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SUMMARY
Histone variants contribute to the complexity of the chromatin landscape and play an integral role in defining DNA domains and regu-

lating gene expression. ThehistoneH3 variantH3.3 is incorporated into genic elements independent of DNA replication by its chaperone

HIRA. Here we demonstrate that Hira is required for the self-renewal of adult hematopoietic stem cells (HSCs) and to restrain erythroid

differentiation. Deletion of Hira led to rapid depletion of HSCs while differentiated hematopoietic cells remained largely unaffected.

Depletion of HSCs after Hira deletion was accompanied by increased expression of bivalent and erythroid genes, which was exacerbated

upon cell division and paralleled increased erythroid differentiation. AssessingH3.3 occupancy identified a subset of polycomb-repressed

chromatin in HSCs that depends on HIRA to maintain the inaccessible, H3.3-occupied state for gene repression. HIRA-dependent H3.3

incorporation thus defines distinct repressive chromatin that represses erythroid differentiation of HSCs.
INTRODUCTION

The adult hematopoietic system is sustained by the self-

renewal and differentiation of a small pool of hematopoiet-

ic stem cells (HSCs) that are essential to regenerate the he-

matopoietic system upon transplantation or after injury

(Laurenti and Gottgens, 2018; Pietras, 2017). A number

of epigenetic regulators that modify DNA or histones

have been shown to be essential for HSC fate decision,

such as DNMT3A, polycomb group proteins BMI1 and

EZH2, or histone acetyltransferases EP300 and CBP

(Challen et al., 2011; Lessard and Sauvageau, 2003; Mochi-

zuki-Kashio et al., 2011; Park et al., 2003; Rebel et al., 2002;

Sandberg et al., 2005; Xie et al., 2014). In addition to these

epigenetic modifications exerted upon DNA or histones,

variant forms of histones provide another layer of epige-

netic information to control gene expression and cell fate

(Hake and Allis, 2006; Henikoff and Smith, 2015; Lara-As-

tiaso et al., 2014;Martire and Banaszynski, 2020). However,

the role of histone variant incorporation as an epigenetic

mechanism regulating HSC fate determination remains

largely unexplored.

The three main variants of histone H3 in mammalian

cells—H3.1, H3.2, and H3.3—each have distinct enrich-

ment patterns established by corresponding histone chap-
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erones (Burgess and Zhang, 2013; Maze et al., 2014). His-

tones H3.1 and H3.2 are synthesized and deposited into

chromatin during S phase (termed replication-dependent

incorporation). In contrast, histone H3.3 is expressed and

incorporated into chromatin throughout the cell cycle

(termed replication-independent incorporation). Differen-

tial deposition occurs despite the fact that H3.3 differs from

H3.1 and H3.2 by only four or five amino acids and de-

pends on chaperones specific to either H3.1/H3.2 or

H3.3. The distinct mechanisms by which replication-

dependent and -independent histone H3 variants are

incorporated into chromatin suggest that quiescent adult

HSCs and actively dividing precursor cells may differen-

tially depend on histone variant chaperones.

The incorporation of DNA replication-dependent H3.1

and H3.2 is governed by the CAF1 complex, while deposi-

tion of replication-independent H3.3 is mediated by either

the HIRA or the DAXX/ATRX complex (Burgess and Zhang,

2013; Goldberg et al., 2010). Incorporation of H3.3 by

HIRA occurs at the promoters, enhancers, and gene bodies

of actively expressed genes as well as at bivalent promoters,

CTCF binding sites, and retroviral elements (Elsasser et al.,

2015; Goldberg et al., 2010; Ray-Gallet et al., 2011).

Conversely, DAXX/ATRX mainly mediates incorporation

of H3.3 into telomeres and pericentromeric DNA. The
e Authors.
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presence ofH3.3 at bivalent promoters is of particular inter-

est in the context of stem cell biology as a possible mecha-

nism regulating differentiation potential of stem cells and

occurs through recruitment of PRC2 by HIRA (Banaszynski

et al., 2013). Regulation of H3.3 by the HIRA complex may

therefore be an important epigenetic mechanism underly-

ing HSC potential.

In this study, we demonstrate that HIRA is essential for

HSC self-renewal. Deletion of Hira from the hematopoietic

system revealed that, whileHira is dispensable for fetal liver

HSCs, it is essential for adult HSC maintenance. Upon loss

of Hira, adult HSCs become rapidly depleted and exhibit

erythroid-biased differentiation. Genome-wide histone

H3.3 profiling also demonstrated that H3.3 occupancy de-

fines bivalent promoters and a subset of polycomb-

repressed chromatin that becomes derepressed upon Hira

deletion. Transcriptomic changes associatedwithHSC divi-

sion show that erythroid-differentiation genes become

derepressed after division in the absence of HIRA. Together,

our data establish a previously unappreciated role for Hira

in safeguarding HSC self-renewal by preventing precocious

erythroid differentiation.
RESULTS

Hira is essential for adult but not fetal HSC

maintenance

To study the role of histone H3.3 regulation in hematopoi-

etic stem and progenitor cells (HSPCs), we first examined

the levels of the histone H3 variants (H3.1, H3.2, and

H3.3). We performed high-performance liquid chromatog-

raphy (HPLC) analyses with whole bone marrow (WBM)

cells and lineage�c-kit+ (LK) cells sorted from adult mice

(Figures 1A and S1A). In WBM cells, H3.2 was the predom-

inant H3 variant, constituting ~55% of total H3, followed

by H3.3 (~35%) and H3.1 (~10%), while H3.3 was the pre-

dominant H3 variant in HSPCs (~60%). Although the LK

population includes not only primitive HSPCs but also

lineage-restricted precursor cells, these results suggest that

histone H3.3 and its chaperonesmay have important func-

tions in undifferentiated hematopoietic cells.

We then focused on the histone H3.3 chaperone HIRA

and assessed the relative expression of Hira and the two

genes encoding histone H3.3, H3f3a and H3f3b, in fetal

liver and adult bone marrow by quantitative PCR (Figures

S1B and S1C). Consistent with our HPLC data, bone

marrow HSPCs showed a trend toward increased expres-

sion of H3f3b compared with WBM cells. We also observed

higher levels of Hira expression in adult and fetal HSPCs

compared with the bulk of hematopoietic cells, but the

expression of Hira, H3f3a, or H3f3b was not different be-

tween fetal and adult HSCs (Figure S1D).
We then generated Vav1-iCre; Hirafl/fl mice to delete Hira

during early hematopoietic development (Georgiades

et al., 2002) (Figures 1B and S1D). Loss of HIRA protein in

hematopoietic cells after Hira deletion with Vav1-iCre was

confirmed by immunoblotting (Figures 1C, S1E, and S1F).

The number of hematopoietic cells in the E14.5–16.5 fetal

liver, livers of newborn pups (P0), and bone marrow of 1–

2 week old neonates was not affected by deleting Hira (Fig-

ure 1D). However, the bonemarrow cellularity ofVav1-iCre;

Hirafl/flmice began to show significant reduction compared

with that of controlHirafl/flmice at 3–4 weeks of age, which

was exaggerated with age in mice 6 months or older (Fig-

ure 1D). The cellularity of the spleens was also reduced in

adult mice (Figure 1D). The frequency of Ter119+ erythroid

cells was increased in both the bone marrow and the

spleens of Vav1-iCre; Hirafl/fl mice, and the total numbers

of bone marrow Ter119+ erythroid cells, Mac-1/Gr-1+

myeloid cells, B220+ B cells, and CD3+ T cells were all

reduced with age as Vav1-iCre; Hirafl/fl mice exhibited

reduced bone marrow cellularity (Figures 1E and S1G). In

contrast, the spleens of Vav1-iCre; Hirafl/fl mice showed

increased myeloid and erythroid cell numbers as they

aged, despite reduced spleen cellularity (Figures 1E and

S1G). Vav1-iCre; Hirafl/fl mice showed reduced viability at

~6 months of age, exhibiting early-onset leukopenia and

late-onset thrombocytopenia (Figures 1F and 1G). Thus,

Hira is essential for adult hematopoiesis but largely dispens-

able for fetal liver hematopoiesis.

To further explore the role of Hira in hematopoiesis, we

analyzed the most primitive compartments within the line-

age�c-kit+Sca-1+ (LSK) population, namely CD150+CD48�

LSK HSCs and CD150�CD48� LSK multipotent progenitors

(MPPs) (Kiel et al., 2005; Oguro et al., 2013) ofVav1-iCre; Hir-

afl/fl mice. Consistent with our finding that Hira is dispens-

able for maintaining fetal liver cellularity, Hira deletion did

not change the frequencies or cell numbers of HSCs, MPPs,

or LSK cells in the fetal liver (Figures 1H, S1H, and S1I). How-

ever, within 1–2weeks of birth,HSCs,MPPs, and LSK cells in

Vav1-iCre; Hirafl/fl mice became severely depleted, preceding

the depletion ofhematopoietic cells in the bonemarrowand

in the spleen. In contrast, the numbers of lineage-restricted

progenitors, such as common lymphoid progenitors, com-

mon myeloid progenitors, and granulocyte-macrophage

progenitors, did not become reduced until 1–4 months of

age in Vav1-iCre; Hirafl/fl mice (Figures S1K–S1M). Interest-

ingly, although the total numbers of megakaryocyte-

erythroid progenitors (MEPs) were similar to controls, their

frequency was increased, suggesting that the megakaryo-

cytic-erythroid lineage is less affected by Hira deletion than

the lymphoid and granulocytic-monocytic lineages (Figures

1I and S1M). These results establish that Hira is essential to

maintainadultHSCs,but fetal liverHSCs canpersist through

embryonic development independent of Hira.
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Figure 1. Hira is essential for adult but not fetal HSC maintenance
(A) Quantification of the three major histone H3 variants in WBM or LK cells from wild-type (WT) mice as assessed by HPLC (n = 3 mice).
(B) A diagram showing two mouse models of Hira conditional knockout in the hematopoietic system with Vav1-iCre and Mx1-Cre.
(C) Immunoblotting assay shows that Hira deletion reduced HIRA protein levels in the bone marrow (BM) cells after deleting Hira.
(D) Cellularity of fetal liver, BM, and spleen from Vav1-iCre; Hirafl/fl and Hirafl/flmice at different developmental time points (n = 3–8 mice).
(E) Frequency of CD3+ T cells, B220+ B cells, Mac1+Gr-1+ myeloid cells, and Ter119+ erythroid cells in Vav1-iCre; Hirafl/fl and Hirafl/fl mice in
the BM and spleen at the indicated ages (n = 4–7 mice).
(F) Survival curve for Vav1-iCre; Hirafl/fl and Hirafl/fl mice (n = 14).
(G) Complete blood count of peripheral blood in Vav1-iCre; Hirafl/fl and Hirafl/fl mice at the indicated ages (RBC, red blood cell; WBC, white
blood cell) (n = 3–7 mice).
(H) The total numbers of LSKs, MPPs, and HSCs in the liver or BM of Vav1-iCre; Hirafl/fl and Hirafl/flmice at the indicated ages (n = 3–8 mice).
(I) Frequency of MEPs, commonmyeloid progenitors (CMP), and granulocyte-macrophage progenitors (GMP) in the BM of Vav1-iCre; Hirafl/fl

and Hirafl/fl mice at different developmental time points (n = 4–7 mice).
(J) Diagram of the poly(I:C) treatment schedule. We treated mice with two doses of poly(I:C) and analyzed the mice 17 days after the first
injection.
(K) Frequency of HSC, MPP, HPC1, HPC2, and LSK cells in Mx1-Cre; Hirafl/fl and Hirafl/fl mice 17 days after treatment with poly(I:C) (n = 6–9
mice).
All data represent the mean ± standard deviation; *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t test, except for the comparison of
the survival curves, in which the significance was accessed by a log-rank test.
See also Figure S1.
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Figure 2. HIRA prevents precocious differentiation of HSCs
(A) Colony-forming assays with singly sorted HSCs/MPPs from either Hirafl/fl (WT) or Mx1-Cre; Hirafl/fl (KO) mice and scored for colonies
containing granulocytes, erythrocytes, monocytes, and megakaryocytes (GEMM), granulocytes and monocytes (GM), or only megakar-
yocytes (MK) (n = 6–13 mice).
(B) Frequencies of cells with the indicated marker expression within colonies from (A).
(C) Representative images of colonies formed by HSCs or MPPs from WT and KO mice.
(D) Number of secondary colonies produced from HSCs and MPPs in three serial replatings of 10,000 cells (n = 3 mice).
(E) Adult WBM competitive transplant assays with 106 untreated Hirafl/fl (WT), Mx1-Cre; Hira+/fl (HET), or Mx1-Cre; Hirafl/fl (KO, all CD45.2+)
donor BM cells competing against 53 105 CD45.1+ BM cells in CD45.1 recipient mice (n = 5 mice). Recipient mice were treated with seven
injections of poly(I:C) 4 weeks after transplant (red arrow). Frequencies of CD45.2+ WBCs in the peripheral blood tracked over 4 months
post-transplantation are shown with statistical significance assessed between WT and KO.
(F) Diagram showing the experimental strategy used for the fetal liver (FL) and adult HSC competitive transplants in (G).
(G) Donor-derived chimerism of CD45.2+ WBCs (overall) and myeloid, B, and T cells in the peripheral blood tracked over 4 months post-
transplantation for FL and adult HSC competitive transplants from (F) (n = 5 mice).

(legend continued on next page)
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The rapid depletion of adult HSCs in Vav1-iCre; Hirafl/fl

mice within 1–2 weeks of birth prompted us to then test

how adult HSCs respond to acute deletion of Hira. To this

end, we generatedMx1-Cre; Hirafl/fl mice and conditionally

deleted Hira by administering two doses of polyinosinic:-

polycytidylic acid (poly(I:C)) to 6–8 week old mice and

analyzed the mice 15 days after the last injection (Figures

1B, 1C, and 1J). HSCs and MPPs were severely depleted

shortly after an acute deletion of Hira (Figure 1K). HPC1

(LSKCD150�CD48+) but not HPC2 (LSKCD150+CD48+)

also showed a trend toward reduced frequency in the

bone marrow, contributing to the reduced overall fre-

quency of the LSK population (Figure 1K). These results

reveal a critical role for Hira in the maintenance of adult

HSCs.

Hira is essential for HSC self-renewal

We next assessed whether depletion of Hira-deficient HSCs

was due to increased cell death or differentiation. Annexin-

V staining or bromodeoxyuridine incorporation assays did

not reveal any changes in apoptosis or cell division, respec-

tively, in HSCs or MPPs afterHira deletion (Figures S2A and

S2B). Sorting single HSCs or MPPs into semisolid medium

showed that Hira-deficient HSCs and MPPs formed larger

colonies with more cells that expressed granulocytic-

monocytic lineage markers and fewer lineage� cells with

clonogenicity similar to that of wild-type HSCs (Figures

2A–2D, S2C, and S2D). Serial replating of these colonies

showed that Hira-deficient primary colonies produced

fewer colonies than wild type, despite having produced

more cells initially (Figures 2D and S2E). These results sug-

gest that loss of Hira increases the propensity of HSCs to

differentiate at the cost of self-renewal.

We next performed competitive transplantation assays

to determine the reconstitution potential of HSCs (Figures

S2F and S2G). We first transplanted E16.5 whole fetal liver

cells from Vav1-Cre; Hirafl/fl and control Hirafl/fl embryos

along with competitor adult bone marrow cells into

lethally irradiated recipient mice (Figure S2F). Vav1-Cre;

Hirafl/fl fetal liver cells were severely compromised in their

ability to reconstitute the hematopoietic system upon

transplantation, exhibiting negligible reconstitution in

recipient mice (Figure S2H). We then treated Mx1-Cre; Hir-

afl/fl, Mx1-Cre; Hira+/fl, and control Hirafl/fl mice with

poly(I:C) 1 week prior to performing a WBM competitive
(H) Donor-derived chimerism, as assessed by GFP positivity, within RB
Hirafl/fl (WT) or Ubc-GFP; Mx1-Cre; Hirafl/fl (KO) mice (n = 3–5 mice).
(I and J) A representative flow cytometry plot (I) and quantification (J
or Ter119 in the GFP+ BM cells 8 weeks post-transplantation (n = 3–4
(K) Frequency of CD71+ erythroid cells after sorting HSCs into culture
All data represent the mean ± standard deviation; *p < 0.05, **p < 0
See also Figure S2.
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transplantation. Consistent with the severe HSC depletion

observed shortly after deletingHira, we observed negligible

levels of reconstitution from the Hira-deficient bone

marrow cells, and none of the recipient mice showed

long-term multilineage reconstitution (Figure S2I). Mx1-

Cre is activated in bone marrow stromal cells by poly(I:C)

(Park et al., 2012), raising the possibility that Hira deletion

negatively affected HSCs in an HSC-extrinsic manner. To

assess this possibility, we transplanted bone marrow cells

from untreatedMx1-Cre; Hirafl/fl,Mx1-Cre; Hira+/fl, and con-

trol Hirafl/fl mice and then treated the recipient mice with

poly(I:C) 1 month after transplantation. Although the

initial engraftment was similar between the three groups,

poly(I:C) administration reduced reconstitution by Mx1-

Cre; Hirafl/fl cells in all lineages, leaving none of the recip-

ient mice with multilineage reconstitution (Figure 2E).

Thus, Hira is required within HSCs to support multilineage

reconstitution potential.

Finally, we performed competitive HSC transplantation

assays to directly assess the reconstitution potential of

Hira-deficient HSCs. We sorted 100 HSCs from the fetal

liver of E16.5 Vav1-iCre; Hirafl/fl and Hirafl/fl embryos, as

well as 100 adult HSCs from the bone marrow of Mx1-

Cre; Hirafl/fl and Hirafl/fl mice 7 days after poly(I:C) treat-

ment and transplanted them into lethally irradiated mice

(Figure 2F). Transplantation of Hira-deficient HSCs derived

from either fetal liver or adult bone marrow resulted in low

granulocytic-monocytic, but no lymphoid, reconstitution

at the earliest time point analyzed, which became unde-

tectable at later time points (Figure 2G). Hira-deficient

HSCs were depleted 16 weeks after transplantation (Fig-

ure S2J). These results demonstrate that, while Hira dele-

tion is compatible with clonogenicity of HSCs in vitro,

Hira is essential for HSCs to regenerate the hematopoietic

system upon transplantation.

To assess the early contributions of Hira-deleted HSCs to-

ward red blood cells and platelets, we performed a similar

HSC competitive transplant assay with 100 HSCs sorted

from the bone marrow of Ubc-GFP; Mx1-Cre; Hirafl/fl and

control Ubc-GFP; Hirafl/fl mice 7 days after poly(I:C) (Fig-

ure S2K). In contrast to the diminished granulocytic-mono-

cytic and lymphoid reconstitution by Mx1-Cre; Hirafl/fl

HSCs (Figure 2G), red blood cells and platelets exhibited

robust regeneration by Hira-deficient HSCs indistinguish-

able from that of wild-type HSCs (Figure 2H). By analyzing
C and platelets (PLT) from transplanted HSCs isolated from Ubc-GFP;

) of the five fractions of erythroid progenitors expressing CD71 and/
mice).
(n = 3 mice).
.01, and ***p < 0.001 by Student’s t test.
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Figure 3. Hira loss increases erythroid gene expression in HSCs
(A and B) GSEA of RNA-seq data from WT (Hirafl/fl) and KO (Mx1-Cre; Hirafl/fl) HSCs for PRC2 target genes that are bivalent (H3K27me3 and
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See also Figure S3.
recipient bone marrow cells at 8 weeks post-transplanta-

tion, we also determined that Hira-deleted HSCs had

increased differentiation into MEPs and CD71+Ter119Low

early erythroid progenitors (Figures 2I, 2J, and S2L). In

addition, Hira-deleted HSCs showed increased differentia-

tion into CD71+ erythroid cells compared with wild-type

HSCs (Figure 2K). Thus, while Hira deletion in HSCs signif-

icantly impaired granulocytic-monocytic and lymphoid

reconstitution potential, the erythroid and thrombocytic

lineages remained intact.

Hira loss increases erythroid gene expression in HSCs

To determine the role of Hira in adult HSC maintenance,

we profiled the transcriptomes of HSCs and MPPs from

adult Mx1-Cre; Hirafl/fl and Hirafl/fl mice 1 week after

poly(I:C) treatment with RNA sequencing (RNA-seq) (Fig-
ures S3A and S3B). Gene set enrichment analysis (GSEA) re-

vealed that PRC2 target genes were highly enriched inHira-

deficient HSCs (Figure S3C). This finding is consistent with

the previous reports demonstrating that HIRA regulates

PRC2-mediated repression of bivalent genes in embryonic

stem cells (ESCs) (Banaszynski et al., 2013), but is nonethe-

less striking since the gene sets contained genes repressed

by PRC2 in non-hematopoietic ESCs or fibroblasts.

To specifically investigate whether Hira is involved in

PRC2-mediated gene repression in HSCs, we used two

gene sets containing genes in HSCs marked by

H3K27me3, a repressive mark deposited by the PRC2, or

both H3K27me3 and H3K4me3, which defines bivalent

genes (Mochizuki-Kashio et al., 2015; Sun et al., 2014) (Fig-

ures 3A and S3D). Both of these gene sets showed signifi-

cant enrichment in Hira-deficient HSCs, indicating that
Stem Cell Reports j Vol. 16 j 2014–2028 j August 10, 2021 2019



Hira deletion derepresses genes that are repressed or main-

tained in the bivalent state by the PRC2 complex.

In addition, we found that the most enriched hallmark

gene set inHira-deficient HSCs andMPPs was a hememeta-

bolism gene set that includes genes involved in red blood

cell biology, such as Rhag, Fech, Rhd, and Klf1 (Figures 3B–

3E). The finding thatHira deletion increased the expression

of erythroid gene expression in HSCs and MPPs prompted

us to comprehensively examine whether Hira deletion in-

duces lineage-specific gene signatures. We thus performed

a pairwise GSEA (Viny et al., 2015) to assess the enrichment

of gene signatures associated with Hira-deficient HSCs or

MPPs in 16 hematopoietic cell populations (Figure 3C).

We found that myeloid and erythroid cells were enriched

for the gene signatures induced afterHira deletion, suggest-

ing thatHira-deficient HSCs andMPPs exhibitmyeloid and

erythroid gene programs. GSEA using gene sets curated

from genes uniquely expressed in each hematopoietic line-

age (hematopoietic fingerprint; Chambers et al., 2007) also

showed thatHira-deficient HSCs are enriched for the nucle-

ated erythrocyte gene signature (Figure 3B). In addition, a

subset of bivalent and erythroid genes had increased

expression in both HSCs and MPPs after Hira deletion,

and genes with increased expression in Hira-deficient

HSCs were enriched for GATA2 and GATA1 motifs in their

promoters (Figures 3D, 3E, S3D, and S3E). These transcrip-

tome changes suggest that Hira-deficient HSCs have

increased differentiation toward the erythroid lineage.

Cell division exacerbates the derepression of erythroid

genes in Hira-deficient HSCs

Since HIRA deposits H3.3 independent of DNA replication,

we hypothesized that cell division in the absence of Hira

would accelerate the histone H3 disequilibrium due to

deposition of DNA replication-dependent histone H3.1

and H3.2, which may lead to more significant changes in

gene expression. To address this hypothesis, we crossed

the Mx1-Cre; Hirafl/fl mice with Rosa26-M2rtTA; TetOP-

H2B-GFP mice (Foudi et al., 2008; Wilson et al., 2008) to

enable expression of H2B-GFP upon doxycycline

administration.

We treated Mx1-Cre; Hirafl/fl; Rosa26-M2rtTA; TetOP-H2B-

GFP and Hirafl/fl; Rosa26-M2rtTA; TetOP-H2B-GFP with

doxycycline for 6 weeks and then with poly(I:C) to delete

Hira. Fifteen days after the last poly (I:C) injection we

analyzed GFP intensity in HSCs and MPPs (Figure 4A). As

reported previously (Foudi et al., 2008; Nakada et al.,

2014; Wilson et al., 2008), quiescent HSCs and MPPs re-

tained high GFP intensity compared with rapidly dividing

LK and lineage� cells (Figure S4A). Although deletion of

Hira did not affect the overall frequencies of GFP+ HSCs

or MPPs (Figure S4A), we detected lower frequencies of

Hira-deficient GFPlow HSCs/MPPs relative to GFPhigh Hira-
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deficientHSCs/MPPs (Figures 4B and 4C). These results sug-

gest either that Hira deletion delays cell division of HSCs/

MPPs or that HSCs/MPPs that have divided (GFPlow

HSCs/MPPs) undergo apoptosis or differentiation. Given

that we have detected no differences in cell division rates

or apoptosis of HSCs/MPPs after Hira deletion (Figures

S2A and S2B), we postulated that Hira-deficient HSCs/

MPPs are prone to differentiation after cell division.

To address this possibility, we performed RNA-seq of

H2B-GFP high and low HSCs and MPPs with or without

Hira deletion (Figure 4D). Gene ontology (GO) analysis of

the differentially expressed genes showed that themost sig-

nificant changes occurred in the GFPlow HSC fraction after

Hira deletion. Specifically, gene signatures associated with

myeloid and erythroid differentiation showed significant

upregulation in Hira-deficient GFPlow HSCs and MPPs (Fig-

ures 4E and S4F). Conversely, downregulated genes inHira-

deleted GFPlow HSCs were mostly associated with B and

T cell lineages (Figure S4F). Unsupervised hierarchical clus-

tering of the differentially expressed genes associated with

Hira deletion revealed that similar transcriptional changes

occur in Hira-deficient HSCs and MPPs upon division (Fig-

ure S4D). Interestingly, this cluster of upregulated genes in

GFPlowHira-deficient HSCs/MPPs was enriched for erythro-

poiesis-related genes, including key erythroid transcription

factorsGata1 and Klf1, hemoglobin genesHba-a1 andHbb-

b1, and erythroid antigens Rhag and Rhd (Figure S4D).

GO analysis of genes differentially expressed in GFPlow

cells compared with GFPhigh cells showed upregulation of

cell division gene signature in bothwild-type andHira-defi-

cient HSPCs (Figure S4E). Interestingly, more bivalent

genes and erythrocyte fingerprint genes exhibited

increased expression inHira-deficient HSCs andMPPs after

cell division compared with wild-type HSCs (Figures 4F–4H

and S4E). In contrast, long-term HSC (LT-HSC) fingerprint

genes showed decreased expression after cell division in

Hira-deficient HSCs and MPPs more so than in wild-type

HSCs and MPPs (Figure 4I). These results show that cell di-

vision after Hira deletion increases the expression of biva-

lent and erythroid differentiation genes while reducing

LT-HSC gene expression.

Hira loss increases DNA accessibility and decreases

histone H3.3 at hematopoietic transcription factor

motifs

TodeterminehowHIRA regulates the expressionofbivalent

and erythroid genes, we performed assay for transposase-

accessible chromatin with high-throughput sequencing

(ATAC-seq) and H3.3 chromatin immunoprecipitation

sequencing (ChIP-seq) in Hira-deficient HSCs 1 week after

deletion. Differential peak analysis of the ATAC-seq profile

revealed 424 differential peaks in Hira-deleted HSCs and

401 differential peaks in wild-type HSCs. Most differential
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Figure 4. Cell division exacerbates the derepression of erythroid genes in Hira-deficient HSCs
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See also Figure S4.
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Figure 5. Hira loss increased DNA accessibility and decreased histone H3.3 at hematopoietic transcription factor motifs
(A and B) Heatmaps and profile plots of ATAC-seq (A) and H3.3 ChIP-seq (B) data from WT and KO HSCs with six clusters of peaks identified
by k-means clustering.
(C and D) Motif enrichment analysis in differential ATAC-seq peaks called in KO versus WT HSCs (ATAC up, C) or in differential H3.3 ChIP-seq
peaks called in WT versus KO HSCs (H3.3 down, D).
(E) Genome-wide H3.3 ChIP-seq profile plot at RUNX1 motifs.
(F) GSEA shows that genes in close proximity to RUNX1 motifs with reduced H3.3 binding in KO HSCs are derepressed.
ATAC-seq peaks were located within introns, promoters,

and intergenic DNA (Figure S5A).

To better understand these changes in DNA accessibility

we performed k-means clustering of the ATAC-seq peaks

called in wild-type HSCs. Among the six clusters exhibiting

different patterns of accessibility, cluster 2 contained the

most accessible DNA in wild-type HSCs and showed the

largest increase in accessibility after Hira deletion (Fig-

ure 5A). Other ATAC-seq peak clusters also exhibited vary-

ing degrees of increased accessibility inHira-depletedHSCs,

demonstrating a general requirement for HIRA in restrict-

ing DNA accessibility.
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We then performed ChIP-seq profiling for endogenous

histone H3.3 using an antibody that recognizes H3.3 spe-

cifically and efficiently (Figures S5B and S5C). We found

48,193 differential H3.3 peaks in wild-type HSCs versus

37,205 differential peaks in Hira-deleted HSCs. Most of

the differential H3.3 peaks in wild-type and Hira-deficient

HSCs were located within introns and intergenic DNA in

addition to retrotransposon DNA (Figure S5A). k-means

clustering identified five distinct clusters of H3.3 binding

peaks in wild-type HSCs (Figure 5B). Clusters 1, 2, and 3

gained H3.3 binding after Hira deletion, whereas clusters

4 and 5 lost H3.3 after Hira deletion. These results suggest



that HIRA maintains appropriate H3.3 positioning at

certain loci in HSCs.

Motif enrichment analysis of the differential peaks iden-

tified in both our ATAC-seq and our H3.3 ChIP-seq experi-

ments revealed that ERG and RUNX1 motifs are enriched

in regions of increased accessibility and reduced H3.3 occu-

pancy in Hira-deleted HSCs (Figures 5C and 5D). We also

observed an enrichment of CTCF motifs and GATA family

motifs in peaks with increased DNA accessibility after Hira

loss (Figure 5C). These findings are consistent with prior

studies reporting that HIRA directly interacts with both

CTCF and RUNX1 (Majumder et al., 2015; Pchelintsev et

al., 2013). The increase in accessibility at GATA1 motifs is

also consistent with the observed increase in erythroid dif-

ferentiation genes with GATA1 motifs in their promoter.

To study the relationship between H3.3 dysregulation

and DNA accessibility at transcription factor motifs in

Hira-deficient HSCs, we then assessed chromatin accessi-

bility and H3.3 occupancy at RUNX1, ERG, and PU.1 mo-

tifs genome wide (Figures 5E and S5D–S5F). This showed

that RUNX1 motifs have a noticeable loss of H3.3 after

Hira deletion (Figure S5F). To assess whether H3.3 loss at

RUNX1 motifs affects gene expression, we performed

GSEA on the genes nearest to H3.3 peaks with RUNX1 mo-

tifs that had reducedH3.3 signals inHira-deletedHSCs (Fig-

ure 5G). The expression of these genes was significantly

increased in Hira-deficient HSCs, suggesting that HIRA-

mediated H3.3 deposition at RUNX1 motifs represses

gene expression in HSCs. GO analysis determined that

these genes adjacent to H3.3-reduced RUNX1 motifs were

involved in developmental processes, such as cell differen-

tiation, hemopoiesis, and cell fate commitment (Fig-

ure S5H). These results suggest that Hira restricts DNA

accessibility at hematopoietic transcription factor binding

sites in HSCs.

H3.3 occupies a subset of polycomb-repressed genes in

a Hira-dependent manner

To understand howHIRAmaintains appropriate HSC chro-

matin states, we compared the differential peaks from our

H3.3 ChIP-seq data in wild-type and Hira-deleted HSCs

with our ATAC-seq data. Most H3.3 depletion after Hira

deletion occurred in regions of low DNA accessibility,

whereas regions with increased H3.3 were mostly found

in highly accessible DNA (Figure 6A). These results suggest

that HIRA preferentially maintains H3.3 in regions of low

chromatin accessibility.

We next examined whether H3.3 occupancy further sep-

arates chromatin states defined by multiple histone modi-

fications in HSCs. We used ChromHMM (Ernst and Kellis,

2012) with published histone H3 modification and our

H3.3 ChIP-seq datasets and identified 18 distinct chro-

matin states that were defined by the presence or absence
of H3.3 (Figure 6B). From this 18-state analysis, we found

that all of the chromatin states associated with active

gene expression existed in both H3.3+ and H3.3� states

(Figure 6B). These included states with histone marks typi-

cally associated with enhancers (states 1 and 2), active pro-

moters (states 3 and 4), active transcription start sites (TSSs)

(states 5 and 6), and strong transcription (states 7 and 8).

The one exception to this dichotomy of active chromatin

states defined by H3.3 was the weak enhancer chromatin

state (state 16) that is only slightly enriched with

enhancer-associated histone marks, which existed solely

as an H3.3+ state. The polycomb-repressed chromatin state

was also separated into H3.3+ and H3.3� states (states 10

and 11). In contrast, the bivalent promoter chromatin state

(state 9) was exclusively H3.3+. Altogether, these chro-

matin-state analyses reveal a novel paradigm of HSC chro-

matin states in which the presence or absence of histone

variant H3.3 defines a subset of active and polycomb-

repressed chromatin states and highlights the association

of H3.3 with bivalent promoters and polycomb-repressed

chromatin in HSCs.

We then assessed the enrichment of the each state in

superenhancers (Khan and Zhang, 2016) and TSS. The

H3.3+ enhancer state (state 1) was the most highly en-

riched state in superenhancers and was 2.53 more en-

riched in superenhancers than the H3.3� enhancer state

(state 2), despite covering a smaller portion of the genome

(Figures 6C and S6A). We also found that the H3.3+ biva-

lent promoter state was highly enriched in TSSs and CpG

islands (Figures 6C and S6B). In contrast, the H3.3� poly-

comb-repressed state was not highly enriched in any of

these regions, despite comprising approximately 20% of

the genome. These results validate our chromatin-state

analysis and show a functional difference in gene regula-

tion between H3.3-marked chromatin states based on their

associated histone marks. Our findings on H3.3+ chro-

matin states associated with superenhancers and CpG

islands also demonstrate that the epigenetic status of

gene regulatory elements in HSCs can be better resolved

through chromatin-state modeling that includes informa-

tion about H3.3 binding in HSCs.

To identify which chromatin states are affected by Hira

deletion, we then compared this model with our transcrip-

tomic and epigenetic profiling of Hira-deleted HSCs. GSEA

showed that H3.3+ bivalent promoter and H3.3+ poly-

comb-repressed genes are significantly derepressed, but

that the H3.3� polycomb-repressed genes are not (Figures

6D, 6E, S6C, and S6D). These H3.3+ PRC2-target genes

are enriched in development and cell fate determination

genes, whereas the H3.3� polycomb-repressed genes are

enriched in non-developmental genes (Figure 6F). Interest-

ingly, while both the H3.3+ bivalent promoter and the

H3.3+ polycomb-repressed states increased accessibility in
Stem Cell Reports j Vol. 16 j 2014–2028 j August 10, 2021 2023
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Hira-deleted HSCs, only the H3.3+ polycomb-repressed

state reduced H3.3 binding upon Hira deletion (Figures

6G, 6H, and S6E). Altogether, these results establish that

HIRA is essential for the continued repression of develop-

mental genes with regulatory regions marked with both

H3.3 and H3K27me3 in HSCs.
DISCUSSION

Our study shows that the regulation of histone variant H3.3

by HIRA is essential for the maintenance of adult HSCs. We

establish that bivalent promoters and a subset of polycomb-

repressed chromatin are defined by H3.3 occupancy, and

repression of genes associated with these chromatin states

requires HIRA. Importantly, polycomb-repressed chromatin

bound by H3.3 depends on HIRA to maintain H3.3 occu-

pancy and its inaccessible configuration. We also find that

Hira is particularly important for repressing differentiation-

associated genes in HSCs upon cell division. Our study ex-

tends prior studies demonstrating that HIRA-mediated

H3.3 incorporation is important for non-dividing cells, by

establishing the essentiality of Hira in quiescent adult

HSCs to prevent precocious differentiation.

We demonstrate that Hira is essential for the mainte-

nance of postnatal and adult bone marrow HSCs but not

committed progenitor cells. In contrast, Hira-deleted fetal

liver HSCs were able to expand and home to the bone

marrow at the time of birth. However, fetal liver HSCs ex-

hibited little reconstitution capacity upon transplantation,

and they became depleted within weeks after migrating to

the bone marrow. These results suggest that HIRA is

required to adapt to the bone marrow environment or to

stresses present during transplantation. Both fetal liver

HSCs and committed progenitor cells divide rapidly, while

adult HSCs divide much more rarely. Other non-dividing

cell types, such as post-mitotic neurons, oocytes, and mus-

cle stem cells, have also been shown to rely on HIRA for

cell-type-specific gene expression and differentiation

(Maze et al., 2014, 2015; Nashun et al., 2015). Our study

demonstrates that adult HSCs that rarely divide are also

highly dependent upon Hira.

A recent paper showed that Hira loss underlies immune

cell deficiencies in DiGeorge syndrome patients by impair-

ing HSPC differentiation (Chen et al., 2020). Consistently,

our HSC transplantation assays showed that Hira deletion

severely compromised myeloid and lymphoid lineage

reconstitution. In contrast, erythroid lineage reconstitu-

tion by Hira-deficient HSCs was indistinguishable from

that of wild-type HSCs. Changes in HSC differentiation po-

tential were accompanied by increased erythroid gene

expression, establishing that HSCs depend on HIRA to

repress erythroid-lineage genes. We also discovered that
HIRA is required to suppress expression of PRC2 target

genes in adult HSCs and MPPs. The finding that adult but

not fetal liver HSCs depend on HIRA is also reminiscent

of the differential dependence of HSCs on the PRC2

component EED (Xie et al., 2014). Our gene expression

and chromatin-state analyses corroborate these genetic an-

alyses to demonstrate the cooperation of HIRA with the

PRC2 complex.

We found that increased bivalent and erythroid gene

expression is exacerbated inHira-deleted HSCs after cell di-

vision. HSC self-renewal capacity is progressively deterio-

rated by successive rounds of cell division (Bernitz et al.,

2016; Foudi et al., 2008; Wilson et al., 2008). Our study ex-

tends these reports by establishing that a Hira-dependent

mechanism ensures repression of erythroid gene expres-

sion in order to prevent differentiation as HSCs divide.

Further lineage tracing experiments are needed to fully

elucidate the fate of HSCs that have undergone division

in the absence of Hira.

Our H3.3 profiling in HSCs provides a novel means to

further segregate active and polycomb-repressed chro-

matin states. While active and polycomb-repressed chro-

matin had both H3.3+ and H3.3� states, the bivalent pro-

moter chromatin state existed only as an H3.3+ state. H3.3

deposition at bivalent promoters was not dependent on

Hira, although Hira deletion led to increased gene expres-

sion, demonstrating that HIRA represses bivalent pro-

moters independent of H3.3 deposition. This may be due

to HIRA-dependent recruitment of PRC2 to target genes

and HIRA-independent deposition of H3.3, both of which

have been observed in ESCs (Banaszynski et al., 2013;Gold-

berg et al., 2010). In this scenario, Hira deletion does not

necessarily lead to loss of H3.3 due to yet unknown factors

that deposit H3.3 independent of HIRA, but leads to failed

recruitment of PRC2 and loss of repressive H3K27me3 on

HIRA target genes, leading to derepression of bivalent

genes while retaining H3.3. The polycomb-repressed chro-

matin existed as both H3.3+ and H3.3� states. H3.3+, but

not H3.3�, polycomb-repressed chromatin became more

accessible, lost H3.3 occupancy, and became derepressed

upon Hira deletion. Thus, maintenance of gene repression

by HIRA is linked to H3.3 deposition in polycomb-

repressed chromatin. Our study provides a new layer of res-

olution to our understanding of chromatin states in HSCs

and reveals dichotomous polycomb-repressed states distin-

guished by HIRA-H3.3 dependence.
EXPERIMENTAL PROCEDURES

Mouse strains

Mice were housed in AAALAC-accredited, specific-path-

ogen-free animal care facilities at Baylor College of
Stem Cell Reports j Vol. 16 j 2014–2028 j August 10, 2021 2025



Medicine (BCM) with 12-h light-dark cycle and received

standard chow ad libitum. All procedures were approved

by the BCM (protocol AN-5858) Institutional Animal

Care and Use Committees. Hira mutant mice (Hiratm1a(EU-

COMM)Wtsi/+) were crossed with FLPe mice to remove selec-

tion markers flanked by FRT sites. The resulting mice (Hir-

afl/+) were crossed with Vav1-iCre (JAX 008610)

(Georgiades et al., 2002) or Mx1-Cre (JAX 005673) (Kuhn

et al., 1995) mice. The Mx1-Cre; Hirafl/fl mice were also

bred to R26-loxP-stop-loxP-EYFP (JAX 006148) (Srinivas

et al., 2001), Ubc-GFP (JAX 004353) (Schaefer et al., 2001),

or Rosa26-M2rtTA; TetOP-H2B-GFP (JAX 016836) (Foudi

et al., 2008) mice on a C57BL/6 background. Both male

and female mice were used in these studies, and all experi-

mental units were age matched.

RNA-seq

HSCs and MPPs were sorted into Trizol and RNA purified

according to the manufacturer’s instructions. DNase I-

treated RNA samples were purified, and cDNA was synthe-

sized and amplified with a SMART-Seq2 protocol. The

cDNA was then fragmented and bar-coded for sequencing

using a Nextera XT kit. RNA-seq libraries were sequenced

on an Illumina Sequencer (Illumina, San Diego, CA). Reads

were mapped to mm10 using STAR (version 2.5.2b; Dobin

and Gingeras, 2016) and analyzed using DESeq2 (version

1.12.4; Love et al., 2014). The principal-component anal-

ysis plot was generated with deepTools.

ATAC-seq

ATAC-seq was performed essentially as described (Buenros-

tro et al., 2013). Five thousand HSCs were tagmented with

0.5 mL of Tn5 (0.885 mg/mL) and incubated at 37�C for

30 min. Tagmented DNA, purified by a ZYMO DNA purifi-

cation kit, was PCR amplified with NEBNext Q5 Hot Start

HiFi PCR Master Mix (NEB M0543S). The library was puri-

fied using SPRI beads and sequenced on the Illumina HiSeq

2000 platform. Reads were mapped to mm10 using Bow-

tie2, and peaks were called on each sample individually us-

ing MACS2. Differential peaks were obtained on overlap-

ping peaks using PePr. Heatmaps were generated using

the deepTools computeMatrix algorithm whereby the cen-

ter of each location (from the BEDfile) was used as the refer-

ence point and was extended ±3 kb from the center point.

ChIP-seq

Low-cell-number ChIP-seq (5,000 HSCs) was performed, as

described previously, with a native ChIP-seq protocol (Hu

et al., 2019). MNase-digested samples were used for ChIP

with anti-H3.3 antibodies (MABE872,Millipore). The input

and immunoprecipitated DNA was cleaned using SPRI

beads, and the NEBNext Ultra II kit was used to generate

bar-coded libraries for Illumina sequencing. Reads were
2026 Stem Cell Reports j Vol. 16 j 2014–2028 j August 10, 2021
mapped to mm10 with Bowtie, peaks were called using

both PePr andMACS2, and deepTools was used to generate

all heatmaps.

Resources

All key resources used in this study are listed in Table S1.

Data and code availability

The sequencing dataset generated in this study is in the

Gene Expression Omnibus under accession no. GEO:

GSE163052.
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