B). Intracellular
staining for activated caspase 3 revealed significantly (P = .0054)
increased apoptosis in Hdac8* LT-HSCs (54.1% =+ standard error of
1.058%) compared with control LT-HSCs (44.4% = standard error of
1.418%; Figure 6C). After serial 5-FU (2 rounds), Hdac A LT-HSC
and various HSPC populations showed significantly increased apo-
ptosis and reduced cell numbers, which could be reversed by in-
activation of 1 p53 allele (supplemental Figure S5C-D). To further examine
the hematopoietic consequences and functional contribution of p53,
we monitored blood counts and survival of a cohort of HdacSA/A,
Hdac8 A/p53ERK” kI s p53ERK” K1 , or control mice treated with 5-FU
weekly. Hdac8** mice were significantly compromised in their recov-
ery of white blood cell, red blood cell, and platelet counts over time
(Figure 6D-F). Notably, significantly increased lethality (P < .0001) was
seen in Hdac8** mice (76% lethality; n = 30) compared with similarly
treated control mice (5.9%; n = 34; Figure 6G), indicating that Hdac8
deletion indeed results in hypersensitivity to hematopoietic ablation.
Loss of p53 in Hdac8A/A/p53ERK’/ T mice largely restored the he-
matopoietic recovery (Figure 6D-F) and completely rescued the lethality
caused by Hdac8 deficiency (Figure 6G), confirming that the increased
sensitivity to 5-FU ablation is indeed mediated by p53 hyperactivation.
Altogether, these results indicate that Hdac8 functions to modulate p53
activity in LT-HSCs to ensure cell survival and maintenance under stress.

Discussion

Mechanisms that safeguard the maintenance and functional integrity
of LT-HSCs under stress are critical for lifelong hematopoietic re-
generation. In this study, we demonstrate that Hdac8 is a novel regulator
of LT-HSC function in that it is critical for long-term hematopoietic
repopulating activity and protection from hematopoietic stress. We
show that loss of Hdac8 renders LT-HSCs hypersensitive to genotoxic
and hematopoietic stress. Our results indicate that Hdac8 interacts with
the p53 protein and modulates its activity via deacetylation. Inactivation
of p53 completely rescued the hypersensitivity to stress and apoptosis of
LT-HSCs caused by Hdac8 deletion. Altogether, this study highlights
Hdac8 as a novel HSC regulator that ensures survival and functional
integrity of LT-HSCs, particularly under hematopoietic stress.

As the master guardian of the genome, the p53 protein has vastly
diverse functions, including cell-cycle arrest, DNA repair, senescence,
and apoptosis. The activity of p53 is uniquely regulated in HSC to
achieve an appropriate balance between maintaining the HSC pool and
genetic integrity. Indeed, various genetic models harboring hyperac-
tive p53 have shown increased apoptosis and decreased HSC pool
size.%*"? We show that Hdac8 deficiency resulted in enhanced
acetylation of p53 and thus hyperactivation of p53 in HSCs upon
irradiation or 5-FU treatment. We observed that loss of p53 itself could
speed up hematopoietic recovery, particularly erythropoiesis after
5-FU ablation (Figure 6E), consistent with reported roles of pS3 in stress
erythropoiesis.”’3 2 There was no significant change in Hdac8*"*
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LT-HSC apoptosis under steady state (supplemental Figure 4A-B).
Consistent with the proapoptotic role of p53 in HSCs under stress,
Hdac8** LT-HSCs expressed higher levels of Noxa and Puma and
were prone to stress-induced apoptosis. Genetic inactivation of pS3
reversed the upregulation of Noxa and Puma and rescued the apoptosis
seen in Hdac8*” LT-HSCs after irradiation, confirming that p53
indeed mediates these effects. In contrast, the cell-cycle inhibitor
Cdknla was downregulated in Hdac8** LT-HSCs both before and
after irradiation (Figure 5D). It has been shown that pS3 functions to
promote HSC quiescence in steady state.®> We performed cell-cycle
analysis using Ki67/DAPI staining and found significant reduction in
Gy phase and increase in G,/M phase, specifically in the Hdac8*"
LT-HSC and not other HSPC subpopulations (supplemental Figure
6A-J). Using an in vivo BrdU labeling (24 hours) assay, we also
observed similar decrease in G cells and significant increase in S phase
cells, specifically in the Hdac8"* LT-HSC compartment (supple-
mental Figure 7A-I). In addition, steady-state Hdac8*” LT-HSCs
showed significantly reduced Cdknla and Ndn expression (supple-
mental Figure 7J), consistent with their reported role in maintaining
HSC quiescence.®** Thus, an alternative regulatory mechanism likely
mediates the reduced quiescence and Cdknla and Ndn downregulation
in Hdac8* LT-HSCs. Nevertheless, increased HSC cycling could have
contributed to the hypersensitivity to 5-FU, a cell cycle-dependent
chemotherapeutic. Our study reveals that the function of Hdac8 is
clearly cellular context and compartment specific, likely related to the
distinct wiring of interconnected HSC regulatory networks operative
in the stem-cell compartment during homeostasis and under stress.

It has been reported that other class 1 HDAC members have
important functions in HSCs. Hdacl and Hdac2, known to act in
concert to promote G1-to-S progression,>” seem to have compen-
satory and overlapping functions in HSC maintenance.*®*” HDAC3,
however, was shown to be essential for DNA replication in hemato-
poietic progenitor cells.”® We found that Hdac8 deletion caused
hypersensitivity to stress and increased apoptosis specifically in the
LT-HSC compartment. There was no apparent deficiency in short-term
lineage differentiation capacity or steady-state survival of Hdac8-
deleted HSPCs. Although Hdac8 deletion reduced BM cellularity and
altered hematopoietic output in aged mice (>1 year), hematopoietic
defects were only evident upon long-term serial repopulation and
hematopoietic ablation, consistent with the specific effects in the
LT-HSC population. Given that serial transplantation and aging pro-
cesses place high demands and stress on LT-HSCs, p53-dependent
hypersensitivity to stress may represent a major mechanism contributing
to loss of HSC function over time. However, reduced quiescence
through alternative regulatory target(s) likely also contributes to the
loss of long-term repopulating capacity. Given that p53 also regulates
HSC quiescence, it is difficult to separate the effects of pS3 from the
effects of quiescence in the context of Hdac8 deficiency and long-term
repopulation activity. The NAD-dependent Sirtuin (SIRT)1 deacetylase,
also capable of modulating p53 acetylation,”*“> was shown to be es-
sential for HSPC homeostasis under stress and prevention of premature
aging.**** However, the effects of Hdac8 deficiency are more restricted
to the LT-HSC subpopulation compared with those of Sirtl deletion.

Figure 5 (continued) 24 hours and apoptosis was assessed at 48 hours after exposure to radiation. (B) Representative FACS plots of annexin V/DAPI staining in sorted Ctrl,
Hdac8"”, or Hdac8*" /p53ER X! LT-HSCs with or without IR. (C) Frequency of annexin V* cells in LT-HSC and MPP populations from Ctrl (n = 4), Hdac8* (n = 5), or
Hdac8* /p53ERX! (n = 3) with or without IR. (D) Relative expression levels of Puma, Noxa, and Cdkn1a assessed by quantitative reverse transcription polymerase chain
reaction in Ctrl (n = 4), Hdac8*” (n = 5), or Hdac8"*/p53ER"¥' (n = 3) LT-HSCs with or without IR. (E) Frequency of annexin V* cells in the LT-HSC and MPP
compartments of Ctrl (n = 6), Hdac8"” (n = 6), Hdac8"*/p53ER"* (n = 7), or Hdac8""*/p53ER (n = 3) mice 6 hours after whole-body IR (3 Gy). (F) Frequency of
activated caspase 3" cells in the LT-HSC and MPP compartment in Ctrl (n = 6), Hdac8*” (n = 6), Hdac8"*/p53ER"* (n = 7), or Hdac8"* /p53ER*"! (n = 3) mice 6 hours
after whole-body IR (3 Gy) assessed by intracellular staining followed by flow cytometry. Mean = SEM is shown. *P < .05, **P < .01, ***P < .001.
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Figure 6. Hyperactivation of p53 mediates hematopoietic deficiency and increased lethality in Hdac8-deficient mice challenged with serial 5-FU. (A) Schematic of
experimental design. Two-month-old mice were induced by 7 doses of poly (I:C) and complete blood count analyzed 2 weeks later (time 0), followed by 5-FU (100 mg/kg)
injection every 7 days. Mice were monitored for survival or analyzed for phenotypic HSPC populations by flow cytometry. (B) Relative expression of p53 and p53 target genes
Bax, Bid, Gadd45b, Puma Stag1, and Cdkn1a in control (Ctrl) or Hdac: /A LT-HSCs 2 days after treatment with 5-FU (100 mg/kg). (C) Frequency of activated caspase 3"
cells in phenotypic HSPC subpopulations 2 days after 5-FU treatment in Ctrl or Hdac8” mice (n = 3). Shown is mean + SEM. (D-F) Weekly white blood cell (WBC), red
blood cell (RBC), and platelet (PLT) counts of 5-FU—treated mice (Ctrl, n = 34; Hdac8'”, n = 30; Hdac8*/p53ER"! n = 7; p53ER n = 10). Mean + SEM is shown. (G)
Kaplan-Meier survival curves of serial 5-FU-treated Ctrl (n = 34), Hdac8” (n = 30), Hdac8*” /p53ER" (n = 7), or p53ER! (n = 10) mice. *P < .05, **P < .01, ***P < .001.
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Given these differences in phenotypes seen in Hdac8-deficient mice,
Hdac8 likely has unique regulatory functions in HSCs.

Loss-of-function mutations in HDACS, located on the X chromo-
some 13, have been linked to Cornelia de Lange Syndrome (CdLS)
and CdLS-like features.'®***’ These HDACS mutations are associated
with severely skewed X inactivation in the PB of female patients.
CdLS, a dominantly inherited congenital malformation disorder, is
typically associated with mutations in the cohesin loading protein
NIPBL or less frequently with mutations in the core cohesin compo-
nents SMC1A and SMC3. Mutations in cohesin complex members
have been identified in myelodysplastic syndrome and AML.*5°
Recent studies have demonstrated a dose-dependent role of cohesin
complex in normal and malignant hematopoiesis.>'>* Because HDACS
was found to be responsible for deacetylation of cohesin components,
HDACS deficiency resulted in increased acetylation of SMC3 and thus
could have affected cohesin recycling.'® The distinct functional impacts
seen between Hdac8-deficient and cohesion-deficient HSCs may have
been due to a relatively minor impact of SMC3 acetylation on cohesin
function and the dominant role of p53 in the HSCs. However, altered
cohesin function and increased cell cycling could possibly feed into
elevated replication stress in Hdac8-deficient LT-HSCs and contribute
to its loss of functional integrity over time. Our findings likely explain
the marked skewing and selection against the HDACS8-mutated allele
seen in the PB of female patients with CdLS with heterozygote HDACS
mutation.

Given the aberrant expression and activity of HDACS in a variety
of cancers, HDACS represents a rational therapeutic target. Indeed,
development of highly selective inhibitors has been achieved because
of the unique structural characteristics of HDAC8.2°°>® On the basis
of our studies, no overall hematologic toxicity would be expected for
on-target HDACS inhibition. It is noteworthy, however, that long-term
adverse effects on HSCs, particularly under conditions of chemother-
apy or hematopoietic stress, need to be considered.
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