
Article

PIAS1 SUMO ligase regulates the self-renewal and
differentiation of hematopoietic stem cells
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Abstract

The selective and temporal DNA methylation plays an important
role in the self-renewal and differentiation of hematopoietic stem
cells (HSCs), but the molecular mechanism that controls the
dynamics of DNA methylation is not understood. Here, we report
that the PIAS1 epigenetic pathway plays an important role in regu-
lating HSC self-renewal and differentiation. PIAS1 is required for
maintaining the quiescence of dormant HSCs and the long-term
repopulating capacity of HSC. Pias1 disruption caused the abnor-
mal expression of lineage-associated genes. Bisulfite sequencing
analysis revealed the premature promoter demethylation of Gata1,
a key myeloerythroid transcription factor and a PIAS1-target gene,
in Pias1�/� HSCs. As a result, Pias1 disruption caused the inappro-
priate induction of Gata1 in HSCs and common lymphoid progeni-
tors (CLPs). The expression of other myeloerythroid genes was also
enhanced in CLPs and lineage-negative progenitors, with a concur-
rent repression of B cell-specific genes. Consistently, Pias1 disrup-
tion caused enhanced myeloerythroid, but reduced B lymphoid
lineage differentiation. These results identify a novel role of PIAS1
in maintaining the quiescence of dormant HSCs and in the epige-
netic repression of the myeloerythroid program.
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Introduction

Mouse hematopoiesis is a well characterized system to understand

the regulation of hematopoietic stem cells (HSCs). HSCs are a small

population of pluripotent cells in bone marrow (BM) capable of dif-

ferentiating into all blood cells of the myeloerythroid and lymphoid

lineages at a single cell level (Chao et al, 2008). HSCs can be

identified by a combination of surface markers. Lin�Sca1+c-Kit+

(LSK) cells are enriched in HSCs. Recent studies showed that dormant

HSCs (d-HSCs) within the Lin�Sca1+c-Kit+CD150+CD48�CD34�

population harbor the vast majority of multipotent long-term self-

renewal activity (Wilson et al, 2008). HSCs maintain the blood sys-

tem through self-renewal and multi-lineage differentiation. The dif-

ferentiation program of HSCs is thought to follow the hierarchy

model and is governed by the coordinated expression of lineage-

affiliated transcription factors (Copley et al, 2012).

Epigenetic mechanisms play essential roles in the regulation of

the self-renewal and differentiation of HSCs (Attema et al, 2007;

Cedar & Bergman, 2011). DNA methylation is mediated mainly by

three DNA methyltransferases (DNMTs), including the de novo

methyltransferases DNMT3A and DNMT3B, and the maintenance

methyltransferase DNMT1 (Jaenisch & Bird, 2003). Recent studies

have shown that DNMTs are critical for regulating the self-renewal

and differentiation of HSCs (Tadokoro et al, 2007; Broske et al,

2009; Trowbridge et al, 2009; Challen et al, 2011). Although

DNMTs do not possess sequence-specific DNA binding properties,

gene-specific and temporal epigenetic changes are associated with

the proper differentiation of self-renewing HSCs. The molecular

mechanism that controls the methylation dynamics during HSC dif-

ferentiation has not been understood.

PIAS1 (protein inhibitor of activated STAT1) is a SUMO E3 ligase

that binds to chromatin to repress transcription (Shuai & Liu, 2005).

Recent studies have uncovered a novel role of PIAS1 in mediating an

epigenetic mechanism to restrict natural regulatory T cell (nTreg) dif-

ferentiation. PIAS1 acts by recruiting DNMTs and histone modifica-

tion factors such as HP1c to promote epigenetic silencing of the Foxp3

promoter, a transcription factor crucial for nTreg differentiation (Liu

et al, 2010). These findings raise an interesting question on whether

the PIAS1 epigenetic gene silencing pathway plays a role in stem cell

biology. Here, we demonstrated that PIAS1 is important for maintain-

ing the quiescence of dormant HSCs, and Pias1�/� LSK cells showed

profound defects in long-term competitive reconstitution assays. Fur-

thermore, PIAS1 is essential for preventing the premature and inap-

propriate activation of the myeloerythroid transcription factor Gata1

through epigenetic repression. These studies identified PIAS1 as a

novel epigenetic regulator of HSC self-renewal and differentiation.
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Results

Altered HSCs and lineage-restricted progenitors in Pias1�/� mice

Previous studies showed that PIAS1 restricts the differentiation of

CD4+Foxp3+ natural regulatory T cells (nTreg) (Liu et al, 2010). To

address whether PIAS1 affects the differentiation of other lymphoid/

myeloid lineages, flow cytometry analyses were performed with

splenocytes and peripheral blood lymphocytes (PBL) from wild-type

(WT) and Pias1�/� mice using lineage-specific markers (Fig S1).

Minor increases in the percentages of myeloid cells were observed

in periphery, with no differences in the cellularity of B cells, T cells,

dendritic cells or erythroids. These data indicate that PIAS1

does not dramatically affect peripheral lineage differentiation in

homeostasis.

Similar flow cytometry analyses were performed with bone

marrow (BM) cells, where a reduction in the cell numbers as well as

the percentage of B220+ B cells was observed in Pias1�/� BM (Fig 1A

and Fig S2A). When the lineage-negative (Lin�) population was

examined, a minor increase in the percentage of Lin� cells was

observed in Pias1�/� BM, although the cell number of Lin� cells was

not altered (Fig 1B and Fig S2B). Interestingly, while no significant

differences were observed in common myeloid progenitor (CMP) and

granulocyte monocyte progenitor (GMP) populations, a 50% decrease

in common lymphoid progenitor (CLP) population was observed in

Pias1�/� BM with a concurrent increase in megakaryocyte erythro-

cyte progenitor (MEP) as well as the myeloid-restricted Lin�Sca1�

c-Kit+ (L�S�K+) cells (Fig 1C and Fig S2C). In addition, reduced Pre-B

populations were observed in Pias1�/� BM (Fig 1C and Fig S2C).

Next, the effect of Pias1 disruption on HSCs was examined. An

approximately 2-fold increase in HSC-enriched LSK cells was

observed in Pias1�/� BM (Fig 1D and Fig S2D). LSK can be further

divided into long-term hematopoietic stem cells (LT-HSC; Lin�

Sca1+c-Kit+CD34�) and short-term multi-potent progenitors (ST/

MPP; Lin�Sca1+c-Kit+CD34+). Similar increases were observed in

LT-HSC, but not ST/MPP, population (Fig 1D and Fig S2D).

Dormant mouse HSCs (d-HSCs) within the Lin�Sca1+c-Kit+CD150+

CD48�CD34� population harbor the vast majority of multi-potent

long-term self-renewal activity (Wilson et al, 2008). No significant

difference was observed in the percentage or the cell number of

d-HSC cells between WT and Pias1�/� BM (Fig 1E and Fig S2E).

Increased cell death of Pias1�/� lymphoid progenitors and
enhanced cell proliferation of Pias1�/� dormant HSCs

To determine whether the changes in Pias1�/� progenitor populations

were due to cell proliferation and/or cell death, flow cytometry analy-

ses were performed with freshly isolated BM from WT and Pias1�/�

mice using 7-AAD to reveal cell death, or Ki67 and Hoechst DNA

staining to reveal cell cycle profiles. Increased cell death was observed

in Pias1�/� CLP as well as Pro-B and Pre-B populations (Fig 2A),

while minor difference was observed in their cell cycle properties (Fig

S3). These data are consistent with the reduced B cells observed in

Pias1�/� BM, and indicate that PIAS1 is important for the survival of

CLP and B cell progenitors under homeostatic condition.

Interestingly, although no difference was observed in the cell

cycle profiles of Lin�, myeloid-restricted L�S�K+, CMP, GMP, MEP

and ST/MPP subpopulations, the percentage of cells in G0 phase

was significantly reduced in Pias1�/� LSK cell, with a concurrent

increase of the cells in G1 phase of the cell cycle (Fig 2B and Fig

S3). More importantly, similar alteration in cell cycle profiles was

observed in Pias1�/� LT-HSC and d-HSC, but not ST/MPP, popula-

tions as compared to that of WT controls (Fig 2B and C). These

results suggest that PIAS1 is important for maintaining the quies-

cence of d-HSCs.

Defective long-term reconstitution capability of Pias1�/� HSCs

To directly test the functional role of PIAS1 in the regulation of

HSC in vivo, competitive reconstitution assays were performed

using WT or Pias1�/� BM cells (CD45.2+) as donors and the

congenic WT C57SJL BM (CD45.1+) as competitors. Pias1�/� cells

showed dramatic defects in reconstituting hematopoietic system of

WT C57SJL recipient mice in multiple lineages, including B cells

(B220+), T cells (CD3+) and myeloid cells (Mac1+) (Fig 3A and

B). The defects were significant at 5 weeks, and became more

profound at later time points, with Pias1�/� donor cells exhibiting

over 20-fold reduction in the ability to reconstitute blood system

as compared to WT cells, indicating that PIAS1 affects the func-

tions of progenitor cells as well as long-term HSCs. Similar results

were obtained with in vivo competitive reconstitution assays using

FACS-sorted WT or Pias1�/� LSK cells (Fig 3C and D), confirming

that the reconstitution defects of Pias1�/� BM cells lie within the

LSK population. These data indicate that PIAS1 is crucial for the

in vivo reconstitution activities of HSCs and their progeny.

To further quantify the effect of PIAS1 on the long-term repopu-

lation capability of HSCs, competitive limiting dilution assays were

performed to determine the frequencies of functional HSCs in WT

and Pias1�/� BM. No significant difference was observed in the per-

centage of donor-derived CD45.2+ populations in the peripheral

blood 21 weeks post the primary reconstitution (WT: 57.8 � 11%;

Pias1�/�: 42.9 � 11.5%). In contrast, by 10 weeks post secondary

reconstitution, recipients of Pias1�/� BM revealed a 5-fold decrease

in the competitive repopulating unit (CRU) as compared to that of

WT controls (Table 1). Similar defects were observed 16 weeks post

the secondary transplantation, indicating that PIAS1 is crucial for

maintaining the long-term repopulation capacity of HSCs. These

data strongly support for an important role of PIAS1 in the regula-

tion of the self-renewal of HSCs in vivo.

The effect of PIAS1 on multi-lineage differentiation

To access the role of PIAS1 in lineage differentiation in vivo, the dis-

tribution of B cells, T cells and myeloid cells within the CD45.2+

donor population at various time points was analyzed in competi-

tive reconstitution assays. Pias1�/� BM cells showed defective B

lymphocytes differentiation at both early and late time points, indi-

cating that PIAS1 affects B cell progenitors as well as stem cells

(Fig 3E). Pias1�/� BM also showed defective T cell differentiation at

10 and 16 weeks, while myeloid cells were not affected (Fig 3E).

These data are consistent with the previous results that PIAS1 is

important for the survival of CLP, while restricting the myeloid

progenitor population. When reconstitution assays were performed

for WT or Pias1�/� LSK cells, no difference was observed at 4 or
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10 weeks except for the reduced B cells from Pias1�/� LSK donors

at 10 weeks, further suggesting that PIAS1 is important for B cell

differentiation at multiple stages (Fig 3F). In contrast, both B and T

cell lineages were defective, while myeloid cell differentiation was

increased from Pias1�/� LSK donors at 17 weeks. These data indi-

cate that PIAS1 is important for balancing the long-term multi-line-

age differentiation of HSC between CLP and CMP.

Increased myeloid-restricted Lin�Sca1�c-Kit+ (L�S�K+) popula-

tion was observed in Pias1�/� BM (Fig 1C and Fig S2C). To address

whether PIAS1 affects the differentiation of L�S�K+ cells into their

progeny in vivo, short-term competitive reconstitution assays were

performed with FACS-sorted L�S�K+ cells from WT or Pias1�/� lit-

termates (Fig S4). Surprisingly, Pias1�/� L�S�K+ cells showed

defects in differentiating into Mac1+ cells as compared to WT con-

trols, indicating that PIAS1 is important for the proper differentia-

tion of L�S�K+ cells into their progeny.

No defects in Pias1�/� BM homing and niche retention

The observed defects in the long-term reconstitution capacity of

Pias1�/� HSC can be explained by several mechanisms, including

the intrinsic properties of Pias1�/� cells such as self-renewal, as well

A B

C D E

Figure 1. Altered lineage-restricted progenitors and LSK populations in Pias1�/� mice.

A Cell numbers of T cells (CD4+ or CD8+), B cells (B220+), granulocytes/monocytes (Gr1+Mac1+), dendritic cells (CD11c+) and erythroids (Ter119+) in freshly isolated
bone marrow (BM) from 8 to 12 weeks old WT (Pias1+/+) and Pias1�/� littermates were assayed by flow cytometry.

B Same as in (A) except that cell numbers of Lin� cells were assayed.
C Same as in (A) except that cell numbers of myeloid-restricted Lin�Sca1�c-Kit+ (L�S�K+) populations, common myeloid progenitors (CMP), granulocyte monocyte

progenitors (GMP), megakaryocyte erythrocyte progenitors (MEP), common lymphoid progenitors (CLP), Pro-B and Pre-B cells as defined in supplementary Materials
and Methods were assayed.

D Same as in (A) except that cell numbers of LSK, long-term hematopoietic stem cells (LT-HSC) and short-term multi-potent progenitors (ST/MPP) as defined in
supplementary Materials and Methods in total BM were assayed.

E Same as in (A) except that cell numbers of dormant hematopoietic stem cells (d-HSCs; Lin�Sca1+c-Kit+CD150+CD48�CD34�) were assayed.

Data information: Shown in each panel is a pool of 3 independent experiments (n = 9–13). Error bars represent SEM. P-values were determined by non-paired t-test.
See also Fig S1 and S2.
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Figure 2. Increased cell death of Pias1�/� lymphoid progenitors and enhanced cell proliferation of Pias1�/� dormant HSCs (d-HSCs).

A Cell death of indicated BM subsets from Pias1�/� mice and their WT littermates (Pias1+/+) were assayed by 7-AAD staining followed by flow cytometry.
B Cell proliferation of indicated BM subsets from WT and Pias1�/� mice was revealed by intracellular Ki67 (icKi67) and Hoechst DNA staining followed by flow

cytometry. G0, icKi67�, 2N DNA content; G1, icKi67+, 2N DNA content; S+G2/M, icKi67+, > 2N DNA content.
C Same as in (B) except that d-HSCs were assayed (left). A representative cell cycle profile of WT and Pias1�/� d-HSCs was also shown (right). Numbers in top right are

the percentage of cells in each cell cycle.

Data information: Shown in each panel is a pool of 3 independent experiments (n = 10–13). Error bars represent SEM. P-values were determined by non-paired t-test.
See also Fig S3.

Figure 3. Impaired long-term reconstitution capability and altered lineage differentiation of Pias1�/� HSCs.

A In vivo competitive reconstitution assays. Total bone marrow cells (2 × 105) from WT or Pias1�/� littermates (CD45.2+) were mixed with 2 × 105 of WT C57SJL bone
marrow cells (CD45.1+) and injected into lethally irradiated WT C57SJL mice. The percentage of T cells (CD3+), B cells (B220+) and myeloid cells (Mac1+) from donor
mice in peripheral blood (PBL) were assayed by flow cytometry at 5, 10 and 16 weeks post reconstitution.

B Same as in (A) except that bone marrow (BM) cells from the recipient mice were assayed at 20 weeks post reconstitution.
C Same as in (A) except that FACS-sorted LSK cells (1000) from WT or Pias1�/� littermates were used.
D Same as in (B) except that FACS-sorted LSK cells (1000) from WT or Pias1�/� littermates were used.
E Same as in (A) except that the percentage of T cells (CD3+), B cells (B220+) and myeloid cells (Mac1+) within the donor cells (CD45.2+) in peripheral blood (PBL) were

presented.
F Same as in (E) except that FACS-sorted LSK cells (1000) from WT or Pias1�/� littermates were used.

Data information: Shown is a pool of 3 independent experiments in all panels (n = 10). Error bars represent SEM. P-values were determined by non-paired t-test. See
also Fig S4.
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as Pias1�/� cells homing to BM and niche retention. To examine

whether Pias1�/� BM cells are defective in homing to BM, CFDA-SE

(CFSE)-labeled WT or Pias1�/� BM cells were injected into lethally

irradiated WT C57SJL recipient mice, and cells migrated to BM were

determined by measuring CFSE+ cells in BM. No difference was

observed in the ability of Pias1�/� cells to home to BM compared to

that of WT controls (Fig 4A and B). Similar results were obtained

with LT-HSC cells, suggesting that Pias1�/� LT-HSC cells are not

defective in homing to BM (Fig 4C).

HSCs are thought to reside in niches, which are cellular and

molecular microenvironments that regulate stem cell quiescence,

self-renewal and differentiation (Jones & Wagers, 2008; Kiel & Mor-

rison, 2008). The ability of Pias1�/� BM cells to be retained in the

niche was examined by nonablative transplant assays, where BM

from WT C57SJL mice (CD45.1+) were injected into non-irradiated

WT or Pias1�/� mice (Fig 4D). No difference was observed in the

engraftment of WT C57SJL cells into WT or Pias1�/� mice, indicat-

ing that the HSC niche in both WT and Pias1�/� mice are stably

occupied by host cells. Taken together, these results indicate that

the observed defects in the long-term reconstitution capacity of

Pias1�/� HSC are not due to defects in BM homing or niche reten-

tion, implying that PIAS1 is crucial for the intrinsic properties of

HSCs.

No defects in the BM microenvironment of Pias1�/� mice

It is well established that BM microenvironment is important for

HSC function and maintenance (Jones & Wagers, 2008; Kiel & Morri-

son, 2008; Ehninger & Trumpp, 2011). To test whether the impaired

function of Pias1�/� HSC is due to altered BM microenvironments

Table 1. Evaluation by limiting dilution analysis of competitive long-term repopulating cells (CRU) in mice transplanted with WT (Pias1+/+) or
Pias1-null (Pias1−/−) bone marrow cells

CRU evaluation of primary recipientsa

10 weeks post transplantation 16 weeks post transplantation

Number of cells injected into secondary recipients Pias1+/+ Pias1−/− Pias1+/+ Pias1−/−

2,000,000 3/3 (24.5 � 9.7) 4/4 (4.7 � 2.7) 3/3 (32.5 � 11.2) 3/4 (3.9 � 2.5)

1,000,000 2/2 (29.5 � 0.1) 1/2 (1.2 � 1.1) 2/2 (29.4 � 21.2) 1/2 (1.0 � 0.8)

300,000 3/3 (8.9 � 5.3) 0/3 (0.5 � 0.1) 3/3 (16.5 � 9.9) 0/3 (0.2 � 0.1)

100,000 1/5 (0.5 � 0.7) 0/5 (0.3 � 0.2) 0/5 (0.2 � 0.3) 0/5 (0.3 � 0.2)

CRU frequency per 105 cells (range)b 0.52 (0.20–1.34) 0.09 (0.04–0.21) 0.37 (0.14–0.97) 0.06 (0.02–0.15)

aResults are expressed as number of mice repopulated with donor-derived cells (CD45.2+; >1%) over total. Numbers in parentheses represent the mean % � s.d.
of peripheral blood CD45.2+ cells found in the transplanted recipients.
bCRU frequency was calculated using Extreme Limiting Dilution Analysis (ELDA) software available at http://bioinf.wehi.edu.au/software/elda/.

A B C D

Figure 4. No defects in BM homing or niche retention in Pias1�/� mice.

A Homing of bone marrow (BM) cells. CFDA-SE (CFSE)-labeled total BM cells (2 × 107) from WT and Pias1�/� littermates were injected into lethally irradiated WT
C57SJL mice. The percentage of CFSE+ cells in BM of the recipient mice was determined by flow cytometry 12 and 24 h post injection.

B Same as in (A) except that the number of CFSE+ cells was presented.
C Same as in (A) except that CFSE-labeled long-term hematopoietic stem cells (LT-HSC; Lin�Sca1+c-Kit+CD34�) cells (2000 cells/mouse) from WT and Pias1�/�

littermates were used, and the number of CFSE+ cells in BM of the recipient mice was determined 24 h post injection.
D Niche retention assays. Total BM cells (4 × 107) from WT C57SJL mice (CD45.1+; n = 12) were injected into non-irradiated WT or Pias1�/� recipient mice (CD45.2+).

The percentage of CD45.1+ cells in BM of the recipient mice were assayed by flow cytometry 12 weeks post injection.

Data information: Shown in each panel is a pool of 2 independent experiments (n = 9–10). Error bars represent SEM.
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in Pias1�/� mice, in vivo reconstitution assays were performed by

transplanting WT C57SJL BM cells into lethally irradiated WT or

Pias1�/� recipient mice. Interestingly, enhanced engraftment of WT

C57SJL cells into Pias1�/� mice was observed at 4 weeks and

18 weeks, while the difference was diminished at 20 weeks

(Fig 5A). In addition, no differences in the distribution of mature T

cells, B cells and myeloid cells within WT donor cells were observed

at all time points examined (Fig 5B). These results indicate that the

BM microenvironment in Pias1�/� mice is not responsible for the

impaired Pias1�/� HSC functions, further suggesting that PIAS1

regulates the intrinsic properties of HSCs.

Abnormal expression of lineage-specific genes in Pias1�/� cells

To test if Pias1 disruption affects the transcription of lineage-specific

genes, Q-PCR assays were performed with Lin� progenitors from

WT and Pias1�/� BM. While no change or slight increase was

observed in the expression of myeloerythroid-specific genes, includ-

ing Gata1 (GATA-binding factor 1), Gata2 (GATA-binding factor 2),

Csf1r (Macrophage colony-stimulating factor 1 receptor), Mpo

(Myeloperoxidase) and Cebpa (CCAAT/enhancer-binding protein

alpha) (Akashi et al, 2000), transcription of genes essential for B

cell differentiation, including Il7r (Interleukin-7 receptor subunit

Figure 5. No defects in BM microenvironment in Pias1�/� mice.

A In vivo reconstitution assays. Total BM cells (4 × 105) from WT C57SJL mice (CD45.1+) were injected into lethally irradiated WT or Pias1�/� recipient mice (CD45.2+).
The percentage of T cells (CD3+), B cells (B220+) and myeloid cells (Mac1+) from donor mice in peripheral blood (PBL) were assayed by flow cytometry at 4, 18 and
20 weeks post reconstitution.

B Same as in (A) except that the percentage of T cells (CD3+), B cells (B220+) and myeloid cells (Mac1+) within the donor cells (CD45.1+) in PBL were assayed.

Data information: In (A) and (B) is shown a pool of 2 independent experiments (n = 9–10). Error bars represent SEM. P-values were determined by non-paired t-test.
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alpha), Ebf1 (Early B-cell factor 1), Pax5 (Paired box protein Pax-5)

and Igll1 (Immunoglobulin lambda-like polypeptide 1) was signifi-

cantly reduced (Fig 6A). In contrast, transcription of other lym-

phoid-associated genes, such as Ikzf1 (Ikaros family zinc finger

protein 1) and T cell-specific factor Gata3 (GATA-binding factor 3),

was not altered. These data are consistent with the defective B lym-

phoid differentiation phenotype observed in Pias1�/� BM cells,

further supporting the notion that PIAS1 is important for maintain-

ing the expression of B cell-specific genes while restricting the

expression of myeloerythroid genes.

GATA1, a key transcription factor for erythropoiesis, can directly

repress the transcription of Ebf1 (Iwasaki et al, 2003; Xie et al,

2004). To further investigate the role of PIAS1 in the transcriptional

regulation of lineage-associated genes, Q-PCR analyses were

Figure 6. Transcription of the lineage-affiliated genes is regulated by PIAS1.

A Quantitative real time polymerase chain reaction (Q-PCR) analyses were performed with total RNA from WT or Pias1�/� Lin� population. The expression of each
gene in WT cells was relatively set as 1, and the results were adjusted by Hprt1.

B Same as in (A) except that common lymphoid progenitors (CLP) cells were used.
C Same as in (A) except that long-term hematopoietic stem cells (LT-HSC; Lin�Sca1+c-Kit+CD34�) cells were used.
D Same as in (A) except that CLP cells were used, and the expression of GATA1-downstream genes was quantified.

Data information: Shown in each panel is the average of 3–5 independent experiments. Error bars represent SEM. P-values were determined by non-paired t-test. See
also Fig S5.
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performed with various FACS-sorted BM subpopulations from WT

and Pias1�/� mice (Fig S5). Interestingly, transcription of my-

eloerythroid-associated genes, including Gata1, Gata2, Csf1r, Mpo

and Cebpa, was dramatically increased in CLP cells, with a con-

current decrease in genes important for B cell differentiation, such

as Il7r, Ebf1, Pax5 and Igll1 (Fig 6B). When HSC-enriched LT-HSC

cells were examined, increased transcription of Gata1, Csf1r and

Csf1r and decreases in B cell differentiation-related genes, includ-

ing Il7r, Ebf1, Pax5 and Igll1, were observed (Fig 6C). In addition,

transcription of these genes was not affected in CMP (Fig S5).

These data indicate that PIAS1 is an important transcriptional

regulator for the proper expression of lineage-affiliated genes in

LT-HSC and CLP.

To test whether PIAS1 affects the transcription of GATA1-down-

stream genes, Q-PCR analyses were performed with FACS-sorted

CLP cells from WT and Pias1�/� BM to assess the transcription of

several GATA1-regulated genes, including Epor (Erythropoietin

receptor), Hbb-b1 (Hemoglobin subunit beta-1) and Slc4a1 (Solute

carrier family 4 member 1; an erythroid specific factor) (Fig 6D).

The transcription of all 3 genes were increased in Pias1�/� CLP cells

as compared to that of WT controls, suggesting that enhanced Gata1

transcription in Pias1�/� cells leads to the functional increase in

GATA1-mediated gene activation.

PIAS1 suppresses Gata1 through direct epigenetic silencing

To test whether Gata1 is a direct PIAS1-target gene, chromatin

immunoprecipitation (ChIP) assays were performed with WT and

Pias1�/� BM cells using 2 independent PIAS1 antibodies (Fig 7A).

Binding of PIAS1 to the promoter region of Gata1 was observed in

WT, but not Pias1�/� BM, indicating that Gata1 is a direct target of

PIAS1. ChIP assays were also performed with FACS-sorted LSK or

myeloerythroid-restricted L�S�K+ cells (Fig 7B). PIAS1 also binds

to the promoter region of Gata1 in these cells.

PIAS1 has been shown to regulate the promoter methylation of

the Foxp3 gene (Liu et al, 2010). To understand the mechanism of

PIAS1-mediated transcriptional repression of Gata1, the methylation

status of the Gata1 promoter was analyzed by bisulfite-sequencing

of WT and Pias1�/� BM subpopulations. Several CpG sites in the

Gata1 promoter were hypermethylated in WT LT-HSC and ST/MPP

cells (Fig 7C). Pias1 disruption caused a significant reduction of

DNA methylation in the Gata1 promoter, consistent with the

enhanced transcription of Gata1 observed in Pias1�/� LT-HSC cells

(Fig 6C).

It has been demonstrated that PIAS1 is important for the recruit-

ment of DNMT3A/3B to the Foxp3 promoter (Liu et al, 2010). To

test whether PIAS1 interacts with DNMT3A in BM cells in vivo, co-

immunoprecipitation (Co-IP) assays were performed with cell

extracts from BM using anti-PIAS1 antibody, followed by immuno-

blotting with anti-DNMT3A. PIAS1 can interact with DNMT3A in

BM cells (Fig 7D). Furthermore, ChIP assays revealed that while

DNMT3A binds to the Gata1 promoter in WT BM cells, the binding

of DNMT3A to the Gata1 promoter was abolished in Pias1�/� BM

(Fig 7E). These results indicate that PIAS1 is required for the recruit-

ment of DNMT3A to the Gata1 promoter in BM, and further suggest

that PIAS1 represses Gata1 transcription by maintaining DNA meth-

ylation of the Gata1 promoter in HSCs.

Discussion

PIAS1 is a SUMO E3 ligase involved in the regulation of multiple

transcriptional programs (Shuai & Liu, 2005; Liu et al, 2007; Liu &

Shuai, 2008). Recent studies have uncovered an important role of

PIAS1 in mediating a novel epigenetic mechanism to restrict the

expression of Foxp3 in natural regulatory T cells (Liu et al, 2010). In

this manuscript, we explored the role of the newly identified PIAS1

epigenetic pathway in the regulation of HSCs. Our results have iden-

tified an essential role of PIAS1 in regulating the self-renewal and

differentiation of HSCs (Fig 8).

We demonstrated that Pias1�/� BM cells as well as HSC-enriched

LSK population failed to reconstitute blood system in the presence

of WT competitors. No defects were observed in Pias1�/� BM

microenvironment, niche retention, or homing, suggesting an intrin-

sic role of PIAS1 in regulating the self-renewal of HSCs. It has been

documented that the Lin�Sca1+c-Kit+CD150+CD48�CD34� popula-

tion is enriched in dormant HSCs (d-HSCs), and the ability of d-

HSCs to remain quiescent is crucial for maintaining the capacity for

lifelong replenishment of all blood cells. Pias1�/� d-HSCs showed

reduced G0 population with an increase in G1 phase (non-quiescent

cells). These results suggest an important role of PIAS1 in maintain-

ing the quiescence of d-HSCs. It is likely that the increased cell pro-

liferation of Pias1�/� d-HSCs resulted in their exhaustion and

reduced long-term reconstitution capacity. The effect of Pias1 dis-

ruption on cell proliferation was only observed in HSC-enriched

populations, including d-HSCs, LT-HSCs and LSK cells, but not dif-

ferentiated BM progenitor subsets, such as CMP, GMP, MEP, CLP

and myeloid-restricted Lin�Sca1�c-Kit+. The precise molecular

mechanism responsible for PIAS1-mediated regulation on the quies-

cence of d-HSCs is not known. It will be very interesting to test

whether the PIAS1-mediated epigenetic control mechanism is

involved in this process, although this is technically challenging due

to the rareness of dormant HSCs.

It has been documented that DNA methylation plays an impor-

tant role in the regulation of HSC self-renewal and differentiation

(Tadokoro et al, 2007; Broske et al, 2009; Trowbridge et al, 2009;

Challen et al, 2011), but how DNMTs are regulated to control meth-

ylation dynamics in hematopoiesis is not known. PIAS1 interacts

with DNMTs in vivo (Liu et al, 2010) (Fig 7D). Our recent studies in

regulatory T cells suggest that PIAS1 can recruit DNMTs to specific

gene promoters to promote DNA methylation (Liu et al, 2010), sug-

gesting that PIAS1 may function as a cofactor of DNMTs. In this

report, we showed that Gata1 is a direct target of PIAS1, and Pias1

disruption resulted in the premature demethylation of the Gata1

promoter in HSCs. Consistently, an inappropriate induction of Gata1

in HSCs and CLPs was observed. Gata1 is a key myeloerythroid

transcription factor and its elevated expression can suppress the

induction of crucial lymphoid genes such as Ebf1 (Iwasaki et al,

2003). Indeed, the expression of a number of B lymphoid genes was

significantly repressed in Pias1-null Lin� progenitor cells (Fig 6A).

As a result, defective B cell differentiation was observed in the

absence of PIAS1 (Fig 1A). These results suggest that the PIAS1 epi-

genetic pathway plays an important role in preventing the inappro-

priate expression of the myeloerythroid gene program, which is

essential for the balanced myeloerythroid vs lymphoid lineage

differentiation.
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Figure 7. PIAS1 suppresses Gata1 through direct epigenetic silencing.

A Chromatin immunoprecipitation (ChIP) assays were performed with cell extracts from WT or Pias1�/� BM, using 2 independent antibodies against either the
C-terminal (a-PIAS1c) or the N-terminal (a-PIAS1n) PIAS1, or IgG as a negative control. Bound DNA was quantified by Q-PCR with specific primers against Gata1
promoter, and normalized with the input DNA.

B Same as in (A) except that FACS-sorted LSK or Lin�Sca1�c-Kit+ (L�S�K+) cells from WT BM were used.
C Methylation analysis of the Gata1 promoter was performed by bisulfite conversion of genomic DNA from FACS sorted long-term hematopoietic stem cells (LT-HSC)

and short-term multi-potent progenitors (ST/MPP) as defined in Materials and Methods from WT and Pias1�/� male mice (n = 5). The x axis represents the positions
of the CpG sites relative to the transcription start site (+1); the y axis represents the percentage.

D PIAS1 interacts with DNMT3A in BM cells. Co-immunoprecipitation (Co-IP) assays were performed with cell extracts from WT BM, using anti-PIAS1 or IgG, followed
by immunoblotting with anti-DNMT3A or a monoclonal anti-PIAS1.

E PIAS1 is required for the recruitment of DNMT3A to the Gata1 promoter. Same as in (A) except that anti-DNMT3A was used for ChIP assays.

Data information: Shown in each panel is a representative of 3 independent experiments (n = 4–6 for each experiment). Error bars represent SEM. P-values were
determined by non-paired t-test.
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Studies from several groups have shown that DNMTs play

important roles in regulating the self-renewal and differentiation of

HSCs (Tadokoro et al, 2007; Broske et al, 2009; Trowbridge et al,

2009; Challen et al, 2011). The conditional knockout of Dnmt3a

impaired HSC differentiation, and Dnmt3a-null HSCs upregulated

HSC multipotency genes and downregulated differentiation factors

(Challen et al, 2011). The phenotype of Pias1�/� mice in regulating

HSC lineage differentiation resembles that of Dnmt1 knockout mice

(Broske et al, 2009). Both Pias1 disruption and DNMT1 reduction

caused the premature demethylation of Gata1 promoter in HSCs, the

derepression of myeloerythroid genes in Lin� progenitor cells, the

reduction of CLPs, and the impaired B cell differentiation (Broske

et al, 2009). These findings provide genetic evidence to support our

hypothesis that PIAS1 is a key cofactor of DNMTs in promoting

DNA methylation. Our results have uncovered a novel functional

role of the PIAS1 epigenetic pathway in regulating the methylation

dynamics in the HSC differentiation program.

Materials and Methods

Flow cytometry analysis and sorting of HSC and progenitors

Single cell suspensions were prepared from spleen, bone marrow

(BM) or peripheral blood (PBL). Cells were stained with various

combinations of surface markers followed by flow cytometry analy-

sis using a FACSCalibur or FACScanX (Becton Dickinson, BD,

San Jose, CA, USA). Data were analyzed using the FCS Express soft-

ware (De Novo). FACS cell sorting was performed as described (Zeng

et al, 2004; Wilson et al, 2008; Broske et al, 2009; Trowbridge et al,

2009; Ji et al, 2010; Mayle et al, 2012). Briefly, single cell suspen-

sions were prepared from BM and subjected to surface staining with

various markers. FACS sorting of HSC and progenitors was performed

using a FACSAria (Becton Dickinson, BD). See supplementary Materi-

als and Methods for definitions of each population.

Cell proliferation and cell death

Cell death was assessed by 7-AAD staining as described (Liu et al,

2004, 2010). Cell proliferation was assayed by intracellular anti-Ki67

and Hoechst DNA staining as described (Wilson et al, 2008). Briefly,

single cell suspensions of BM were first stained with various surface

markers, followed by fixation/permeabilization of the cells. Cells

were then stained with anti-Ki67 and 1 lg/ml bisbenzimide (Hoechst

no. 33342; Sigma, St. Louis, MO, USA), and analyzed on a LSR flow

cytometer (Becton Dickinson, BD). Approximately 1 × 106 cells were

collected for each sample when the cell cycle profiles of dormant

HSCs (d-HSCs) were analyzed to ensure that sufficient numbers of d-

HSCs were collected.

In vivo competitive reconstitution assays

In vivo competitive reconstitution experiments were performed as

described (Liu et al, 2008). Briefly, bone marrow was isolated from

4 to 8 week-old Pias1�/� mice and their WT littermates (CD45.2+),

or C57SJL wild-type mice (CD45.1+). Total bone marrow (2 × 105

cells) or FACS-sorted LSK cells (1000 cells) from Pias1�/� or WT

mice was mixed with competitor bone marrow from C57SJL mice

(2 × 105 cells), and injected intravenously via retro-orbital eye injec-

tion into 6–8-week-old C57SJL recipient mice that were lethally irra-

diated 24 h previously (10 Gy at a split dose). The reverse was

performed in some experiments, where BM from WT SJL mice

(CD45.1+; 4 × 105) were injected into lethally irradiated WT or

Pias1�/� recipient mice (CD45.2+). Reconstitution of donor T cells

(CD3+), B cells (B220+) and Granulocytes/monocytes (Mac1+) in

peripheral blood (PBL) were assayed by flow cytometry 4–20 weeks

post reconstitution.

Competitive limiting dilution assay

Competitive limiting dilution assays were performed as described

(Sauvageau et al, 1995). Briefly, total bone marrow (BM) cells

(3 × 105 cells) from Pias1�/� or WT mice (CD45.2+) were injected

intravenously into 6–8-week-old lethally irradiated congenic WT

C57SJL recipient mice (CD45.1+). Reconstitution of donor cells in

peripheral blood (PBL) was assayed by flow cytometry at various

time points post reconstitution. For secondary transplantation, BM

cells pooled from 3 to 4 mice transplanted 21 weeks earlier with

either WT or Pias1�/� cells were injected at different doses into leth-

ally irradiated WT C57SJL recipient mice, together with a life-sparing

dose of 1 × 105 competitor BM cells from C57SJL mice. The level of

lymphomyeloid repopulation with donor-derived cells (CD45.2+)

in these secondary recipients was evaluated by flow cytometry at

10 and 16 weeks post transplantation. Recipients with ≥ 1%

Figure 8. A proposed model of the essential function of PIAS1 in the regulation of self-renewal and lineage differentiation of HSCs.
PIAS1 restricts dormant cells to enter the active cell cycle, while supports the self-renewal of active HSC. PIAS1 also supports the proper differentiation of lymphoid cells,
while restricting the myeloerythroid lineage.
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donor-derived cells were considered to be repopulated by at least

one competitive repopulating unit (CRU). CRU frequencies were cal-

culated using Extreme Limiting Dilution Analysis (ELDA) software

(http://bioinf.wehi.edu.au/software/elda/) (Hu & Smyth, 2009).

Bone marrow in vivo homing assay

In vivo homing assays were performed as described (Adams et al,

2006; Janzen et al, 2006). Briefly, freshly isolated total bone marrow

cells were labeled with 2.5 lM carboxyfluorescein diacetate succin-

imidyl ester (CFDA-SE; Molecular Probes, Grand Island, NY, USA)

as instructed by the manufacturer. Cells were then injected intrave-

nously via retro-orbital eye injection into 6–8 weeks old lethally

irradiated WT C57SJL mice. Mice were euthanized 12 or 24 h post

injection and homed cells in the BM were assayed by measuring

CFDA-SE+ cells using flow cytometry. In vivo homing assays were

also performed with CFSE-labeled long-term hematopoietic stem

cells (LT-HSC; Lin�Sca1+c-Kit+CD34�) cells (2000 cells/mouse)

FACS-sorted from WT and Pias1�/� littermates.

Niche retention assay

Niche retention assays were performed as described (Trowbridge

et al, 2009). Total bone marrow cells (4 × 107) from WT C57/SJL

mice (CD45.1+) were injected into non-irradiated WT or Pias1�/�

recipient mice (CD45.2+). The percentage of CD45.1+ cells in bone

marrow of the recipient mice were assayed by flow cytometry

12 weeks post injection.

Quantitative real time polymerase chain reaction
(Q-PCR) analysis

Quantitative real-time polymerase chain reaction (Q-PCR) analyses

were performed as described (Liu et al, 2004) with the following

modification. A conventional PCR reaction was carried out with a

mixture of primers using the following program: 1. 95°C for 3 min;

2. 95°C for 15 s, 60°C for 15 s, 72°C for 30 s for 12 cycles; 3. 72°C

for 5 min. PCR products were purified by QIAquickPCR purification

kit (Qiagen, Valencia, CA, USA) and used as templates for subse-

quent Q-PCR analyses using individual primers and SYBR Green

performed on CFX96 (BioRad, Hercules, CA, USA). Results were cor-

rected by Hprt1 (Hypoxanthine-guanine phosphoribosyltransferase 1).

See supplementary Materials and Methods for primer sequences.

DNA methylation by bisulfite sequencing

Genomic DNA was purified with the ZR genomic DNA II kit (Zymo

Research, Irvine, CA, USA). Methylation analysis was performed by

bisulfite conversion of genomic DNA using the EZ DNA methyla-

tion-Gold kit (Zymo Research). The PCR product was cloned using

the TOPO TA cloning kit (Invitrogen, Grand Island, NY, USA).

Coimmuprecipitation (Co-IP) assays

Co-IP assays were performed as described (Liu et al, 2010). Briefly,

whole-cell extracts from bone marrow cells were prepared by using

lysis buffer containing 1% Brij, 50 mM Tris (pH 8), 420 mM NaCl,

1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 lg/ml

leupeptin, 3 lg/ml aprotinin, 1 lg/ml pepstatin and 0.1 mM sodium

vanadate. The mixture was incubated on ice for 20 min and centri-

fuged at 15 000 g for 5 min. The supernatant was adjusted to

150 mM NaCl and used for immunoprecipitation with polyclonal

anti-PIAS1 antibodies (Liu et al, 1998, 2005) at 1:100 dilution or

IgG, followed by immunoblotting with anti-DNMT3A (Abiocode,

Agoura Hills, CA, USA) or a monoclonal anti-PIAS1 (Abiocode).

Chromatin immunoprecipitation (ChIP) and MiniChIP assays

Chromatin immunoprecipitation (ChIP) assays were performed with

bone marrow (BM) cells using the ChIP Assay Kit (Upstate Biotech) as

described (Liu et al, 2010). Briefly, cell extracts from WT or Pias1�/�

BMs (2 × 106 per sample) were prepared and chromatin was sheared

by sonication (10 s at 30% of the maximum strength for a total of six

times). ChIP assays were performed using anti-PIAS1, anti-DNMT3A

(Abiocode), or rabbit IgG as a negative control. Bound DNA was

quantified by Q-PCR and was normalized with the input DNA. Mini-

ChIP assays were performed essentially as described (Attema et al,

2007), using LSK and L�S�K+ cells purified by FACS sorting to a pur-

ity > 99%. For FACS sorting, a fast sort for Lin� cells was performed

first to enrich Lin� cell, followed by a regular sort for LSK and

L�S�K+ cells. Approximately 50 000 LSK cells were obtained from 20

WT mice and subjected to MiniChIP assays. Of 25 000 LSK cells or

50 000 L�S�K+ cells were used per sample for MiniChIP assays.

Supplementary information for this article is available online:

http://emboj.embopress.org
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