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Article

HDAC6 deacetylates IDH1 to promote the
homeostasis of hematopoietic stem and
progenitor cells
Jia Yang1,† , Yang Liu1,†, Hanxiao Yin1,† , Songbo Xie2 , Linlin Zhang1 , Xifeng Dong3, Hua Ni1,

Weiwen Bu1 , Hongbo Ma1, Peng Liu4, Haiyan Zhu4, Rongxia Guo4, Lei Sun2, Yue Wu2, Juan Qin1 ,

Baofa Sun1 , Dengwen Li1, Hongbo R Luo5 , Min Liu6,* , Chenghao Xuan7,** & Jun Zhou1,2,***

Abstract

Hematopoietic stem and progenitor cells (HSPCs) are cells mainly
present in the bone marrow and capable of forming mature blood
cells. However, the epigenetic mechanisms governing the homeo-
stasis of HSPCs remain elusive. Here, we demonstrate an important
role for histone deacetylase 6 (HDAC6) in regulating this process.
Our data show that the percentage of HSPCs in Hdac6 knockout
mice is lower than in wild-type mice due to decreased HSPC prolif-
eration. HDAC6 interacts with isocitrate dehydrogenase 1 (IDH1)
and deacetylates IDH1 at lysine 233. The deacetylation of IDH1
inhibits its catalytic activity and thereby decreases the 5-
hydroxymethylcytosine level of ten-eleven translocation 2 (TET2)
target genes, changing gene expression patterns to promote the
proliferation of HSPCs. These findings uncover a role for HDAC6
and IDH1 in regulating the homeostasis of HSPCs and may have
implications for the treatment of hematological diseases.
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Introduction

Hematopoietic stem and progenitor cells (HSPCs) are cells that

reside primarily in the bone marrow and possess self-renewal and

differentiation capacities (Laurenti & Gottgens, 2018; Wilkinson

et al, 2020; Ferrari et al, 2021). The homeostasis of HSPCs is regu-

lated by orderly cell proliferation, differentiation, and apoptosis,

and is necessary for hematopoiesis, a process by which the body

manufactures blood cells (Laurenti & Gottgens, 2018; Rasheed,

2022). There is compelling evidence that epigenetic modification is

essential for regulating the homeostasis of HSPCs. For example, the

level of DNA methylation has profound effects on hematopoietic cell

fate determination; Dnmt3a knockout hematopoietic stem cells

(HSCs) exhibit enhanced self-renewal capacity and a predisposition

for the erythroid differentiation program (Challen et al, 2011; Izzo

et al, 2020), while ten-eleven translocation 2 (Tet2) knockout HSCs

present elevated self-renewal ability and a slanted myelomonocytic

differentiation (Ko et al, 2011; Moran-Crusio et al, 2011; Quivoron

et al, 2011). Interestingly, double knockout of Dnmt3a and Tet2

leads to a more severe and complex phenotype in the hematopoietic

system (Zhang et al, 2016). Epigenetic dysregulation has been impli-

cated in a variety of hematological diseases, including myeloprolif-

erative diseases and loss of immune function (Ntziachristos et al,

2016).

Histone acetylation is another epigenetic modification that partic-

ipates in the homeostasis of HSPCs and is regulated by two types

of enzymes, histone acetyltransferases and histone deacetylases
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(HDACs; Jiang et al, 2019; Rodrigues et al, 2020). These enzymes

modulate the acetylation of core histones by adding or removing

acetyl groups on the lysine residues, ultimately regulating chromatin

accessibility (Neganova et al, 2022). In addition to histones, the sub-

strates of HDACs include non-histone proteins. For example,

HDAC6, a class IIb family member of HDACs, can deacetylate a

number of cytoplasmic proteins such as a-tubulin and cortactin,

thereby regulating cell motility, ciliary homeostasis, virus infection,

immunity, and many other cellular processes (Hubbert et al, 2002;

Zhang et al, 2003, 2007, 2015; Valenzuela-Fernandez et al, 2005;

Huo et al, 2011; Ran et al, 2015, 2020, 2022; Wang et al, 2015; Yan

et al, 2017, 2018; Xie et al, 2020). HDAC6 has also been shown to

promote angiogenesis (Kaluza et al, 2011; Li et al, 2011), a process

in which new blood vessels are formed from existing vessels. How-

ever, it remains elusive whether HDAC6 is involved in the regula-

tion of hematopoiesis.

In this study, we investigated a potential role of HDAC6 in the

hematopoietic system. We found that Hdac6-deficient mice had a sig-

nificantly lower percentage of HSPCs than wild-type mice due to the

decreased proliferation of HSPCs. Mechanistic experiments showed

that HDAC6 deacetylates isocitrate dehydrogenase 1 (IDH1), a pro-

tein critically involved in the regulation of HSPC proliferation (Sasaki

et al, 2012; Shi et al, 2015), and thereby reduces the enzyme activity

of IDH1. The altered IDH1 enzymatic activity further decreased the

level of 5-hydroxymethylcytosine (5hmC) in TET2 target genes, ulti-

mately promoting the proliferation of HSPCs. As abnormal prolifera-

tion of HSPCs can lead to a wide spectrum of hematological diseases,

our findings suggest that targeting HDAC6 may hold promise for the

prevention and treatment of these diseases.

Results

Loss of HDAC6 impairs the proliferation of HSPCs in the
bone marrow

The classic lineage of HSCs has been clearly classified in adult

mouse bone marrow (Weissman, 2000; Mahadik et al, 2019). HSCs

can be simply divided into long-term HSCs (LT-HSCs) with high

self-renewal ability, and short-term HSCs (ST-HSCs) with limited

self-renewal ability. ST-HSCs further differentiate into multipotent

progenitor cells (MPPs). These three groups of cells are referred to

as the LSK (Lin�c-Kit+Sca1+) subsets, and have the potential for

multi-lineage cell differentiation (Fig EV1A). MPPs further differenti-

ate into uni-lineage progenitor cells, including common lymphoid

progenitors (CLPs) and common myeloid progenitors (CMPs),

which can only differentiate into lymphoid or myeloid cells, respec-

tively. In addition, CMPs further differentiate into granulocyte/mac-

rophage progenitors (GMPs) or megakaryocyte/erythroid

progenitors (MEPs). Collectively, CMPs, GMPs, and MEPs are

referred to as the LK (Lin�c-Kit+Sca1�) subsets (Karatepe et al,

2018; Fig EV1A).

To determine whether HDAC6 regulates hemopoiesis, we

obtained wild-type and Hdac6 knockout mice (Fig 1A and B) and

measured the number of blood cells in peripheral blood and hema-

topoietic cells in bone marrow. There was no significant difference

between wild-type and Hdac6 knockout mice in the number of

total white blood cells or any blood cell lineage in the peripheral

blood (Fig EV1B and D). In addition, no significant difference was

found in the number of whole bone marrow cells between wild-type

and Hdac6 knockout mice (Fig 1C). However, the number and fre-

quency of the LK cells slightly decreased, while the LSK cells in the

bone marrow decreased significantly in Hdac6 knockout mice

(Fig 1D–F). We then examined the frequency and number of the LK

subsets, including GMPs (Lin�c-Kit+Sca1�CD34+CD16/32+), MEPs

(Lin�c-Kit+Sca1�CD34�CD16/32�), and CMPs (Lin�c-
Kit+Sca1�CD34+CD16/32�). Loss of HDAC6 did not affect the num-

ber and frequency of these LK subsets (Fig 1G–I). However, HDAC6

deficiency obviously decreased the frequency and number of the

LSK subsets in the bone marrow, including MPPs (Lin�c-
Kit+Sca1+Flk2+CD34+), ST-HSCs (Lin�c-Kit+Sca1+Flk2�CD34+), and

LT-HSCs (Lin�c-Kit+Sca1+Flk2�CD34�; Fig 1J–L), suggesting that

HDAC6 specifically modulates the production of HSPCs.

We then proceeded to evaluate cell proliferation by measuring

the proportion of cells incorporated with 5-ethynyl-20-deoxyuridine
(EdU), a pyrimidine analog of thymidine that can be incorporated

into DNA in the S-phase of the cell cycle. HDAC6 deletion specifi-

cally decreased the proliferation of LK, LSK, MPP, and ST-HSC cells

▸Figure 1. Decreased proliferation of HSPCs in the bone marrow of Hdac6 knockout mice.

A Schematic illustration of the strategy used for generating Hdac6 knockout mice. Exons 10–13 of the mouse Hdac6 gene were replaced by a vector containing
neomycin (Neo) and zeocin (Zeo) cassettes.

B Genotypic identification of wild-type (WT) and Hdac6 knockout (KO) mice.
C Cell number in the bone marrow of wild-type and Hdac6 knockout mice (n = 12–13 mice per group).
D Flow cytometry profiles for the LK and LSK subsets in wild-type and Hdac6 knockout mice.
E, F Frequency and number of the LK and LSK subsets in wild-type and Hdac6 knockout mice (n = 12–13 mice per group).
G Flow cytometry profiles for the LK subset in wild-type and Hdac6 knockout mice.
H, I Frequency and number of the LK subset in wild-type and Hdac6 knockout mice (n = 12–13 mice per group).
J Flow cytometry profiles for the LSK subset in wild-type and Hdac6 knockout mice.
K, L Frequency and number of the LSK subset in wild-type and Hdac6 knockout mice (n = 12–13 mice per group).
M Flow cytometry profiles for the proportion of cycling HSPCs examined with EdU incorporation experiments.
N, O Frequency of the EdU-positive LK, LSK, MPP, ST-HSC, and LT-HSC subsets (n = 4–6 mice per group).
P Representative images of cell cycle for the LSK subsets in wild-type and Hdac6 knockout mice.
Q The proportion of LSK subsets at different phases of the cell cycle in wild-type and Hdac6 knockout mice (n = 3 mice per group).
R Representative images of colonies formed by bone marrow cells from wild-type and Hdac6 knockout mice. Scale bar, 200 lm.
S Number of colonies formed by bone marrow cells from wild-type and Hdac6 knockout mice (n = 10 mice per group).

Data information: All values are presented as mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant (Student’s t-test). See also Fig EV1.
Source data are available online for this figure.

2 of 18 EMBO reports 24: e56009 | 2023 � 2023 The Authors

EMBO reports Jia Yang et al



Figure 1.

� 2023 The Authors EMBO reports 24: e56009 | 2023 3 of 18

Jia Yang et al EMBO reports



(Fig 1M–O). In addition, we confirmed that HDAC6 deletion did not

affect the apoptosis of HSPCs (Fig EV1C).

In order to determine whether the decrease in the proliferation of

bone marrow HSPCs in Hdac6 knockout mice was due to cell cycle

arrest or altered cell differentiation, we examined the cell cycle of

LSK subsets in the bone marrow and the number and ratio

of mature blood cells in the peripheral blood of wild-type and Hdac6

knockout mice. We found that HDAC6 deficiency caused S-phase

cell cycle arrest of LSK subsets (Fig 1P and Q), but did not affect the

cell counts and ratio of mature blood cells in the peripheral blood

(Fig EV1B and D). These results indicate that the reduced prolifera-

tion of bone marrow HSPCs in Hdac6 knockout mice is due to cell

cycle arrest.

To further analyze whether HDAC6 depletion decreases func-

tional HSPCs in vitro, we performed granulocyte–monocyte colony

formation assays. We found that the bone marrow cells from wild-

type mice formed more colonies (35 colonies per 10,000 cells) than

those from Hdac6 knockout mice (22 colonies per 10,000 cells;

Fig 1R and S), confirming the reduction in functional progenitor

cells in the bone marrow of Hdac6 knockout mice. Collectively, our

results indicate that loss of HDAC6 inhibits the proliferation of

HSPCs.

HDAC6 interacts with IDH1 both in cells and in vitro

To explore the molecular mechanisms underlying the regulation of

HSPC proliferation by HDAC6, we immunoprecipitated HDAC6 from

the whole lysate of mouse bone marrow cells and analyzed

HDAC6-interacting proteins by mass spectrometry (Fig 2A). Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway analysis of

the proteins pulled down by HDAC6 identified the carbon metabo-

lism pathway as one of the most enriched pathways, which includes

IDH1 and several other proteins (Figs 2A, and EV2A and B). IDH1 is

known to catalyze the oxidative decarboxylation of isocitrate to a-
ketoglutarate (a-KG) and has been demonstrated to control the pro-

liferation of HSPCs (Sasaki et al, 2012; Shi et al, 2015). Thus, we

decided to focus on whether IDH1 is involved in the action of

HDAC6 in regulating HSPC proliferation.

To confirm the interaction between HDAC6 and IDH1, HA-

HDAC6 and GFP-IDH1 expression constructs were transfected into

cells, and immunoprecipitation assays were performed. We found

that GFP-IDH1 interacted with HA-HDAC6 in HEK293T cells (Fig 2B

and C). Furthermore, endogenous HDAC6 could be immunoprecipi-

tated by GFP-IDH1 (Fig 2D), and endogenous IDH1 could also be

immunoprecipitated by HA-HDAC6 in HEK293T cells (Fig 2E). The

specificity of the IDH1 antibody was verified by immunoblot analy-

sis of the lysates of control and IDH1 knockdown cells (Fig EV2C).

In addition, immunoprecipitation assays also revealed an interaction

between endogenous HDAC6 and endogenous IDH1 in mouse bone

marrow cells (Fig 2F). To analyze whether HDAC6 interacts with

IDH1 directly, GST-IDH1 was overexpressed and purified from

HEK293T cells, and HDAC6 was purified from Sf9 insect cells. By

GST pulldown assays, we found that purified HDAC6 could interact

with purified GST-IDH1, suggesting a direct interaction between

these two proteins (Fig 2G).

To identify the structural domains mediating the interaction

between HDAC6 and IDH1, we constructed a series of plasmids

expressing different truncated forms of HDAC6 and IDH1 (Fig 2H

and I). By immunoprecipitation assays, we found that a mutant of

HDAC6 lacking the carboxyl terminus (1–840), a mutant harboring

only the second deacetylase domain (416–840), and a mutant

lacking the first deacetylase domain, D(84–412), could bind to

IDH1, whereas a mutant of HDAC6 lacking the second deacetylase

domain, D(416–840), and a mutant lacking both the second deacety-

lase domain and the carboxyl terminus (1–415) could not bind to

IDH1 (Fig 2J). These results indicate that the second deacetylase

domain is both required and sufficient for HDAC6 to interact with

IDH1. Immunoprecipitation assays also revealed that the 101–415

and 206–310 fragments of IDH1 could bind to HDAC6, but the 1–93,

1–100, 101–205, and 311–415 mutants of IDH1 could not (Fig 2K),

suggesting that the 206–310 fragment of IDH1 is both necessary and

sufficient for its interaction with HDAC6.

HDAC6 deacetylates IDH1 at lysine 233 (K233)

The association between IDH1 and HDAC6 suggests that HDAC6

may deacetylate IDH1. To test this hypothesis, the acetylation of

IDH1 was examined by immunoprecipitation with the acetyl-lysine

antibody followed by immunoblotting with the IDH1 antibody, or

by immunoprecipitation with the IDH1 antibody followed by

immunoblotting with the acetyl-lysine antibody in bone marrow

cells from wild-type and Hdac6 knockout mice (Fig 3A and B). We

found that the level of IDH1 acetylation increased significantly in

Hdac6 knockout bone marrow cells compared with the wild-type

group. Two different HDAC6-specific siRNAs were then employed

to deplete the expression of HDAC6 in HEK293T cells, and the

acetylation of IDH1 was found to be significantly increased in

HDAC6 knockdown cells (Fig 3C). Consistently, overexpression of

HDAC6 decreased the acetylation of IDH1 in HEK293T cells

(Fig 3D).

▸Figure 2. HDAC6 interacts with IDH1 both in cells and in vitro.

A Coomassie blue staining of proteins immunoprecipitated from the whole lysate of the mouse bone marrow cells, with the HDAC6 antibody or control IgG.
B, C Immunoprecipitation and immunoblotting showing the interaction of HA-HDAC6 with GFP-IDH1 in HEK293T cells.
D Immunoprecipitation and immunoblotting showing the interaction of GFP-IDH1 with endogenous HDAC6 in HEK293T cells.
E Immunoprecipitation and immunoblotting showing the interaction of HA-HDAC6 with endogenous IDH1 in HEK293T cells.
F Immunoprecipitation and immunoblotting showing the interaction between endogenous HDAC6 and endogenous IDH1 in bone marrow cells.
G GST pulldown and immunoblotting showing the interaction between purified GST-IDH1 and purified HDAC6.
H, I Schematic diagrams showing the structural domains of (H) HDAC6 and (I) IDH1 and various truncated mutants. DD, deacetylase domain.
J Immunoprecipitation and immunoblotting with various truncated mutants of HA-HDAC6 to identify the domains that mediate its interaction with GFP-IDH1.
K Immunoprecipitation and immunoblotting with various truncated mutants of GFP-IDH1 to identify the domains that mediate its interaction with HA-HDAC6. See

also Fig EV2.

Source data are available online for this figure.
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To determine whether the reduced acetylation of IDH1 is depen-

dent on the catalytic activity of HDAC6, we treated HEK293T cells

with tubacin (Haggarty et al, 2003) and tubastatin A (Butler

et al, 2010), two specific inhibitors of HDAC6, and trichostatin A

(TSA; Yoshida et al, 1990), an inhibitor of class I, IIa, and IIb

HDACs, including HDAC6. We found that all of these inhibitors

Figure 2.
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could increase the level of IDH1 acetylation. By contrast, sodium

butyrate (NaB; Sealy & Chalkley, 1978; Kilgore et al, 2010), an

inhibitor of class I HDACs, could not increase IDH1 acetylation

(Fig 3E).

Furthermore, we performed in vitro deacetylation assays using

GST-IDH1 isolated from HEK293T cells as the substrate. We found

that the level of GST-IDH1 acetylation was significantly decreased

upon incubation with HA-HDAC6 immunoprecipitated from

HEK293T cells (Fig 3F). Collectively, these results suggest that

HDAC6 is a deacetylase of IDH1.

We then sought to identify the acetylated lysine residue(s) in

IDH1. The UniProt database predicted three lysine residues in IDH1

that might be acetylated, that is, K224, K233, and K321. As IDH1 is

an evolutionarily conserved protein, we speculated that the acety-

lated lysine(s) might be conserved during evolution. Alignment of

IDH1 sequences from four different species (human, rat, mouse,

and zebrafish) revealed that the three predicted residues are indeed

highly conserved (Fig EV2D). IDH1 is known as a homodimeric

NAD phosphate-dependent enzyme (Geisbrecht & Gould, 1999; Xu

et al, 2004). We analyzed the 3D structure of IDH1 and found that

K224, K233, and K321 are all located on the surface of this protein

(Fig 3G). These analyses suggest potential acetylation of these three

residues.

To examine whether the three lysine residues of IDH1 could be

deacetylated by HDAC6, each of these lysine residues was mutated

to an arginine residue (K to R) to block acetylation. The HDAC6

inhibitor tubacin significantly increased the acetylation of wild-type

IDH1 and the K224R and K321R mutants, but not the K233R mutant

(Fig 3H and I). In addition, siRNA-mediated knockdown of HDAC6

expression revealed similar results (Fig 3J and K). Consistent with

these findings, overexpression of HDAC6 remarkably reduced the

acetylation of wild-type IDH1 and the K224R and K321R mutants,

but did not obviously affect the acetylation of the K233R mutant

(Fig 3L and M).

To confirm the deacetylation of K233 by HDAC6, we performed

in vitro deacetylation assays using GST-IDH1 wild-type and K233R

mutant proteins isolated from HEK293T cells. We found that the

level of K233R acetylation was significantly lower than that of the

wild-type protein (Fig 3N). Moreover, HA-HDAC6 could deacetylate

GST-IDH1 wild type, but not the K233R mutant (Fig 3O and P). In

summary, these findings strongly suggest that K233 is the primary

lysine residue in IDH1 targeted for deacetylation by HDAC6.

HDAC6-mediated deacetylation decreases IDH1 activity and
promotes the proliferation of HSPCs

We then asked whether HDAC6-mediated K233 deacetylation regu-

lates IDH1 activity. IDH1 is known to catalyze the oxidative decar-

boxylation of isocitrate to produce a-KG and NADPH (Geisbrecht &

Gould, 1999). To measure IDH1 activity, we sorted LSK cells from

the bone marrow of wild-type and Hdac6 knockout mice using flow

cytometry. We found that IDH1 activity in Hdac6 knockout LSK cells

was significantly higher than that in wild-type LSK cells (Fig 4A).

We also found that knockdown of HDAC6 efficiently increased the

activity of IDH1 in HEK293T cells (Fig 4B). In addition, inhibition of

HDAC6 activity with tubacin increased IDH1 activity and cellular a-
KG level in a concentration-dependent manner (Fig 4C and D).

To examine the effect of HDAC6-mediated K233 deacetylation on

IDH1 activity, we transfected HEK293T cells with plasmids expres-

sing GFP-tagged IDH1 wild type, K233R (acetylation-deficient), or

K233Q (acetylation-mimicking). The levels of these exogenously

expressed GFP-tagged IDH1 proteins were markedly higher than

endogenous IDH1 (Fig 4E). We compared the activities of these dif-

ferent IDH1 forms and found that the K233R mutant had a markedly

lower activity than wild-type IDH1, whereas the K233Q mutant

exhibited a higher activity than the wild type (Fig 4F). To verify

whether HDAC6-mediated deacetylation reduces IDH1 activity, we

transfected HDAC6-depleted HEK293T cells with plasmids expres-

sing GFP-IDH1 wild type, K233R, or K233Q. We found that the

K233R mutant, but not wild-type IDH1 or the K233Q mutant, largely

blocked the promoting effect of HDAC6 depletion on IDH1 activity

(Fig 4G and H). Next, we purified GST-tagged IDH1 wild type,

K233R, and K233Q from HEK293T cells, and assessed their catalytic

activities. We found that wild-type IDH1 possessed higher activity

▸Figure 3. HDAC6 deacetylates IDH1 at K233.

A Analysis of IDH1 acetylation via immunoprecipitation of the bone marrow cell lysate with the acetylated lysine (Ace-lysine) antibody, followed by immunoblotting
with the IDH1 antibody.

B Analysis of IDH1 acetylation via immunoprecipitation of the bone marrow cell lysate with the IDH1 antibody, followed by immunoblotting with the Ace-lysine
antibody.

C–E Analysis of GFP-IDH1 acetylation by immunoprecipitation with the GFP antibody followed by immunoblotting with the Ace-lysine antibody. HEK293T cells were
treated with HDAC6 siRNAs (C), transfected with the HA-HDAC6 plasmid (D), or treated with tubacin, tubastatin A (TubA), trichostatin A (TSA), or sodium butyrate
(NaB) (E).

F In vitro deacetylation assay indicating the deacetylation of GST-IDH1 by HA-HDAC6. The black arrowhead indicates HA-HDAC6, while the white arrowhead marks
GST-IDH1.

G 3D structure of IDH1 showing the location of the three predicted acetylation sites.
H–M Immunoprecipitation and immunoblotting showing the level of IDH1 acetylation in HEK293T cells transfected with wild-type GFP-IDH1 or various mutants, and

quantitative statistics was performed. These cells were treated with the HDAC6 inhibitor, tubacin (H, I), transfected with the HDAC6 siRNA (J, K), or transfected with
the HA-HDAC6 plasmid (L, M). I, K, and M are the corresponding statistical results (n = 3 technical replicates).

N Immunoblotting showing the acetylation of GST-IDH1 and GST-IDH1 K233R proteins purified from HEK293T cells. The black arrowhead indicates GST-IDH1 and
GST-IDH1 K233R.

O, P In vitro deacetylation analysis using GST-IDH1 and GST-IDH1 K233R proteins as substrates. The black arrowhead indicates HA-HDAC6, while the white arrowhead
marks GST-IDH1 and GST-IDH1 K233R. (P) is the corresponding statistical result (n = 3 technical replicates).

Data information: All values are presented as mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant (Student’s t-test). See also Figs EV2
and EV4.
Source data are available online for this figure.
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than the K233R mutant, but lower activity than the K233Q mutant

(Fig 4I and J). Taken together, these findings indicate that HDAC6-

mediated K233 deacetylation reduces IDH1 activity.

To further investigate whether HDAC6 promotes the production

of HSPCs through regulating the enzymatic activity IDH1, we

performed granulocyte–monocyte colony formation assays using

Figure 4. HDAC6-mediated deacetylation inhibits IDH1 activity and promotes the proliferation of HSPCs.

A Analysis of IDH1 activity in wild-type and Hdac6 knockout bone marrow cells (n = 6–9 tests from three independent experiments).
B Analysis of IDH1 activity in HEK293T cells transfected with control or HDAC6 siRNAs (n = 6–9 tests from three independent experiments).
C Analysis of IDH1 activity in HEK293T cells treated with the indicated concentration of tubacin (n = 6–9 tests from three independent experiments).
D Analysis of the a-KG level in HEK293T cells treated with the indicated concentration of tubacin (n = 4 independent experiments).
E, F Immunoblotting (E) and IDH1 activity analysis (F, n = 6–9 tests from three independent experiments) in HEK293T cells transfected with plasmids expressing GFP,

GFP-IDH1, GFP-IDH1 K233R, or GFP-IDH1 K233Q. In panel (E), the black arrowhead indicates exogenous IDH1, while the white arrowhead marks endogenous IDH1.
G, H Immunoblotting (G) and IDH1 activity analysis (H, n = 6–9 tests from three independent experiments) in HEK293T cells transfected with control or HDAC6 siRNAs,

and plasmids expressing GFP, GFP-IDH1, GFP-IDH1 K233R, or GFP-IDH1 K233Q. In panel (G), the black arrowhead indicates exogenous IDH1, while the white arrow-
head marks endogenous IDH1.

I, J Coomassie blue staining (I) and IDH1 activity analysis (J, n = 9 tests from three independent experiments) of the purified proteins.
K Representative images of the colony formation assay. Scale bar, 200 lm.
L Number of colonies formed by wild-type and Hdac6 knockout mice bone marrow cells treated or untreated with 10 lM GSK321 (n = 6 mice per group).

Data information: All values are presented as mean � SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test for panel A, and ANOVA test for panels B, C, D, F, H,
J, and L).
Source data are available online for this figure.
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Hdac6 knockout bone marrow cells treated with GSK321, a chemical

compound that could inhibit mutant IDH1 at low concentrations

and wild-type IDH1 at high concentrations (Okoye-Okafor et al,

2015; Jiang et al, 2016; Xu et al, 2020; Dai et al, 2022). We found

that Hdac6 knockout bone marrow cells formed fewer colonies than

wild-type cells, and inhibition of IDH1 activity by the addition of

GSK321 (10 lM) restored the colony forming ability of Hdac6

knockout bone marrow cells (Fig 4K and L). These results indicate

that HDAC6 regulates the proliferation of HSPCs by affecting the cat-

alytic activity of IDH1.

HDAC6-mediated IDH1 deacetylation promotes cell proliferation
and inhibits the hydroxymethylation of TET2 target genes

The production of a-KG by IDH1 is essential for the activity of the

TET family of oxidases, which catalyze the hydroxylation of 5-

methylcytosine (5mC) to 5hmC, leading to DNA demethylation and

gene expression regulation (Tahiliani et al, 2009). It has been

reported that Tet2 knockout HSCs exhibit enhanced self-renewal

capacity (Ko et al, 2011; Moran-Crusio et al, 2011; Quivoron et al,

2011). IDH1/2 mutation can regulate the level of 5hmC by modulat-

ing TET2 activity, thereby influencing the number of HSPCs (Figue-

roa et al, 2010). Based on our finding that HDAC6-mediated

deacetylation decreased IDH1 activity, we hypothesized that altered

5hmC levels on target genes could be a mechanism underlying

HDAC6-promoted HSPC proliferation. To test this hypothesis, we

sorted LSK cells from mouse bone marrow using flow cytometry

(Fig 5A). Global genome methylation and hydroxymethylation

sequencing were performed using oxidative bisulfite sequencing

(oxBS-Seq). Our results revealed that the mean DNA methylation

rates in wild-type and Hdac6 knockout LSK cells were 82.52 and

81.39%, respectively. Additionally, the mean hydroxymethylation

rates were 5.68 and 5.63%, respectively. According to the read

count, the genomic distribution of 5hmC in wild-type and Hdac6

knockout LSK cells presents no obvious difference (Fig 5B).

In order to validate whether the hyperacetylation of IDH1

resulting from Hdac6 knockout leads to elevated hydroxymethyla-

tion of TET2 target genes and consequently inhibits proliferation,

we constructed a TET2 target gene dataset based on TET2 ChIP-seq

results (Rasmussen et al, 2019). We then analyzed this

dataset along with the significantly upregulated hydroxymethylation

genes, identifying 2,919 overlapping genes (Fig 5C), including sev-

eral genes that negatively regulate cell proliferation (Fig 5D). Cell

proliferation-related TET2 target genes, including Ppp2r5b, Birc5,

Nsun2, Pinx1, Rrp8, and Col18a1, were hyper-hydroxymethylated in

Hdac6 knockout LSK cells (Fig 5E), while TET2-independent genes,

including Cep19, Dvl1, and Etv3l, showed no difference in their

hydroxymethylation levels (Fig 5F). These findings suggest that

Hdac6 knockout promotes the hydroxymethylation of TET2 target

genes and further regulates the proliferation of HSPCs.

a-KG has been shown to function as a cofactor for JmjC domain-

containing histone demethylases (Tsukada et al, 2006), in addition

to its role in 5hmC-mediated DNA demethylation. Therefore, we

speculated that HDAC6-mediated IDH1 deacetylation might also

influence the level of histone methylation. To test this possibility,

we analyzed the monomethylation of histone H3K4 and the

trimethylation of H3K4, H3K9, H3K27, and H3K36 by immunoblot-

ting with specific antibodies. We found that these histone

methylations were not affected by inhibition of HDAC6 activity,

depletion of HDAC6 expression, or mutation of the K233 residue in

IDH1 (Fig EV3A–D). These data suggest that HDAC6-mediated IDH1

deacetylation specifically decreases the 5hmC level of TET2 target

genes.

Hdac6 knockout alters the expression of TET2 target genes
involved in the proliferation of HSPCs

The level of 5hmC plays a critical role in the regulation of gene

expression and thereby is involved in a variety of biological pro-

cesses (Shi et al, 2017). The relationship between the 5hmC level

and gene expression patterns is complicated and cell type dependent

(Shi et al, 2017). To further explore the mechanism by which ele-

vated hydroxymethylation of TET2 target genes inhibits the expan-

sion of LSK cells from Hdac6 knockout bone marrow cells, we

isolated LSK cells from the bone marrow of wild-type and Hdac6

knockout mice by flow cytometry, and analyzed the transcriptome

by RNA sequencing.

Bioinformatics analyses revealed a total of 271 significantly dif-

ferentially expressed genes (DEGs) between wild-type and Hdac6

knockout LSK cells with a fold change > 2 and a significance of P-

value < 0.05 (Fig 6A). Among these DEGs, 109 genes were downre-

gulated and 162 genes were upregulated in Hdac6 knockout LSK

cells (Fig 6B). Subsequently, we performed gene ontology (GO)

enrichment analysis to explore the pathways associated with these

DEGs. Our analysis demonstrated that loss of HDAC6 led to a signifi-

cant upregulation of genes that negatively regulate the cell cycle

(Fig 6C and D). By overlapping the TET2 target gene dataset, upre-

gulated expression gene dataset, and upregulated hydroxymethyla-

tion gene dataset, we identified 62 overlapping genes (Fig 6E),

including those involved in the negative regulation of the cell cycle.

Quantitative PCR (qPCR) further confirmed that the mRNA levels of

Pinx1, Col18a1, and Ppp2r5b were significantly increased in HDAC6

knockdown HEK293T cells (Fig 6F–H), and inhibition of IDH1 activ-

ity by the addition of GSK321 (10 lM) could suppress the upregula-

tion of these genes (Fig 6I–K). Pinx1 has been shown to inhibit the

proliferation of bladder urothelial carcinoma cells and non-small cell

lung cancer cells (Liu et al, 2013; Tian et al, 2017). Col18a1 can sup-

press endothelial cell proliferation (O’Reilly et al, 1997; Kim

et al, 2002), and Ppp2r5b can repress the proliferation of neuronal

cells (Van Kanegan & Strack, 2009). These results support our find-

ing that HDAC6-mediated IDH1 deacetylation promotes the prolifer-

ation of HSPCs by modulating the expression of TET2 target genes

related to HSPC proliferation.

Discussion

The present study identifies an important function for HDAC6 in

regulating the homeostasis of HSPCs (Fig 7). In particular, our data

demonstrate that HDAC6 plays a critical role in maintaining the

number and frequency of LSKs in the bone marrow. Mechanisti-

cally, our data reveal that HDAC6 interacts with IDH1 and deacety-

lates IDH1 at K233. Loss of HDAC6 increases the acetylation and

enzymatic activity of IDH1, and subsequently increases the 5hmC

level of TET2 target genes, thereby influencing gene expression to

alter the proliferation of HSPCs (Fig 7).
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Figure 5. HDAC6-mediated IDH1 deacetylation promotes cell proliferation and inhibits the hydroxymethylation of TET2 target genes.

A Schematic illustration of the experimental setup used to acquire wild-type and Hdac6 knockout LSK cells. Whole mouse bone marrow cells were taken, and after lys-
ing the red blood cells, corresponding antibodies were labeled. Lin�c-Kit+Sca1+ cells were flow cytometrically isolated for sequencing.

B Genome-wide distribution of hydroxymethylation in wild-type and Hdac6 knockout LSK cells.
C Overlapping analysis of 7,670 upregulated hydroxymethylation genes (methdiff > 0.1, P-value < 0.05) and 7,081 TET2 targeted genes resulting in a total of 2,919 can-

didate genes.
D GO enrichment results of 2,919 overlapping genes.
E IGV screenshots showing elevated hydroxymethylation of multiple candidate genes associated with negative regulation of the cell cycle.
F IGV screenshots of TET2-independent genes showing no significant changes in hydroxymethylation. See also Fig EV3.

Source data are available online for this figure.
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HSPCs maintain the stem cell pool through self-renewal, differen-

tiation, and programmed death to meet the body’s demand for vari-

ous blood cells. A number of factors are known to control HSPC

homeostasis, such as Wnt and Notch signaling molecules, miRNAs,

inflammatory factors, epigenetic factors, and cell cycle regulators

(Walker et al, 1999; Reya et al, 2003; Jiang et al, 2019; Sezaki

et al, 2020; Chen et al, 2022; Crisafulli & Ficara, 2022). For example,

high level of Wnt signaling promotes HSPC proliferation and

inhibits cell differentiation (Reya et al, 2003). Inhibition of miR-99

induces cell differentiation and proliferation, thereby causing the

exhaustion of the HSPC pool (Khalaj et al, 2017). IFN-a stimulates

the quiescence of HSPCs and hence reduces the HSPC pool (Essers

et al, 2009). Depletion of lysine-specific demethylase 1 inhibits

HSPC self-renewal and differentiation, resulting in whole-blood

cytopenia (Kerenyi et al, 2013). Loss of cyclin A inhibits the prolifer-

ation of HSPCs, resulting in severe anemia (Kalaszczynska

Figure 6.
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et al, 2009). Depletion of Cyclin D also leads to reduced proliferation

of HSPCs in mouse fetal liver and the inability to reconstruct the cell

lineages in irradiated mice (Kozar et al, 2004).

In this study, our data demonstrate that HDAC6 regulates the

proliferation of HSPCs, but not their apoptosis or differentiation

(Figs 1M–O, and EV1C and D). In addition, Hdac6 knockout mice

survive well and do not show obvious phenotypes despite the

abnormal HSPCs. These findings suggest that the reduced HSPCs

in mice due to HDAC6 deficiency may still meet normal

physiological needs in the absence of severe inflammation. It is

also tempting to speculate that impaired hematopoiesis may occur

in Hdac6 knockout mice in response to certain stimuli. Interest-

ingly, our data also reveal a significant increase in the proliferation

of LT-HSCs in Hdac6 knockout mice. This is probably due to a

feedback regulation caused by the reduced number of HSPCs. Fur-

ther studies are warranted for in-depth investigation of the mecha-

nisms of how HDAC6 regulates hematopoiesis under pathological

conditions.

◀ Figure 6. Hdac6 knockout alters the expression of TET2 target genes involved in the proliferation of HSPCs.

A Volcano plot showing the significant upregulation of 162 genes and significant downregulation of 109 genes by the loss of HDAC6 (Foldchange > 2, P-
value < 0.05).

B Heatmaps showing differentially expressed genes (Foldchange > 2, P-value < 0.05).
C GO enrichment analysis of 377 upregulated genes by the loss of HDAC6 (FoldChange > 1.5, P-value < 0.05).
D Heatmaps based on the GO enrichment analysis showing genes that negatively regulate the cell cycle.
E Intersection analysis of 377 upregulated genes, 7,670 significantly upregulated hydroxymethylation genes, and 7,081 TET2-targeted genes.
F–H qPCR showing that knockdown of HDAC6 significantly upregulates the expression of TET2 target genes with hyper-hydroxymethylation.
I–K qPCR showing that treatment with 10 lM GSK321 inhibits the upregulation of the indicated genes in HDAC6 knockdown HEK293T cells.

Data information: All values are presented as mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant (ANOVA test).
Source data are available online for this figure.

Figure 7. Schematic diagram showing the function of HDAC6-mediated IDH1 deacetylation in regulating the proliferation of HSPCs.

In mouse bone marrow HSPCs, HDAC6 interacts with IDH1 and deacetylates IDH1 at K233. The deacetylation of IDH1 inhibits its enzymatic activity and thereby
decreases the 5hmC level of TET2 target genes to maintain HSPC homeostasis. Hdac6 deficiency increases the acetylation and activity of IDH1, thereby elevating the
5hmC level of TET2 target genes, and changing gene expression patterns to inhibit the proliferation of HSPCs.
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Members of the HDAC family have been implicated previously in

the regulation of HSPC homeostasis. For example, reduction in

HDAC3 in the cord blood cells maintains the stemness of HSCs and

expands the HSCs pool, whereas reduction in HDAC1, HDAC2,

and HDAC8 inhibits the differentiation of HSCs into the monocyte

lineage (Elizalde et al, 2012). HDAC1 and HDAC3 inhibit the tran-

scriptional activity of RUNX1, thereby inhibiting the proliferation of

HSCs (Guo & Friedman, 2011). HDAC3 and HDAC5, but not HDAC1,

can interact with GATA2 and inhibit its transcriptional activity, thus

playing a role in HSC proliferation (Ozawa et al, 2001). HDAC3 is

highly expressed in HSPCs and regulates the proliferation of HSPCs

(Dhoke et al, 2016). While most other HDACs function at the tran-

scriptional level through deacetylating histones in the nucleus,

HDAC6 is mainly localized and functions in the cytoplasm (Verdel

et al, 2000). Our results demonstrate that HDAC6 deacetylates IDH1

and regulates IDH1 activity, thereby playing an important role in the

proliferation of HSPCs. IDH1-catalyzed production of a-KG is an

important cofactor for dioxygenases, such as the TET family mem-

bers (Tahiliani et al, 2009), which catalyze the formation of 5hmC

from 5mC in genomic DNA, further regulating gene expression (Shi

et al, 2017; Wu & Zhang, 2017; Wu et al, 2018; Lio et al, 2019).

Although HDAC6 does not directly catalyze the deacetylation of his-

tones to mediate transcriptional regulation, our findings reveal an

indirect function of HDAC6 in epigenetic regulation through

deacetylating IDH1.

At present, most of the studies on IDH1 focus on the arginine 132

residue (R132), which is essential for the catalytic activity of IDH1.

R132 mutation changes the catalytic product of IDH1 to produce

(R)-2-hydroxyglutarate (a-HG), which inhibits the activity of a-KG-
dependent dioxygenases, altering the levels of DNA/histone methyl-

ation (Dang et al, 2009; Figueroa et al, 2010; Gross et al, 2010; Xu

et al, 2011). Mutations in R132 have been shown to cause severe

hematopoietic diseases, including acute myeloid leukemia and

myelodysplastic syndromes (Gross et al, 2010; Thol et al, 2010). In

this study, we have discovered an important role for K233 acetyla-

tion in regulating IDH1 activity. Our results also suggest that K233

exists in a region that mediates the interaction between two IDH1

monomers (Fig EV4A–C), and the deacetylation of IDH1 by HDAC6

inhibits the formation of IDH1 homodimers (Fig EV4D and E), lead-

ing to decreased catalytic activity.

In summary, the present study uncovers the critical role of the

HDAC6-IDH1 axis in regulating the homeostasis of HSPCs. Our find-

ings may have important implications in the treatment of hemato-

logical diseases.

Materials and Methods

Mice

C57BL/6 Hdac6 knockout mice were kindly provided by Professor

Tso-pang Yao from Duke University. Wild-type mice and Hdac6

knockout mice were bred in the specific pathogen free (SPF) barrier

of the Experimental Animal Center at Nankai University. All mouse

experiments were approved by and performed in accordance with

the guidelines of the Animal Care and Use Committee of Nankai

University. Randomization and blinding were not employed for ani-

mal experiments.

Antibodies

The following antibodies were used: anti-GFP (11814460001, Roche,

Basel, Switzerland), anti-HA (H3663, Sigma-Aldrich, Missouri, USA),

anti-GST (G7781, Sigma-Aldrich), anti-Ace-a-tubulin (T6793, Sigma-

Aldrich), anti-a-tubulin (T6199, Sigma-Aldrich), anti-acetylated

lysine (PTM-101, PTM, Hangzhou, China), anti-b-actin (AC026,

ABclonal, Wuhan, China), anti-HDAC6 (07-732, Millipore, Massachu-

setts, USA), anti-IDH1 (12332-1-AP, Proteintech, Chicago, USA), anti-

histone H3 (9715, Cell Signaling Technology, Massachusetts, USA),

anti-H3K4me1 (ab8895, Abcam, Cambridge, UK), anti-H3K4me3

(ab8580, Abcam), anti-H3K9me3 (ab8898, Abcam), anti-H3K27me3

(ab6002, Abcam), and anti-H3K36me3 (4909, Cell Signaling Technol-

ogy). Anti-GFP agarose (D153-8) was purchased from Medical & Bio-

logical Laboratories (Tokyo, Japan). Anti-HA agarose (M20031) was

purchased from Abmart Shanghai Ltd. (Shanghai, China). Mouse

anti-goat IgG-HRP (sc-2354) and rabbit anti-goat IgG-HRP (sc-2768)

were purchased from Santa Cruz Biotechnology (Oregon, USA). Fluo-

rescein (FITC)-conjugated goat anti-mouse IgG (H + L) (115-095-

003), rhodamine (TRITC)-conjugated goat anti-mouse IgG (H + L)

(115-025-003), FITC-conjugated goat anti-rabbit IgG (H + L) (111-

095-003), and TRITC-conjugated goat anti-rabbit IgG (H + L) (111-

025-003) were purchased from Jackson ImmunoResearch Laborato-

ries (Pennsylvania, USA). Mouse CD117 (c-Kit) MicroBeads (130-

091-224) and LS columns (130-122-729) were purchased from

Miltenyi Biotec (Bergisch Gladbach, Germany), PE/Cyanine7 strepta-

vidin (405206), APC/Cyanine 7 anti-mouse Ly-6A/E (Sca1) antibody

(108125), PE anti-mouse Ly-6A/E (Sca1) antibody (160905), APC

anti-mouse CD117 (c-Kit) antibody (161505), PE anti-mouse CD135

(FLT3/FLK2) antibody (135305), PerCP/Cyanine 5.5 anti-mouse

CD16/32 antibody (101323), PerCP anti-mouse/human CD45R/B220

antibody (103233), PerCP anti-mouse/human CD11b antibody

(101229), PerCP anti-mouse TER-119/erythroid cells antibody

(116225), and PerCP anti-mouse CD3e antibody (100325) were all

purchased from BioLegend (California, USA). FITC-conjugated CD34

monoclonal antibody (11-0349-42) was purchased from Thermo

Fisher Scientific Inc. (Massachusetts, USA).

Chemicals

DAPI (D5942), TSA (V900931), and NaB (B5887) were purchased

from Merck KGaA (Darmstadt, Germany). GSK321 (HY-18948) was

purchased from MedChemExpress LLC (New Jersey, USA). Hoechst

33342 was purchased from Guangzhou RiboBio (Guangzhou,

China). Glutathione Sepharose 4B was purchased from GE Health-

care (17-0756-01, Chicago, USA). Pan anti-acetyl-lysine antibody-

conjugated agarose (PTM-103) was purchased from PTM Biolabs.

Protein A/G agarose (20422) was purchased from Thermo Fisher

Technology. Lineage Cell Detection Cocktail-Biotin (130-092-613)

was purchased from Miltenyi Biotec.

Plasmids, siRNAs, and primers

Plasmids expressing HA-HDAC6 were described previously (Huo

et al, 2011). All siRNAs were purchased from Guangzhou RiboBio

(Guangzhou, China). The following siRNAs were used in this study:

control siRNA: CGUACGCGGAAUACUUCGA; human HDAC6

siRNA#1: GCAGUUAAAUGAAUUCCAU; human HDAC6 siRNA#2:
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GGAGUUAACUGGCAGGCAU; human IDH1 siRNA#1: GCATAA

TGTTGGCGTCAAA; human IDH1 siRNA#2: GTCCCAGTTTGAA

GCTCAA; and human IDH1 siRNA#3: GGCCCAAGCTATGAAATCA.

The primer sequences for mouse genotype identification are as fol-

lows: Hdac6-Int-9: CTGGTTCGTCTGAAGACA, Hdac6-Exo-10: GTGG

ACCAGTTAGAAGCC, Hdac6-Zeo-1: CCATGACCGAGATCGGCGAG

CA, Hdac6-Zeo-3: CGTGAATTCCGATCATATTCAAT; Gapdh-F: CG

CCTGGAGAAACCTGTATGTATG, Gapdh-R: GAAGAGTGGGAGTTG

CTGTTGAAG. The primer sequences for qPCR are as follows: Pinx1-F:

CCAGAGGAGAACGAAACCACG, Pinx1-R: ACCTGCGTCTCAGAAA

TGTCA, Col18a1-F: TGGTCTACGTGTCGGAGCA, Col18a1-R: GCCTC

GTTCGCCCTTAGAG, Ppp2r5b-F: AGCCCGTCTACCCAGACATC, Ppp2r5b-

R: CCAAGAAACGCAGGAAAAACTC.

Cell culture and transfection

HEK293T cells were purchased from the American Type Culture

Collection (ATCC, Manassas, VA, USA). Cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with

10% fetal bovine serum (FBS, C04001-500, VivaCell Biosciences,

Shanghai, China) at 37°C in a humidified atmosphere with 5% CO2.

Plasmids were transfected into cells using polyethylenimine (PEI,

23966-1, Polysciences, Pennsylvania, USA) and siRNAs were trans-

fected using the Lipofectamine RNAiMAX transfection reagent

(13778030, Invitrogen, California, USA).

Flow cytometry and cell sorting

Bone marrow cells from femurs and tibias were flushed in PBS with

2% FBS. Red blood cells were lysed using ACK buffer (A1049201,

Gibco, California, USA). Then, a total of 2–5 × 106 bone marrow cells

were incubated with Lineage Cell Detection Cocktail-Biotin in PBS.

After washed, the cells were labeled with corresponding antibodies.

PE/Cyanine 7 streptavidin was used to label biotin. APC/Cyanine 7

anti-mouse Ly-6A/E (Sca1) and APC anti-mouse CD117 (c-Kit) were

used to label HSPCs. FITC anti-mouse CD34 and PE anti-mouse

CD135 (FLT3/FLK2) were used to label the LSK subset. FITC anti-

mouse CD34 and PerCP/Cyanine 5.5 anti-mouse CD16/32 were used

to label the LK subset. Samples were incubated with antibodies at 4°C

for 90 min, washed, and then subjected to flow cytometry. For cell

sorting, bone marrow cells were stained with lineage marker anti-

bodies (PerCP anti-mouse/human CD45R/B220, PerCP anti-mouse/

human CD11b, PerCP anti-mouse TER-119/erythroid cells, and PerCP

anti-mouse CD3e) and HSPCs marker antibodies (PE anti-mouse Sca1

and APC anti-mouse CD117 (c-Kit)) at 4°C for 30 min, and then the

LSK cells (Lin�c-Kit+Sca1+) were sorted on BD FACSAria Fusion.

EdU incorporation assay

The click-iT Plus EdU Alexa Fluor 647 Flow Cytometry Assay Kit

(C10634, Invitrogen) was used according to the manufacturer’s

instructions. Briefly, EdU (0.5 mg/mouse) was intraperitoneally

injected into mice. Twenty hours later, whole bone marrow cells

were obtained, red blood cells were lysed, and the remaining

cells were labeled with corresponding antibodies. Then, the cells

were incubated with Click-iTTM fixative and Click-iTTM saponin-

based permeabilization for 15 min successively and resuspended in

Click-iTTM Plus reaction cocktail for 30 min at room temperature in

the dark. After washed with Click-iTTM saponin-based permeabili-

zation, the cells were resuspended in 500 ll Click-iTTM saponin-

based permeabilization and subjected to flow cytometry.

Cell cycle analysis and apoptosis assay

To analyze the cell cycle, bone marrow cells were obtained from

mice, and c-Kit microbeads were used to enrich the c-Kit positive

cell population. Cells were then labeled with corresponding anti-

bodies and incubated with Hoechst 33342 at 37°C for 30 min in the

dark. Cells were resuspended in PBS and then subjected to flow

cytometry. To analyze apoptosis, the c-Kit positive population was

labeled with DAPI and then subjected to flow cytometry.

Colony formation assay

1 × 104 bone marrow cells in 1 ml medium (MethoCultTM GF

M3434, StemCell) were added to a well of a 24-well plate, and cul-

tured for a week. The number of cell colonies was counted under a

microscope.

GST pulldown assay

For each GST pulldown assay, 5 lg of GST-IDH1 or GST together

with 5 lg of HDAC6 protein were incubated with 30 ll of glutathi-
one Sepharose 4B in 1 ml of in vitro binding buffer (25 mM HEPES,

pH 7.5, 100 mM KCl, 3 mM MgCl2, 1 mM EDTA, 10% glycerol,

0.1% NP-40, and 1 mM DTT) at 4°C for 4 h. The beads were

washed six times with in vitro binding buffer. Thereafter, the super-

natant was discarded and the same volume of 2 × loading buffer

was added into the tube. The samples were then heated at 98°C for

10 min, and the supernatant was subjected to SDS–PAGE.

In vitro deacetylation assay

HA-HDAC6 was immunoprecipitated from HEK293T cells with the

anti-HA antibody. GST-IDH1 and GST-IDH1 K233R proteins were

purified from HEK293T cells using Glutathione Sepharose 4B and

incubated with the HA-HDAC6 immunoprecipitate in a buffer

containing 25 mM Tris–HCl (pH 8.0), 50 mM NaCl, 1 mM DTT, and

5 mM NAD+ at 37°C for 1 h. The mixture was then subjected to

immunoblotting.

IDH activity assay

The IDH activity analyses were performed using the IDH Activity Assay

Kit (MAK062, Sigma-Aldrich) according to the manufacturer’s instruc-

tions. Briefly, NADH standards were employed to establish a standard

curve. Cell samples were resuspended in 200 ll IDH assay buffer and

centrifuged at 13,000 g for 10 min at 4°C. After centrifugation, the

supernatant was transferred to a new 1.5 ml tube. Then, 42 ll of sam-

ple and 8 ll of developer were mixed and added into a well of a 96-

well plate. In the meantime, 38 ll of sample, 8 ll of developer, 2 ll of
substrate, and 2 ll of NADP+ were mixed thoroughly and added into a

well of a 96-well plate. The plate was incubated at 37°C for 3 min and

the absorbance was spectrophotometrically measured at 450 nm,

referred to as Tinitial. The absorbance was measured every 5 min until

the final value was higher than the value of the standard NADH sample
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with the maximum concentration, and the value obtained just below

the maximum value of standard NADH was referred to as Tfinal. The

relative IDH activity of each sample was then calculated.

a-KG detection

The a-KG level was measured using the Alpha Ketoglutarate Assay

Kit (ab83431, Abcam) according to the manufacturer’s instructions.

Briefly, the standard curve was established by a-KG standard sam-

ples. Cells were suspended in the a-KG assay buffer and centrifuged

at 13,000 g for 5 min at 4°C. After centrifugation, the supernatant

was transferred to a new tube. Perchloric acid was then added for

deproteinization. After adjustment of the pH to 7.5 with KOH, the

sample was centrifuged at 13,000 g for 15 min at 4°C and the super-

natant was used for detection. To examine the a-KG level, a-KG
converting enzyme, a-KG enzyme mix, and a-KG probe were added

to the 96-well plate containing the a-KG assay buffer and incubated

at 37°C for 30 min in the dark. Absorbance was then measured by

spectrophotometry at 570 nm.

Bioinformatics analysis

Trimmed reads were mapped to the mouse reference genome

(GRCm39) using Hisat2 (Love et al, 2014; Kim et al, 2015). Gene

expression levels were quantified as fragments per kilobase per mil-

lion mapped reads (FPKM), which was calculated using feature-

counts (Liao et al, 2014). DESeq2 (Love et al, 2014) was used to

perform differential gene expression analyses between samples.

Heatmap was generated using the function “pheatmap” in R pack-

ages, and correlation coefficients were calculated using the function

“cor” in R (Version 4.1.1). Volcano plot was generated using the

“ggplot2” package. P-value < 0.05, log2FoldChange > 1 and

log2FoldChange < �1 were set as the threshold for DEG analyses.

Visualization of hydroxymethylation results was performed using

IGV (version 2.16.1). The genome-wide distribution of 5hmC was

visualized using Circos (Krzywinski et al, 2009).

qPCR

Total RNAs were extracted with the Trizol reagent (15596018,

Thermo Fisher Scientific), and then converted into cDNAs using M-

MLV reverse transcriptase (M1701, Promega, Wisconsin, USA).

Gene expression analysis was performed using FastStart Universal

SYBR Green Master (Rox; 04913914001, Roche).

Statistical analysis

All statistical data were analyzed with Prism (GraphPad) and

presented as mean � SEM. Statistical significance was determined

by the Student’s t-test for comparison between two groups and by

the one-way ANOVA test for multiple comparisons. P-values less

than 0.05 were considered statistically significant.

Data availability

The oxBS-seq and RNA-seq datasets produced in this study are

available in the following databases:

• oxBS-seq: GSE234147 (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE234147).

• RNA-seq: GSE203239 (https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE203239).

Expanded View for this article is available online.
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