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Hematopoiesis is fully dependent on hematopoietic stem cells (HSCs) that possess the capac-
ity to self-renew and differentiate into all blood cell lineages. WASH, Wiskott-Aldrich syn-
drome protein (WASP) and SCAR homologue (WASH) is involved in endosomal sorting as an
actin-nucleating protein. Here, we show that conditional WASH deletion in the hematopoi-
etic system causes defective blood production of the host, leading to severe cytopenia and
rapid anemia. WASH deficiency causes the accumulation of long-term (LT)-HSCs in bone
marrow and perturbs their differentiation potential to mature blood lineages. Importantly,
WASH is located in the nucleus of LT-HSCs and associates with the nucleosome remodeling
factor (NURF) complex. WASH assists the NURF complex to the promoter of c-Myc gene
through its VCA domain-dependent nuclear actin nucleation. WASH deletion suppresses the
transcriptional activation of c-Myc gene and impairs the differentiation of LT-HSCs. WASH
acts as an upstream regulator to modulate c-Myc transcription for hematopoietic regulation.

Adult hematopoiesis is the process of generat-
ing all blood components, which are renewed
quickly during the whole life of a host (Dey
et al., 2012; Tsai et al., 2013). This renewal de-
pends on rare multipotent BM-resident hema-
topoietic stem cells (HSCs). HSCs are critical
for lifelong blood generation and remain quies-
cent, self-renew, and differentiate into all types of
mature blood cells (Akashi et al., 2003; Sugimura
et al., 2012). HSCs comprise long-term HSCs
(LT-HSCs) and short-term HSCs (ST-HSCs).
Most of the LT-HSCs are in low cell cycle rates
but are able to expand extensively under stress
(Scheller et al., 2006). ST-HSCs, without self-
renewal ability, are doomed to differentiate and
give rise to multiple blood lineages. The hema-
topoietic system is precisely regulated. Muta-
tion of many genes leads to disorders of the
blood system (Park et al.,2003; Hock et al.,2004;
Ito et al., 2004; Wilson et al., 2004; Miyake
et al.,2006; Tothova et al.,2007; Lieu and R eddy,
2009; Wang et al., 2009; Rossi et al., 2012; Tsai
et al.,2013;Will et al., 2013). However, the mo-
lecular mechanisms involved in the balance of
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self-renewal and lineage commitment of HSCs
have not been defined yet.

WASH, Wiskott—Aldrich syndrome protein
(WASP) and SCAR homologue (WASH), an
actin nucleating factor of WASP family, has
been reported to participate in endosomal traf-
ficking by generating forces through actin fila-
ments to facilitate fission of vesicles from mother
endosomes (Linardopoulou et al., 2007; Derivery
et al., 2009; Gomez and Billadeau, 2009; Hao
et al., 2013; Park et al., 2013). During this process,
‘WASH, together with several other components
of the SHRC complex (the WASH regulatory
complex; Jia et al., 2010), works coordinately
with a retromer complex to mediate the retro-
grade transport from early endosomes to Golgi
apparatuses. Meanwhile, WASH is essential for
division of recycling endosomes (Derivery et al.,
2009). WASH depletion in Drosophila causes
abnormality of pupae and no mutant flies sur-
vive to adulthood (Linardopoulou et al., 2007).
‘WASH deficiency causes early embryonic lethality
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at embryonic day 7.5 (Xia et al.,2013).We just demonstrated that
‘WASH is localized in autophagosomes that modulates autoph-
agy induction (Xia et al., 2013). WASH-deficient T cells display
normal naive TCR signaling and activation, but had defective
proliferation (Piotrowski et al., 2013). However, cell autonomous
function of WASH in hematopoiesis is still unknown.

Controlling hematopoiesis requires coordinated genetic
and epigenetic modulation. In most cases, chromatin presents
a barrier to the association of trans-acting factors with DNA.
Epigenetic regulations have evolved to modulate the struc-
ture of chromatin, and thus access to DNA. Chromatin re-
modeling is a prerequisite for eukaryotic gene transcription
(Krasteva et al., 2012), which depends on ATP-dependent
chromatin remodeling complexes. These complexes are clas-
sified into four major subfamilies, including SWI/SNE ISWI,
CHD, and INOSO, based on a common SWI2/SNF2-ralated
catalytic ATPase subunit (Clapier and Cairns, 2009). A major
member of the ISWI subfamily is the nucleosome remodel-
ing factor (NURF), which specifically targets the chromatin
through association with sequence-specific transcription fac-
tors and modified histones. The nucleosome remodeling factor
(NURF) complex is composed of four subunits in Drosophila
(NURF301, NURF38, NURF55, and ISWI) and three sub-
units in mammalian cells (BPTE Rbbp4/RBAP46/48, and
SNF2L; Alkhatib and Landry, 2011). A study showed that
NURF complex is required for thymocyte maturation
(Landry et al., 2011). It has been reported that the NURF
complex also regulates the canonical Wnt pathway probably
through modulating the chromatin structures of targeting
genes to make transcriptional regulators more accessible (Song
et al., 2009). However, it is unclear whether the NURF com-
plex is involved in HSC development. Here, we show that
WASH deficiency causes rapid disruption of hematopoiesis
and acute anemia of mutant mice. WASH knockout dramati-
cally perturbs the differentiation potential of LT-HSCs to sub-
sequent progenitors. WASH promotes LT-HSC differentiation
via a c-Myc—dependent fashion. WASH assists the NURF
complex to the promoter of ¢-Myc through its nuclear actin
nucleating activity.

RESULTS
WASH deletion causes disruption of hematopoiesis
We recently reported that full deletion of WASH led to
embryonic lethality at embryonic day (E) 7.5 by crossing
WASH/fox mice with Ella-Cre mice (Xia et al., 2013). We
found that WASH inhibits autophagy via suppression of
Beclin 1 ubiquitination. To further explore the in vivo role of
WASH in adult mice, we generated ER-Cre®; WASHfx/flox
mice (Fig. 1 A), which deleted WASH in adult mice with
tamoxifen administration. Interestingly, we observed that adult
mice with WASH deletion apparently lost their body weight
(Fig. 1 B). Additionally, these mice developed severe anemia
(Fig. 1 C).Thus, these observations prompted us to examine
the role of WASH in hematopoiesis.

We first examined the expression levels of WASH in the blood
system. We purified mouse LT-HSCs, ST-HSCs, multipotent
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progenitor cells (MPPs), common myeloid progenitor cells
(CLPs), common lymphoid progenitor cells (CMPs), mega-
karyocytic-erythroid progenitor cells (MEPs), granulocytic-
monocytic progenitor cells (GMPs), and CD8* T cells and
analyzed them by quantitative RT-PCR and immunofluor-
escence staining. We found that WASH was expressed in all
the isolated blood subpopulations (Fig. 1 D). Among them,
WASH was expressed with a highest level in the LT-HSC
compartment. Interestingly, WASH was mainly localized in
the nucleus of LT-HSCs, while it appeared in both the nu-
cleus and cytoplasm of ST-HSCs (Fig. 1 E). In contrast,
WASH was mainly located in the cytoplasm of MPPs. These
observations were verified by fractionation of the cytoplasm
and the nucleus of these three compartments (Fig. 1 F). To
further verify the specificity of anti-WASH antibody and the
nuclear localization of WASH in HSCs, we performed the
aforementioned immunofluorescence and immunoblotting
assays by using three anti-WASH antibodies, including the
antibody we generated (Xia et al., 2013), and antibodies from
previous studies (Derivery et al., 2009; Gomez and Billadeau,
2009). We obtained similar staining patterns by using these
three anti-WASH antibodies (unpublished data). In contrast,
WASH displayed vesicle staining in MEFs similar to previous
works (Derivery et al., 2009; Gomez and Billadeau, 2009;
unpublished data).

To define the in vivo role of WASH in hematopoiesis,
we crossed WASHP % mice with MxCre mice to generate
MxCre*; WWASH™/fx_ After being treated with poly(I:C) three
times to induce Cre recombinase expression, WASH was com-
pletely deleted in BM of these mice (Fig. 2, A and B; hereafter,
poly[l:C] treated MxCre*; IWASH™™/e* mice are called KO),
and MxCre™ littermates with poly(I:C) treatment did not alter
WASH expression (poly[L:C]-treated MxCre™ ; WASHfox/flex
mice were referred to as Ctrl). Surprisingly, by 8 wk after dele-
tion, WASH KO mice had white feet and ears, as well as white
long bones (Fig. 2 C). Moreover, these mice showed severe
anemia, peripheral blood cytopenia, thrombocytopenia, and
neutropenia (Table 1). During an 8-wk observation time,
nearly 60% of WASH KO mice died (Fig. 2 D), suggesting a
critical role of WASH in hematopoiesis.

We observed a dramatic decrease of cellularity in BM and
in other lymphoid organs from WASH KO mice (Fig. 2,
E and F). Additionally, we found that WASH KO mice dra-
matically lowered red blood cells and other cell types (Fig. 2 G
and Table 1). Because the BM is the primary location of adult
hematopoiesis, we further assessed the cellular composition
of this organ. Dynamic analysis of BM cellularity showed that
blood cells in BM declined gradually after WASH deletion
(Fig. 2 H), accompanied by declined lineage™ cells (Fig. 2 I).
Additionally, the staining for lineage™ cells with permeabili-
zation displayed similar patterns to those of unpermeabilized
samples (Fig. 2 J), indicating the decreased numbers of lin-
eage” cells in WASH KO are not caused by inefficient traf-
ficking of surface markers we analyzed. Moreover, cells
positive for differentiated mature cell markers were signifi-
cantly decreased in WASH KO mice (Fig. 2 K), and these
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Figure 1.

WASH full deletion leads to anemia and is expressed in the nucleus of LT-HSCs. (A) Scheme for generation of WASH full KO mice

using ERCre. ERCre~; WASHf/fiox or ERCre+; WASH¥/fox mice were i.p. injected with tamoxifen (50 mg/kg i.p. for five consecutive days; vehicle, peanut oil)
to induce WASH deletion. Body weight, the indicated organs, and tissues were calculated 10 d after tamoxifen injection among surviving mice (B). Hema-
topoietic parameters were analyzed in survived WASH KO mice on 10 d after tamoxifen injection (C). n = 15 for each group. (D) Cells from KOs were
sorted through flow cytometry using the following markers: Lin~ IL-7Rac™ Sca-1* c-Kit* CD34~ FIk2~ for LT-HSCs, Lin™ IL-7Rac™ Sca-1* c-Kit* CD34*
Flk2~ for ST-HSCs, Lin~ IL-7Ra~ Sca-1+ c-Kit* CD34+ FIk2* for MPPs, Lin~ IL-7Ra* c-Kit®" Sca-1'% for CLPs, Lin~ IL.-7Ra™ Sca-1- c-Kit* CD34* FeyRIIfII~
for CMPs, Lin~ IL-7Rac~ Sca-1- c-Kit* CD34~ FeyRII/III~ for MEPs, and Lin~ IL-7Ra~ Sca-1- c-Kit* CD34+ FeyRII/III* for GMPs. CD8* T cells were

sorted from thymuses as a positive control. mRNA levels of WASH were examined by quantitative RT-PCR and standardized to that of CD8* T cells. (E) The
indicated cells were stained with anti-WASH antibody (green) and counterstained with propidium iodide (PI; red). Percentage of cells with the indicated
localization was calculated and shown on the right. C, cytoplasm; N, nucleus. (F) WASH was detected in cytoplasmic (C) and nuclear (N) cell lysates. Bar,

5 um. Data are shown as means + SD. ™, P < 0.001. Data were repeated for three times with similar results.

mature cells did not undergo apparent apoptosis (Fig. 2 L).
These data indicate that WASH KO mice had less differenti-
ated mature cells than those of control mice. Collectively,
WASH deficiency causes severe cytopenia and WASH is in-
dispensable for adult hematopoiesis.

WASH deficiency impairs repopulation capacity of HSCs

Flk2 (also known as Flt3), a receptor tyrosine kinase, is used
to stain LSKs for distinguishing between HSCs and MPPs
(Christensen and Weissman, 2001).To test HSCs and progeni-
tors after deletion of WASH, we stained LSK cells (Lin~Sca-1*
c-Kit") with FIk2 to distinguish HSCs and MPPs in the BM
of WASH KO and control mice (Fig. 3 A, left). WASH was
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completely deleted in BM cells (Fig. S1 A). We observed that
the percentages of LSKs and HSCs in WASH KO mice sig-
nificantly increased (Fig. 3 A, right), indicating that WASH
deficiency causes population expansion of HSCs. These ob-
servations prompted us to further examine the repopulation
ability of WASH KO HSCs by BM transplantation assays.
When we transplanted BM cells from WASH KO mice
(CD45.2) to lethally irradiated CD45.1 recipient mice, we
observed that all recipient mice died within 10 d after trans-
plantation (Fig. 3 B). The percentages of CD45.2% cells from
WASH KO mice or Ctrl mice were similar in femurs of
recipient mice 18 h after transplantation (Fig. 3 C), indicating
that homing ability of WASH KO HSCs was not affected.
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Reciprocal transplantations were performed to confirm that We then stained BM cells with several surface progenitor
WASH knockout caused intrinsic defects in hematopoietic markers to explore which subpopulations of the hematopoietic

cells (Fig. 3 D, E). These results suggest long-term repopula- system were affected. WASH deficiency remarkably reduced
tion ability of WASH KO HSCs was disrupted.
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Table 1. Hematopoietic parameters

Article

MxCre=; WASH/lox/flox (Ctrl)

MxCre*; WASH"/flex (KO)

Parameter n=18 n=17
Blood

WBC (x103/ml) 12.0 + 0.5 2.5+0.2
RBC (x108/ml) 10.8 + 0.5 46+ 0.6
Hemoglobin (g/dl) 16.9 + 0.3 85+0.2
Hematocrit (%) 59.1+ 1.5 33.0 + 4.1
Platelet (x103/ml) 1327.0 + 98.7 125.6 + 8.7
Differential WBC (%)

Lymphocytes 69.0 + 3.4 65.3 + 3.1
Neutrophils 259 + 3.1 288 £ 0.4
Monocytes 4.4 + 1.7 3.8+0.1
Eosinophils 1.3 +0.1 2.1+0.1
Tissues

WBC/femur (x103/ml) 239+ 05 53+0.8
Spleen (mg) 100.1 + 3.6 33.6+5.2

Differential WBCs were determined by monitoring the morphology of cells stained with May-Grunewald Giemsa. Data are shown as means + SD. WBC, white blood cells; RBC,

red blood cells.

(Fig. 3 F, G). WASH KO mice we analyzed showed com-
plete deletion of WASH (Fig. S1 B). Reduced committed
precursors induced by WASH knockout were not caused by
inefficient trafficking of the detected surface markers (Fig. 3 H).
However, WASH deficiency only significantly increased
the percentage of LT-HSCs (Fig. 3, F and G). We checked
the long-term repopulation ability of WASH KO LT-HSCs
through competitive repopulation experiments. 10> CD45.2
donor LT-HSCs together with 3 x 105 CD45.1 BM cells
were transplanted into lethally irradiated CD45.1 recipient
mice (Fig. 3 I, top). The recipient BM was successfully re-
constituted 16 wk after transplantation. However, we ob-
served that donor CD45.2 cells were almost lost in the
recipient BM (Fig. 3 I, bottom). Additionally, donor CD45.2
cells were also undetectable in other lymphoid organs of
recipient mice (Fig. 3 J). WASH KO mice we checked dis-
played no WASH expression in BM (Fig. S1C). The apoptosis
frequency of LT-HSCs was unchanged in WASH KO versus
control mice (Fig. 2 L). In summary, WASH deficiency leads
to an expanded pool of LT-HSCs that are, however, func-
tionally defective in their ability to differentiate into all types
of mature lineages.

LT-HSCs abolish differentiation

potential in WASH-deficient KO

To determine whether WASH modulates HSC self-renewal,
we analyzed quiescent and actively cycling cells in the LSK
and LT-HSC compartments (Fig. 4 A). WASH was com-
pletely deleted in BM of WASH KO mice (Fig. S1 D). In
both stem cell-containing populations, there was no obvious
alteration of the rates of cells in a resting (GO) or a cycling
state (S/G2/M) between WASH KO and control mice
(Fig. 4, B and C). To look at the turnover rate of LT-HSCs
in vivo, the kinetics of BrdU uptake was examined by flow
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cytometry. No significant difference was observed in WASH
KO and control mice (Fig. 4 D). These data suggest that the
accumulation of LT-HSCs after WASH deletion is not caused
by increased proliferation or survival. Thus, an alternative
possibility for LT-HSC accumulation may be a defect in LT~
HSC differentiation. We transplanted BM cells from WASH
KO mice (CD45.2) to lethally irradiated CD45.1-recipient
mice, and the KO was successfully reconstituted in the recip-
ient mice, followed by analysis of HSCs and progenitor cells.
We found that LT-HSCs dramatically accumulated (>15-
fold increase) in the reconstituted recipient mice compared
with control mice (Fig. 4 E). However, ST-HSCs, MPPs,
CLPs, and CMPs were remarkably declined. These observa-
tions indicate that WASH-deficient BM cells fail to reconsti-
tute early progenitor cells and lose their differentiation potential
to mature hematopoietic cells.

To further determine whether WASH directly affects
LT-HSC differentiation in vitro, we cultured WASH KO
and control LT-HSCs with a differentiation cytokine cock-
tail containing mSCF, mTPO, mFIt3L, IL-6, IL-7, IL-11,
GM-CSF, and EPO (Wilson et al., 2004). After 1 wk, cells
were harvested and analyzed for differentiated cells. In con-
trol cultures, morphologically differentiated cells expressing
myeloid and lymphoid markers were increased (Fig. 4 F),
whereas these differentiated cells were almost undetectable
in WASH KO LT-HSCs. To test whether WASH KO LT-
HSCs can be rescued by ectopic expression of WASH, LT-
HSCs were isolated from the BM of WASH KO mice and
transfected with a WASH or empty vector. Importantly, we
observed that reintroduction of WASH was able to restore
the differentiation defects of WASH KO LT-HSCs (Fig. 4 F).
Consequently, WASH expression was successfully restored
in the WASH deficient LT-HSC:s (Fig. 4 G). Moreover, the
accumulation of LT-HSCs also existed in the secondary
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Figure 3. WASH deficiency impairs repopulation capacity of HSCs. (A) Flow cytometry of HSCs in Ctrl and WASH KO mice. Sca-1*c-Kit* cells in the
Lin~ and IL-7Ra~ population were gated out (top left) for FIk2 analysis (bottom left). Percentages of the indicated cells in parent populations were calcu-
lated and shown on the right. IgG was gated as a negative control. n = 15 for each group. (B) Survival curves of CD45.1 mice transplanted with BM cells
from Ctrl (n = 20) and KO mice (n = 21). Lethally irradiated CD45.1 mice were transplanted with BM cells from Ctrl and KO mice (left) and survival rates
were calculated (right). Lethally irradiated CD45.1 mice without transfer served as a negative control (n = 13). (C) Equal amounts of CD45.1 (CFSE labeled)
and CD45.2 (Violet labeled) lin~ BM cells were transplanted into lethally irradiated CD45.1 mice, followed by flow cytometry 18 h after transplantation.
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transplantation by using WASH KO LT-HSCs from the
first reconstituted mice (Fig. 4 H). WASH is essential for
LT-HSC differentiation.

WASH promotes LT-HSC differentiation

in a c-Myc-dependent manner

We next performed gene expression profiling in LT-HSCs of’
WASH KO and littermate control mice. We clustered key
hematopoiesis-related transcription factors (Moignard et al.,
2013). We focused on down-regulated transcription factors
caused by WASH deficiency. Among them, c-Myc and its re-
lated target genes were apparently down-regulated (Fig. 5 A).
c-Myc and the downstream target genes were verified in
‘WASH KO LT-HSCs by quantitative real-time PCR (Fig. 5 B).
Interestingly, the phenotype caused by WASH deficiency
was quite similar to that of ¢-Mye—deficient mice (Wilson et al.,
2004). Thus, we focused on the role of ¢-Myc in the regula-
tion of LT-HSC specification.

We next wanted to confirm whether WASH deficiency
could directly affect the expression of ¢-Myc and its related
downstream targets. We rescued WASH expression in WASH
KO LT-HSCs and transferred them into lethally irradiated
CD45.1 recipient mice. Intriguingly, the WASH-rescued LT-
HSCs showed the same repopulation ability in the recipient
mice as control LT-HSCs (Fig. 5 C), and normally differenti-
ated into mature blood cells (Fig. 5 D). Additionally, the
WASH rescued LT-HSCs restored the expression of ¢-Myc
and its related downstream target genes (Fig. 5 E). We pro-
posed that the WASH deficiency-induced accumulation of
LT-HSCs may be caused by down-regulation of ¢-Myc.

We then wondered whether WASH associates with the
promoter of ¢-Myc for its transcriptional regulation. We per-
formed ChIP assays in LT-HSCs with antibody against
WASH. We analyzed the immunoprecipitated DNAs using
PCR analysis for the promoters of ¢-Myc, Tlr4, Tcerg1, and
N-Myc genes. WASH only associated with the ¢-Myc pro-
moter, not other gene promoters we checked (Fig. 5 F). Ad-
ditionally, we further mapped the binding region of ¢-Myc
promoter for WASH and identified the binding site was at
—750-550-bp region upstream from the transcription start
site (T'SS; Fig. 5 G, H). These data suggest that WASH might
regulate the transcription of c-Myc gene as an upstream regulator.
If WASH acts upstream of ¢-Myc in LT-HSCs, down-regulated

Article

expression of ¢-Myc can contribute to the accumulation of
LT-HSCs in WASH KO mice. To test this, we rescued ¢-Myc
expression in WASH KO LT-HSCs and transferred them
into lethally irradiated recipient mice. c-Myc mutant, failed
to bind to DNA but had normal functions (Halazonetis and
Kandil, 1991; Fig. 5 I), was rescued as a negative control. Ex-
pectedly, c-Myc rescued the WASH KO LT-HSC repopula-
tion ability of recipient mice (Fig. 5 J), and sustained LT-HSCs
at a comparable level to control mice. However, c-Myc mu-
tant rescue had no such activity. Moreover, the c-Myc rescued
WASH KO LT-HSCs also restored the normal differentia-
tion of mature blood cells (Fig. 5 K). Actually, c-Myc rescued
the expression level of c-Myc in WASH KO LT-HSCs com-
parable to control mice (Fig. 5 L), and restored its related
downstream target genes similar to control mice.

WASH recruits NURF complex

to activate c-Myc transcription

To elucidate the molecular mechanism that WASH regu-
lates differentiation potential of LT-HSCs, we screened a
c¢DNA library using WASH as bait in the yeast two-hybrid
system. We identified Rbbp4 as a novel interacting protein
of WASH (Fig. 6 A). Rbbp4, also called as RBAP46/48,is a
component of several chromatin remodeling complexes (for
example NURE Sin3, and Mi-2/NuRD; Hennig et al.,
2005). We validated their interaction between WASH and
Rbbp4 by a GST pull-down assay (Fig. 6 B). Importantly,
we found that anti-WASH antibody could immunoprecipitate
Rbbp4, BPTE and SNF2L from LT-HSC lysates (Fig. 6 C), but
not Mi-2f or Sin3A.These data indicate that WASH associ-
ates with the NURF complex, but not the NuRD or the Sin3
complex. Furthermore, WASH co-stained with each com-
ponent of the NURF complex in the nuclei of LT-HSCs
(Fig. 6 D).

The NURF remodeling complex plays a critical role in
specific stages of mammalian development, acting in promi-
nent signaling pathways to the nucleus (Ho and Crabtree,
2010). Alkhatib and Landry (2011) reported that the NURF
complex regulates chromatin structure and expression of
genes important for T cell development. Little is known about
the effect of the NURF complex on HSC development. We
next wanted to test whether the NURF complex was in-
volved in regulation of ¢-Myc transcription. We performed

Homing efficiency was calculated as: absolute number of Violet* lin~ cells 18 h after transplantation/absolute number of Violet* Lin~ cells transplanted.
n =10 per group. (D and E) 5 x 108 BM cells from MxCre~;WASH"/fox and MxCre*;WASHf ¥/ ox mice were transplanted into lethally irradiated CD45.1 mice.

8 wk later, poly(I:C) was administrated as described in Materials and methods, followed by flow cytometry of the indicated cells 8 wk after poly(I:C) injec-
tion (D). Otherwise, 5 x 108 BM cells from CD45.1 mice were transplanted into lethally irradiated MxCre™WASH™/fox and MxCre*;WASH /fox mice (E),
followed by treatment with poly(I:C). (F) Representative flow cytometry patterns of BM cells prepared from Ctrl (n = 12) and KO (n = 14) mice. The indi-
cated subpopulations were boxed The following surface markers were used: Lin~ IL-7Ra™ Sca-1+ c-Kit* for LSKs, Lin™ IL-7Ra™ Sca-1* c-Kit* CD34~ Flk2~
for LT-HSCs, Lin~ IL-7Ra~ Sca-1+* c-Kit+* CD34* FIk2~ for ST-HSCs, and Lin~ IL-7Ra~ Sca-1* c-Kit* CD34* FIk2* for MPPs. (G) Absolute numbers of the
indicated cells in one femur of Ctrl or WASH KO mice as described in J. (H) LSKs were further stained with antibodies against CD48 and CD150. (1) LT-HSCs
from Ctrl and WASH KO mice were transplanted to lethally irradiated recipient mice together with recipient BM cells (left). Reconstitution was evaluated
by flow cytometry 16 wk after transplantation (right). n = 20 for Ctrl; n = 17 for KO. (J) Repopulation analysis of lymphoid organs from mice reconsti-
tuted with Ctrl or WASH KO LT-HSCs as described above. Data are shown as means + SD. *, P < 0.05; **, P < 0.01; **, P < 0.001. Data presented above

were repeated for three times with similar results.

JEM Vol. 211, No. 10

2125

520z Jequeoe( G0 uo 3senb Aq jpd 69101102 Wel/6698Y.L/61 1.2/0L/L L.Z/pd-8jomie/wal/bio sseidny//:dpy woly pepeojumoq



N S/G2/M
A Ctrl KO B - (SB/1GZ/M C s
21 8 19 9 251 mGo 1571 mGo
> A 1 ~ 100 o\\"/ 100
o= §> 75 »n 75
-EE §2 50 8% 50
g G1|S/G2/M 2 I
| Go 25 = 25
o 00 00 5 - i
> 0 Ctrl KO 0 Ctrl KO
Hoechst 33342
= *%k%
D 100 E g REK KEE kkk kkk kkk F .
X 801 n [
< = 4 mcCtl Q@ 4
Q 601 = B KO 'g e
= + & 5O
g 5?2 =%2
Q 5 =Ctrl < 1 o) ’
) =KO A O
B s am © e .0 8 2K ’
om 0 4 20 48 96 144
) 9o~ 9 29 M Ctrl+Vect
Time (1 LEE o B Kowvecr
v 9 B KO+WASH
G WASH DAPlI Merge DIC H dedeke
3 £
Ctrl+Vector % =
5 2
-2
N T
KO+Vector © =
O N
© &
KO+WASH Q)Q

Figure 4.

LT-HSCs accumulate in WASH-deficient KO. (A and B) Cell cycle analysis of Ctrl and WASH KO LSKs 8 wk after WASH deletion. Cells were

co-stained with Hoechst 33342 and Pyronin Y (A) and analyzed by flow cytometry (B). (C) Cell cycle distribution of Ctrl and WASH KO LT-HSCs 8 wk after
WASH deletion. For A-C, n = 17 for each group. (D) In vivo BrdU-labeling kinetics of LSK cells isolated from Ctrl and KO mice 8 wk after poly(I:C) adminis-
tration. Mice were i.p. injected with one dose (200 pg) of BrdU and then fed continuously with water containing 800 ug/ml BrdU and 5% glucose for the
indicated times. BrdU was detected using the BrdU labeling kit. n = 19 for each group. (E) Numbers of the indicated cell populations in mice reconstituted
with Ctrl or KO LT-HSCs were analyzed. CD45.2+ cells were calculated by flow cytometry as described above. (F) Sorted HSCs were either infected with
WASH or control vector, and then seeded on in vitro differentiation medium containing a cytokine cocktail including mSCF, mTPO, mFIt3L, IL-6, IL-7,
IL-11, GM-CSF, and EPO. Cells positive for mature lineage markers (CD11b, CD19, Gr1) were calculated by flow cytometry 7 d later. n = 11 for each group.
(G) LT-HSCs infected with the indicated GFP vectors were transferred to lethally irradiated CD45.1 mice together with 3 x 105 CD45.1 BM cells. LT-HSCs
were sorted from recipient mice 16 wk after transplantation, followed by immunostaining with antibody against WASH. (H) Equal numbers of Ctrl or KO
cells were serially transplanted into lethally irradiated CD45.1 recipients as described in Fig. 3 I. 16 wk later, repopulation of BM cells were analyzed by
flow cytometry for numbers of CD45.2* LT-HSC cells. BMT, KO transplantation. n = 14 for each group. Bar, 5 um. Data are shown as means + SD.

** P <0.001. Data presented above were repeated for three times with similar results. Experiments were repeated for three times with similar results.

ChIP assays with antibodies against the NURF components
in isolated Ctrl or WASH KO LT-HSCs. Interestingly, the
NUREF complex associated with the promoter of ¢-Myc in
the control LT-HSC:s (Fig. 6 E), but WASH deletion lost their
interactions. In contrast, the NURF complex did not bind
to the promoter of ¢-Myc in MPPs (Fig. 6 E). To further test
whether the NURF complex regulates ¢-Myc in vivo, we
knocked down each component of the NURF complex in
LT-HSCs in vitro, and the silencing efficiency was >80%
(Fig. 6 F). We then transplanted these cells together with
CD45.1 BM cells into lethally irradiated CD45.1 recipient
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mice. As expected, LT-HSCs with NURF complex compo-
nent silencing showed decreased repopulation ability (Fig. 6 G),
and reduced expression of ¢-Myc compared with control cells
(Fig. 6 H). In summary, these data indicate that WASH can re-
cruit the NURF complex to promote transcriptional activa-
tion of ¢-Myc gene.

WASH-mediated nuclear actin nucleation is required

to assist the NURF complex to c-Myc promoter

Several studies showed that WASH plays an essential role in
endosomal sorting in the cytoplasm through facilitating tubule

WASH is essential for LT-HSC differentiation | Xia et al.
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Figure 5. WASH promotes LT-HSC differentiation in a c-Myc-dependent manner. (A) Sorted Ctrl and WASH KO LT-HSCs were subjected to RNA
extraction, followed by gene expression profiling using NimbleGen mouse 12 x 135 K gene expression array. Blue indicates down-regulated genes and red
denotes up-regulated genes. (B) Gene expression levels were confirmed in sorted Ctrl or KO LT-HSCs by quantitative RT-PCR. mRNA levels of WASH KO
mice were compared with that of Ctrl mice. n = 14 for each group. (C-E) The indicated LT-HSCs infected with lentiviruses encoding GFP or GFP-WASH
were transferred to lethally irradiated CD45.1 mice together with 3 x 105 CD45.1 BM cells. Percentage of CD45.2 cells and numbers of LT-HSCs were ana-
lyzed by flow cytometry 16 wk later (C). Numbers of the indicated CD45.2* cells were calculated 16 wk later (D). B lymphocytes, T lymphocytes, and my-
eloid cells were obtained from peripheral blood. Erythroblasts were obtained from KO. Markers used: B220 for B lymphocytes, CD3 for T lymphocytes,
CD11b for myeloid cells, and TER-119 for erythroblasts. LT-HSCs were sorted and lysed for RNA extraction for detection of mRNA (E). mRNA levels were
normalized to Ctrl cells. WT, n = 15; KO, n = 13. (F) Sorted LT-HSCs were lysed for chromatin immunoprecipitation (ChlP) assays with anti-WASH antibody
or control lgG. Promoters of c-Myc, Tir4, Tcerg1, and N-Myc were also examined. (G and H) DNasel hypersensitive site (arrows), landmarks of factor oc-
cupancy (boxes) and primers used to determine the association fragment of WASH were illustrated (G). DNA-binding sites were analyzed by PCR (H).

(1) Scheme for DNA-binding-disabled c-Myc mutant. The DNA-binding region of c-Myc was disrupted to abolish its DNA-binding capacity. (J-L) The indi-
cated LT-HSCs infected with lentiviruses encoding control vector, c-Myc, or c-Myc mutant were transferred to lethally irradiated CD45.1 mice together
with 3 x 10° CD45.1 BM cells. Percentage of CD45.2 cells and numbers of LT-HSCs were checked by flow cytometry 16 wk later (J). Numbers of the indi-
cated CD45.2+ cells were calculated 16 wk later as described in J (K). LT-HSCs were lysed for mRNA detection of the indicated genes (L). mRNA levels were
compared with Ctrl cells. WT, n = 14; KO, n = 16. Data are shown as means + SD. ™, P < 0.01; **, P < 0.001. Data represent three separate experiments.
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Figure 6. WASH recruits NURF complex to activate c-Myc transcription. (A) Yeast strain AH109 was co-transfected with Gal4 DNA-binding do-
main (BD) fused WASH and Gal4-activating domain (AD) fused Rbbp4. p53 and large T antigen or a known WASH interactor Bloc1s2 was introduced as a
positive control. (B) Recombinant GST-WASH and Rbbp4 were subjected to GST pull-down assays. (C) Sorted LT-HSCs (2 x 10°) from WT mice were lysed
for immunoprecipitation (IP) with anti-WASH antibody. Components of the NURF complex and core members of other Rbbp4 contained remodeling com-
plexes were blotted with the indicated antibodies. (D) LT-HSCs were stained with antibodies against WASH and components of the NURF complex and
counterstained with DAPI for nuclei. (E) Sorted LT-HSCs and MPPs from WASH control and KO mice were lysed for ChlP assays with antibodies against
Rbbp4, BPTF or SNF2L. Immunoprecipitates were examined with gRT-PCR. DNA levels were normalized to 5% input. (F) Knockdown efficiency of NURF
components. Sorted LT-HSCs from WT mice were infected with lentivirus containing RNAI sequences (shRNA) for silencing in vitro and then transplanted
to lethally irradiated CD45.1 mice together with 3 x 10° CD45.1 BM cells. mRNA levels of the indicated genes in CD45.2 LT-HSCs were analyzed by
gRT-PCR. (G and H) Sorted LT-HSCs treated as above were transplanted to lethally irradiated CD45.1 mice together with 3 x 10° CD45.1 BM cells. 16 wk later,
repopulation of BM cells were analyzed by flow cytometry for percentage of CD45.2 cells and numbers of LT-HSCs (G). mRNA levels were normalized to
shCtrl (H). Two pairs of sShRNAs were used for each gene knockdown with similar results. Ctrl, n = 14; KO, n = 15. Bar, 2 um. Data are shown as means + SD.

* P<0.01;" P<0.001.

fission via its VCA domain—dependent Arp2/3 activation
(Derivery et al., 2009; Gomez and Billadeau, 2009; Jia et al., 2010;
Gomez etal.,2012;Hao et al.,2013). However, whether WASH
nucleates actin in the nucleus is elusive. Our data show that
WASH associates with the NURF complex to regulate ¢-Myc
transcription in the nucleus of LT-HSCs, which implies that
‘WASH might play an important role in gene transcription. We
performed pyrene actin assays using LT-HSC nuclear or cyto-
plasmic extracts. Recombinant WASH (rWASH) could induce
actin filament formation in both nuclear and cytoplasmic ex-
tracts (Fig. 7 A), indicating that nuclear WASH in LT-HSC:s is
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also able to induce actin filaments. To support our hypothesis
that the nuclear actin nucleation depends on the VCA domain
of WASH, we generated various WASH mutants to perform
the pyrene actin assays. Only WASH with the intact VCA do-
main could induce actin filament formation (Fig. 7 B), whereas
other VCA domain mutants had no such activity. Moreover,
the components of the Arp2/3 complex, which is essential for
the nucleating function of WASH, all existed in both the cyto-
plasm and the nucleus of LT-HSCs (Fig. 7, C and D).

As WASH was able to nucleate nuclear actin in LT-
HSCs, we then wanted to explore whether WASH bridges

WASH is essential for LT-HSC differentiation | Xia et al.
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Figure 7. WASH-mediated nuclear actin nucleation is needed to assist NURF complex to c-Myc promoter. (A and B) Nuclear and cytoplasmic
extracts prepared from sorted LT-HSCs were incubated with recombinant WASH (rWASH; A) or nuclear extracts were incubated with various WASH
mutants (B), followed by pyrene actin assays. (C) Nuclear (N) and cytoplasmic (C) extracts were immunoblotted with the indicated antibodies. (D) Sorted
LT-HSCs were stained with antibodies against the indicated proteins and counterstained with Pl for nucleus, followed by examination with confocal
microscopy. (E) WASH is required for association of Rbbp4 with actin. Sorted LT-HSCs (2 x 10°) from Ctrl or KO mice prepared as described above were
immunoprecipitated with anti-Rbbp4 antibody and probed with the indicated antibodies. Antibodies against p16 and Atg5 served as positive and negative
controls, respectively. IP, immunoprecipitation. (F) Sorted LT-HSCs (2 x 10°) from WT mice cultured on stromal cells for 18 h were lysed for immunopre-
cipitation with antibody against WASH. Components of the NURF complex were blotted with the indicated antibodies. (G) Sorted LT-HSCs cultured with

or without cytokines were lysed for ChIP assays with antibodies against Rbbp4, BPTF, or SNF2L. DNA levels were normalized to 5% input. (H) Nuclei were
isolated from Ctrl or KO LT-HSCs with or without treatment of cytochalasin D for 6 h and digested by 1 unit of DNase | for the indicated times. DNA was
then extracted for PCR analysis. (I and J) The VCA domain of WASH is required for c-Myc transcriptional activation. Sorted LT-HSCs from WASH KO mice

were first infected with lentivirus encoding WT WASH or truncated mutant (WASH(AVCA)) in vitro and then transplanted into lethally irradiated CD45.1
mice together with 3 x 10° CD45.1 BM cells. 16 wk later, repopulation of BM cells were analyzed by flow cytometry for percentage of CD45.2 cells and
numbers of LT-HSCs (1) and the mRNA levels of c-Myc in CD45.2 LT-HSCs were quantified by qRT-PCR analysis. mRNA levels were normalized to WT
WASH rescued cells (J). Ctrl, n = 12; KO, n = 16. Bars, 2 um. Data are shown as means + SD. *** P < 0.001. Data are representative of at least three inde-

pendent experiments.

actin filaments to the NURF complex. We found that Rbbp4
could associate with actin in control cells, but this association
was disrupted in WASH KO LT-HSCs (Fig. 7 E). Addition-
ally, p16, a component of Arp2/3 complex (Welch et al.,
1997), exhibited the association with actin in WASH KO
and control LT-HSC:s as a positive control. In contrast, Atg5,
a nonassociated protein of Arp2/3 complex, did not bind to
actin as a negative control. These data imply that WASH
plays a critical role in linking the actin filaments to the NURF

JEM Vol. 211, No. 10

complex. Moreover, the association of WASH with the NURF
complex was dramatically increased during the differentiation
of LT-HSCs (Fig. 7 F). More importantly, the association
of the NURF complex with the ¢-Myc promoter was also
accelerated undergoing LT-HSC differentiation (Fig. 7 G).
Consequently, DNA accessibility of the ¢-Myc promoter was
remarkably decreased in the actin polymerization inhibitor
cytochalasin D—treated WT LT-HSCs (Fig. 7 H). Moreover,
‘WASH knockout also exhibited decreased DINA accessibility
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of the ¢-Myc promoter in WASH KO LT-HSCs. These obser-
vations suggest that NURF complex enhances transcription of
¢-Myc in an actin nucleation-dependent manner.

To further validate the critical role of actin nucleation in
¢-Myc transcriptional activation, we overexpressed WASH or
WASH (AVCA) mutant in WASH KO LT-HSCs and trans-
ferred them into lethally irradiated CD45.1 recipient mice.
VCA-truncated WASH (AVCA) LT-HSC:s failed to rescue
the repopulation disability of WASH KO cells (Fig. 7 I), and
the expression level of -Myc (Fig. 7 J), whereas WASH res-
cued LT-HSCs could restore these repopulation disability.
Together, these data indicate that WASH assists the NURF
complex to the promoter of -Myc gene through its nuclear
actin nucleating activity.

DISCUSSION

In this study, we show that conditional WASH deficiency in
adult hematopoietic system causes defective blood produc-
tion of the host due to hindered differentiation potential of
LT-HSCs leading to severe cytopenia. WASH knockout
breaks the balance that controls the self-renewal and differen-
tiation of HSC hematopoiesis. WASH is located in the nu-
cleus of LT-HSCs and associates with the chromatin remodeling
complex NURF. WASH assists the NURF complex to the
promoter of ¢-Myc gene by generating actin filaments via its
VCA domain. Loss of WASH suppresses the transcriptional
activation of ¢-Myc gene and results in perturbed differentia-
tion of LT-HSCs. WASH is essential for differentiation of
LT-HSCs.

Hematopoiesis is fully dependent on a rare population of’
hematopoietic stem cells that possess the capacity to self-renew
and differentiate into all blood cell lineages (Doulatov et al.,
2012; Orkin and Zon, 2008). HSCs are finely regulated in their
KO niche to keep the numbers of individual components in
the blood system at a proper level. Cell cycle regulators are im-
portant for HSC self-renewal (Scheller et al., 2006). Constitu-
tive activation of B-catenin causes abnormal HSC cell cycle
and disables HSC reconstitution ability (Scheller et al., 20006).
Noncanonical Wnt signaling was reported to be critical for the
maintenance of HSC self-renewal (Sugimura et al., 2012).
Under stresses, noncanonical Wnt signaling is down-regulated,
whereas the canonical Wnt signaling is activated, which leads
to HSC differentiation. Here, we found that WASH KO LT-
HSCs had no obvious alteration of their cell cycles and turn-
over rates compared with control mice. Moreover, WASH
deficiency did not influence expression levels of self-renewal
genes. Thus, our data suggest that the accumulation of LT-
HSCs after WASH deletion is not due to increased prolifera-
tion, survival, or self-renewal. We further confirmed that WASH
deficiency impairs differentiation potential of LT-HSCs.

c-Myc, a protooncogene, is a major Myc family member
as a transcription factor that is involved in cell growth, divi-
sion, apoptosis, differentiation, angiogenesis, and regulation
of chromatin structure (Pelengaris et al., 2002). Moreover,
c-Myc was identified as an important factor in the induced
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reprogramming of adult fibroblasts into induced pluripotent
stem (iPS) cells (Takahashi and Yamanaka, 2006; Knoepfler,
2008). Accumulating evidence has been shown that c-Myc
plays an essential role in the process of hematopoiesis (Wilson
et al., 2004; Laurenti et al., 2008; Reavie et al., 2010; Will
et al., 2013). Conditional deletion of ¢-Myc gene in the adult
hematopoietic system causes an accumulation of functionally
defective HSCs (Wilson et al., 2004). Importantly, ¢-Myc
deficiency results in dramatic accumulation of LT-HSC:s, as
well as apparent accumulation of ST-HSCs and MPPs.
c-Myc-deficient HSCs up-regulate expression of N-cadherin
and adhesion receptors, which may restrict the HSCs to the
KO niche that perturbs differentiation of HSCs (Wilson
et al., 2004). Later, the same group also showed that c-Myc
and N-Myc activities are involved in proliferation, differen-
tiation, and survival of HSCs (Laurenti et al., 2008). Further-
more, genes in modulation of c-Myc expression also participate
in HSC differentiation. Fbw7, a ubiquitin ligase of c-Myc,
was reported to control the stability of c-Myc in the process
of hematopoiesis (Reavie et al., 2010). Depletion of Fbw7
causes increased levels of c-Myc in HSCs, leading to de-
creased LSK numbers due to its enhanced differentiation po-
tential for the high level ¢-Myc. Furthermore, the expression
level of ¢-Myc is elevated during the differentiation process of
HSCs, especially from LT-HSCs to ST-HSCs (Laurenti et al.,
2008). Here, we show that the defective hematopoiesis of
WASH deficiency is quite similar to that of ¢-Myc mutants.
WASH acts as an upstream regulator to modulate ¢-Myc gene
transcription. However, WASH KO only causes the accu-
mulation of LT-HSCs, but not ST-HSCs or MPPs, which is
different from that of c-Myc deficiency.

'WASH plays a critical role in endosomal trafficking through
its actin nucleation function (Derivery et al., 2009; Gomez
and Billadeau, 2009; Jia et al., 2010; Gomez et al., 2012; Hao
et al., 2013). They showed that WASH is an endosomal protein
that exists in the FAM21-containing multiprotein complex
(Derivery et al., 2009; Gomez and Billadeau, 2009). We just
demonstrated that WASH is localized in autophagosomes of
MEF cells (Xia et al., 2013), which modulates the process of
autophagy. In our study, we first demonstrate that WASH is
constitutively expressed in the blood cells and mainly localized
in the nucleus of LT-HSCs. WASH deletion breaks the balance
that controls self-renewal and differentiation of HSCs. WASH
KO transfer causes death within 10 d, much faster than that of
the c-Myc KO or the c-Myc/N-Myc double KO BM transfer
(Laurenti et al., 2008). The HSCs transferred by the c-Myc KO
or the ¢-Myc/N-Myc double KO BM contained LT-HSCs
and ST-HSC:s populations that may keep the mice alive longer.
Another possibility is that WASH may have more roles beyond
the regulation of ¢-Myc transcription. Additionally, the Drosoph-
ila homologue of WASH was reported to be associated with
the nucleosome remodeling factor (NURF) chromatin re-
modeling complex, which is localized in the nucleus of Dro-
sophila cells (Hochheimer et al., 2002; Linardopoulou et al.,
2007). These data suggest that WASH may also exert its func-
tion in the nucleus of mammalian cells.
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Interestingly, we found that nuclear WASH associates with
NURF complex to promote the transcription of ¢-Myc gene
through its actin-nucleating domain in LT-HSCs. Depletion of
the components of the NURF complex results in disruption
of repopulation ability of BM, similar to that of WASH deple-
tion. Additionally, the VCA domain is essential for restoration
of repopulation ability of BM. Thus, WASH-mediated actin
nucleation in the nucleus plays a pivotal role in regulation of
¢-Myc transcription. In contrast, WASH is localized in both of
the nucleus and cytoplasm of ST-HSC:s, and it is mainly local-
ized in the cytoplasm of MPPs. Therefore, whether WASH ex-
erts different specific functions in different cell types still needs
to be further investigated. More recently, WASH was reported
to be activated by K63-linked polyubiquitination via MAGE-
L2-TRIM27 (Hao et al.,2013). Whether the nuclear WASH is
intrinsically active or needs further posttranslational modifica-
tion for its activation also needs to be further elucidated.

Epigenetic regulations are involved in many biological pro-
cesses, such as gene transcription, DNA replication, DNA re-
pair, and DNA recombination (Berger et al., 2009; Jiang and
Pugh, 2009). These processes are composed of posttranslational
modulation of histones, DNA methylation, incorporation of
histone variants, and nucleosome remodeling activity. The nu-
cleosome remodeling and incorporation of histone variants are
largely accomplished by assistance of ATP-dependent chroma-
tin remodeling complexes. The chromatin remodeling com-
plexes have been implicated in maintaining the pluripotency of
HSCs (Will et al., 2013). BAF53a, a component of the SW1/
SNEF-like BAF complex, is indispensable for HSC maintenance
and survival (Krasteva et al., 2012). SNF2-like ATPase Mi-23
subunit of the nucleosome remodeling deacetylase (NuRD)
complex, is needed for maintenance of HSCs (Yoshida et al.,
2008). Loss of Mi-2[3 causes enhanced cycling of HSCs, leading
to decrease in quiescence of HSCs. Here, we show that WASH
associates with the NURF complex that assists its binding to
the promoter of ¢-Myc gene, and this association is enhanced
once HSCs decide to differentiate into subpopulations. Rbbp4,
also called as RBAP46/48, is identified as a subunit of the
NURF complex (Song et al., 2009; Alkhatib and Landry,
2011), but it is also associated with the NuRD or the Sin3
complex (Kuzmichev et al., 2002; Lejon et al., 2011). A previ-
ous study reported that c-Myc exists in both LT-HSCs and
MPPs (Laurenti et al., 2008). Here we showed that c-Myc
expression is dependent on WASH and the NURF complex
in LT-HSCs. However, the NURF complex could not bind
to the c-Myc promoter in MPP cells (Fig. 6 E). These data sug-
gest that ¢-Myc promoter might be regulated differently in
LT-HSCs and MPPs. Altogether, WASH preferably associates
with the Rbbp4-containing NURF complex in LT-HSC:s to
control the balance of self-renewal and differentiation of he-
matopoietic stem cells.

MATERIALS AND METHODS

Antibodies and reagents. A rabbit polyclonal antibody against WASH was
generated from the VCA domain of WASH protein as described previously
(Xia et al., 2013). Human anti-WASH antibody was a gift from D. Billadeau
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(Mayo Clinic, Rochester, NY; Gomez and Billadeau, 2009) and mouse anti-
‘WASH antibody was a gift from A. Gautreau (Institut Curie, Centre de
Recherche, Paris, France; Derivery et al., 2009). The following commercial
antibodies were used: mouse hematopoietic lineage eFlour 450 cocktail (eBio-
science; 22—7775), PerCP-Cy5.5-anti-CD45.1 (eBioscience; 45-0453), FITC-
anti-CD45.2 (eBioscience; 11-0454), FITC-anti-IL-7Ra (eBioscience; 11—
1271), APC-anti-Ly6A/E (Sca-1; eBioscience; 17-5981), PE-anti-CD117
(c-Kit; eBioscience; 12-1171), anti-CD48 (eBioscience; 14-0489), anti-
CD150 (eBioscience; 16-1501), anti-CD3 (eBioscience; 50-0032), anti-CD 19
(eBioscience; 56—0193), anti-Gr-1 (eBioscience; 53-5931), and anti-CD34
(eBioscience; 56—-0341) were purchased from eBioscience. Anti-Flt3/CD135
(Flk2;ab18370), anti-p34 (anti-ARPC2;ab11798) and anti-p20 (anti-ARPC4;
ab110770) were obtained from Abcam. Anti-phospho-Ser/Thr/Tyr was pur-
chased from AnaSpec Inc (53775). PerCP-Cy5.5—conjugated goat anti—rat IgG
(sc-45100), APC-Cy7 conjugated goat anti—rabbit IgG (sc-3869), anti-EEA1
(s¢-33585), anti-histone H3 (sc-8654), and anti-ubiquitin (sc-8017) were from
Santa Cruz Biotechnology. Anti-GST (G7781), anti-p40 (anti-ARPCI,
SAB2700857), anti-p21 (anti-ARPC3, SAB2500115), anti-p16 (anti-ARPC5,
SAB1100953), and anti—B-actin (A1978) were from Sigma-Aldrich. Anti-
Rbbp4 (9067), anti-BPTF (8038), anti-SNF2L (12483), anti-Mi-28 (12011),
anti-Atg5 (2630), and anti-Sin3A (8056) were from Cell Signaling Technology.
Donkey anti—rabbit IgG secondary antibodies conjugated with Alexa Fluor
488 (A11008), Alexa Fluor 594 (A11012), or Alexa Fluor 405 (A31556) were
purchased from Molecular Probes. Donkey anti-mouse IgG secondary anti-
bodies conjugated with Alexa Fluor 488 (A11029) or Alexa Fluor 594
(A11032) were purchased from Molecular Probes. HR P-conjugated second-
ary antibodies were obtained from Santa Cruz Biotechnology. Cytochalasin D
(C6762) and Bafilomycin A1 (B1793) were from Sigma-Aldrich.

Cell culture. Mouse multipotent HSC/MPP-like cell line EML cells were
cultured in Iscove’s modified Dulbecco’s media, containing 4 mM L-glutamine
and 200 ng/ml mouse stem cell factor (SCF), 20% FBS, B-mercaptoethanol,
100 pg/ml streptomycin and 100 U/ml penicillin. For HSC culture, cells
were cultured in StemPro-34 media (Invitrogen), containing 4 mM r-glutamine,
100 pg/ml streptomycin, 100 U/ml penicillin and the following cytokines
(from PeproTech): 10 ng/ml IL-3, 25 ng/ml SCF, 25 ng/ml Ftl-3L, 10 ng/ml
GM-CSE 25 ng/ml IL-11, 4 U/ml Epo, and 25 ng/ml Tpo. For cytokine
withdrawal, HSCs were cultured in above medium deprived of the indicated
cytokines. Otherwise, HSCs were plated on a 70% confluent monolayer of
OP9-DLI1 cells into 6-well plates in a-MEM, containing 20% FBS, 100 pg/ml
streptomycin, and 100 U/ml penicillin and further supplemented with 5 ng/ml
rmIL-7 and 5 ng/ml rmFIt3L.

Histology. Mouse spleens were fixed in 4% paraformaldehyde (PFA; Sigma-
Aldrich) for 12 h. Mouse femurs were fixed in buffer containing 10% form-
aldehyde for 12 h, and then decalcified in decalcifying buffer (10% EDTA in
PBS [wt/vol], pH 7.4) for 12 h. Fixed tissues were washed twice using 75%
ethanol and embedded in paraffin, followed by sectioning and staining with
hematoxylin and eosin according to standard laboratory procedures.

Yeast two-hybrid screen. Yeast two-hybrid screening was performed
using Matchmaker Gold Yeast Two-Hybrid system (Takara Bio Inc.) fol-
lowing the guidelines provided by the manufacturer (Xia et al., 2013). In
brief, WASH was subcloned into pGBKT7 vector (BD-WASH). Yeast
AH109 cells were transfected with BD-WASH and plasmids containing a
human spleen ¢cDNA library (Takara Bio Inc.), and then plated on SD me-
dium lacking adenine, histidine, tryptophan and leucine. Selected clones
were isolated and identified by DNA sequencing. Recovery of the plasmids
and B-gal assay were performed as described (Wang et al., 2013). Bloc1s2
was subcloned into pGADT7 vector (AD-Bloc1s2) and cotransfected with
BD-WASH, whose interaction served as a positive control.

Flow cytometry. Mice were euthanized and KO cells were flushed out
from femurs in PBS buffer. Spleen cells were obtained by mashing the spleen

in PBS buffer. Cells were sifted through 50-um cell strainers after removing
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red blood cells by suspending cells in ammonium-based red cell lysis buffer.
For flow cytometric analyses, cells were either incubated with fluorophore-
conjugated antibodies or incubated with primary antibodies and further
incubated with fluorophore-conjugated secondary antibodies, followed by
detecting or sorting on an Influx cell sorter (BD). For analysis of HSC cells,
2 X 10° events were detected and for 2 X 10° events were obtained for dif-
ferentiated cells. Data were analyzed using the Flow]Jo 7.6.1 software.

Immunofluorescence assay. Hematopoietic cells were placed on 0.01%
poly 1-lysine treated coverslips and fixed with 4% PFA for 30 min at room
temperature, followed by permeabilization with 0.5% Triton X-100 for
20 min at room temperature. 10% donkey serum was used for blocking and
primary antibodies were added for 2 h at RT. After washing with PBS, the
coverslips were stained with Alexa Fluor 488—, Alexa Fluor 594—, or Alexa
Fluor 405—conjugated secondary antibodies. Images were obtained with laser
scanning confocal microscopy (Olympus FV500).

RNA interference and RT-qPCR. RNA interference sequences were
designed according to pSUPER system instructions (Oligoengine). H1 pro-
moter and targeting sequences were further cloned to the modified lentivirus
vector pSIN-EF2. Lentiviruses containing RNA interference sequences
were generated by transfecting pSIN-EF2-shRNA and packaging vectors
to HEK293T cells, followed by concentration using ultracentrifugation
at 50,000 ¢. EML or sorted LT-HSC cells were infected with lentiviruses
for 36 h before examination or transplantation. shRINA sequences were as
follows: Rbbp4, 1# 5'-ACAGAACCACCTGGTGATT-3', 2# 5'-CCCT-
AATGATGATGCTCAG-3', and 3# 5'-CCATGAAGGAGAAGTGAAC-3';
BPTF, 1# 5'-CCGTCAACAAAGTGGTGTA-3', 2# 5'-CGTCAACAAA-
GTGGTGTAC-3', and 3# 5'-GGAGGAAGATGACATGGAA-3'; SNF2L,
1# 5'-AGCACAGAAGTCTCCAACA-3', 2# 5'-CACAGAAGTCTCC-
AACATC-3', and 3# 5'-GGCGTACAGAACAAGAAGA-3'. Total RNA
was extracted from sorted cells using TRIzol reagent and cDNA was
reverse-transcribed using SuperScript II (Invitrogen). RT-PCR was performed
using the following primers: WASH, forward, 5'-AGGTGGGGACTT-
GATGTCAG-3', reverse, 5'-AGAGAAGGCTCCTCCAGGTC-3'; ¢-Myc,
forward, 5'-GCCCAGTGAGGATATCTGGA-3', reverse, 5'-ATCGCAG-
ATGAAGCTCTGGT-3'; Tir4, forward, 5'-TCCCTATTGGACAGCT-
TATAAC-3', reverse, 5'-GTCTAAAGAGAGATTGACT-3"; Tcerg1, forward,
5'-CAGCCGGCAGCAGCAATA-3', reverse, 5'-GTGAAGCTGCAAT-
AGCAACCT-3". Bubl1b, forward, 5'-GCACGGGCGGGTCATGTCC-3’,
reverse, 5'~AACGCTGACATGTTACTCTCT-3'; IIf3, forward, 5'-AAC-
ACAAGAGGAGCTGGAGG-3', reverse, 5'-CTCAGGGTCCTAGTC-
ATGTGT-3'. Expression was normalized to that of housekeeping gene
B-actin.

Pyrene actin assay. Cytoplasmic and nuclear extracts were obtained from
sorted LT-HSC cells. Extracts were changed to Buffer A (2 mM Tris-HCI,
pH 8.0, 0.2 mM ATP, 0.1 mM CaCl2, and 0.5 mM DTT). Reactions were
started by mixing extracts, 0.5 mg/ml pyrenyl actin, and the indicated
‘WASH mutants in polymerization buffer (50 mM KCI, 0.2 mM ATP,
1 mM MgCl,, 1 mM EGTA, and 10 mM Imidazole-HCI, pH 7.0). Kinetics
of actin polymerization was monitored by a Xenius SAFAS fluorimeter.

Generation of conditional WASH knockout mice. To obtain hemato-
poietic WASH depleted mice, WASH" /¥ mice were crossed with MxCre*
mice to get MxCre'; WASH™/* mice. The MxCre*; WASH"™/* mice were
further crossed with WASH/fox mice to generate MxCre™; WASH/x/flex
mice. MxCre*; WASH"™ /o~ mice were injected i.p. with 300 pg poly(I:C)
every other day for a total of three times to induce WASH deletion.
ERCre™; WASH/fox or  ERCre*; WASH*/fox mice were generated by
crossing ER Cre mice with WASH" ¥/ mice as described above. Adult mice
were injected i.p. with tamoxifen (50 mg/kg) for five consecutive days to
induce WASH deletion. Mouse experiments were approved by the Institutional
Animal Care and Use Committees at the Institute of Biophysics, Chinese
Academy of Sciences. Genotyping primers were listed below. For WASH
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flox identification, primers were as follows: 5'-CCTCTTGTCCTTTGTG-
GTGCTT-3" and 5'-CCTGCCTATCTGGCTGGTCTTA-3"; WT allele,
100 bp; flox allele, 140 bp. For WASH KO identification, primers were as fol-
lows: 5'-CCTCTTGTCCTTTGTGGTGCTT-3' and 5'-GCCTCCCAG-
CACCC-3'; flox allele, 2100 bp; KO allele 330 bp. For Cre identification,
primers were as follows: 5'-GCCTGCATTACCGGTCGATGC-3" and
5'-CAGGGTGTTATAAGCAATCCC-3'; Cre allele, 550 bp.

Immunoprecipitation assay. BM cells were obtained as described above.
Cells are labeled with biotin-conjugated antibodies, followed by magnetic
labeling with Microbeads (Miltenyi Biotec) against biotin. Lin~ cells were
collected by depletion of magnetically labeled cells. Lin~ cells were further
enriched by positive selection using biotin-conjugated antibody against Sca-1.
Highly enriched cells were then stained with surface markers and sorted by
flow cytometry. Sorted LT-HSC cells (2 X 10%) or KO cells (2 X 10%) were
lysed with RIPA lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 1% Tri-
tonX-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM sodium pyrophos-
phate, 25 mM B-glycerophosphate, 1 mM EDTA, and 1 mM Na,VO,).
Supernatants were collected by centrifugation (15,000 g, 15 min, 4°C), and
incubated with the indicated antibodies for 4 h at 4°C followed by immuno-
precipitation with 30 pl protein A/G agarose. The precipitates were completely
washed with RIPA lysis buffer three times and tested by immunoblotting.
5% of cell lysates were loaded as input.

Chromatin immunoprecipitation (ChIP). ChIP was performed using
MAGnify ChIP kit following manufacturers’ instructions. In brief] cells were
fixed in 1% formaldehyde for 20 min, and then quenched with 0.125 M ly-
sine, followed by swelling in lysis buffer (50 mM Hepes, pH 7.5, 140 mM
NaCl, 1% Triton X-100, 0.1% NaDeoxycholate, and Protease Inhibitor
Cocktail Set IIT [Calbiochem)]) for 30 min on ice. Chromatin was sheared to
a mean length of 400 bp by sonication. After being de-cross-linked by
RNase, proteinase K, and heat, input genomic DNA was precipitated with
ethanol and quantified in a GeneQuant 100 spectrophotometer (GE Health-
care). Chromatin was precleared with protein A/G-agarose (Santa Cruz
Biotechnology, Inc.), followed by incubation with indicated antibodies at
4°C overnight and further incubation with protein A/G-agarose for 2 h.
Beads were washed with washing buffer (10 mM Tris, pH 8.0, 250 mM
LiCl, 0.5% NP-40, 0.5% NaDeoxycholate, 1 mM EDTA) three times and
eluted with elution buffer (50 mM Tris, pH 8.0, 1% SDS, and 10 mM
EDTA). Eluates were de-cross-linked by RNase, proteinase K, and heat, and
DNA was extracted with phenolchloroform, followed by ethanol precipita-
tion. For each ChIP experiment, 2 X 10* cells were used. 5% of nuclear ex-
tracts served as inputs. Immunoprecipitated DNAs were further analyzed by
real-time PCR. Signals were normalized to input DNA. Primers for ¢-Myc
promoter mapping were listed below. —2000-1800, forward, 5'-CAGCCCT-
GCCCCCATCCGAC-3', reverse, 5'-CCTAGTCTGCGTTTTGCT-
GCA-3'; —1750-1550, forward, 5'-ATCCTTAAAGCTGAATTGTGC-3',
reverse, 5'-GAAACCTCTCTCACTGCTAC-3"; —1550-1400, forward,
5'-GCCTTGGGGCGAGGAGTCCGGA-3', reverse, 5'-CCAAACGT-
ATACATACAC-3', —1350-1150, forward, 5'-TGCACAGCGTAGTAT-
TCAGG-3', reverse, 5'-CCCAAGCTTTCCCCTTTTATTA-3"; —1150-950,
forward, 5'-GGGTCTCTGCAGGCTCCCCAG-3', reverse, 5'-TGTGG-
AGCCAGTTTGCAGC-3"; —950-800, forward, 5'-TTGCCTCTTGTG-
AAAACCGACTG-3', reverse, 5'-CCGGTTCGGACTTCCACCCG-3';
—750-550, forward, 5'-ATCTGCCTTTTGGCAGCAAAT-3', reverse,
5'-CAACTCACTGCCACGTATA-3";—550-350,forward,5'-TTCCAGA-
CATCGTTTTTCCT-3', reverse, 5'-CCCTGGACCGCGTCACGCACG-3';
—350-150, forward, 5'-GTGTGGAGCGAGGCAGCTG-3', reverse,
5'-ACTCCGGCTCCGGGGTGT-3"; —130-0, forward, 5'-CCTCCTCTT-
TCCCCGGCTC-3', reverse, 5'-TCTCTTTCTCCCTTCCCCAC-3".

Rescue experiments. The indicated genes or shRINAs were cloned to
pSIN-EF2-IRES-EGFP lentivirus vector, containing an EFla promoter,
followed by transfecting into HEK293T cells together with psPAX2 (pack-
aging plasmid) and pMD2.G (envelope plasmid; pSIN-EF2-IRES-EGFP/
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psPAX2/pMD2.G, 2 pg: 2 ng: 1 pg per 10 cm dish). Lentivirus was concen-
trated by ultracentrifugation on 50,000 g for 2 h. Pellets of lentivirus were
resuspended with serum-free «-MEM media. Sorted LT-HSCs were first in-
fected with lentivirus by centrifugation on 500 g for 1.5 h in the presence of
8 pg/ml Polybrene (Sigma-Aldrich), followed by incubation at 37°C for 18 h
(for overexpression) or 36 h (for knockdown). GFP* cells were selected by flow
cytometry, followed by transplantation into lethally irradiated recipient mice.

KO repopulation assays. Donor KO cells were separated as described
above and injected alone or with recipient KO cells to lethally irradiated
(10 Gy) CD45.1 mice. Reconstituted mice were fed with water containing
1 g/liter ampicillin for 2 wk before switching to regular water. For analysis
of peripheral blood cells, blood was obtained from mice tail vein and stained
as described above.

Gene expression profiling. Total RNA was extracted from control and
WASH KO LT-HSCs using standard RNA extraction protocol, followed
by DNase incubation to remove nuclear DNA. The quality of RNA was
monitored by NanoDrop ND-1000 and the integrity of RINA was tested by
agarose gel electrophoresis. Total RINA was subjected to labeling and array
hybridization using mouse 12 X 135 K gene expression array according
to manufacturer’s instructions (NimbleGen). Hybridized array was scanned
using the Axon GenePix 4000B microarray scanner (Molecular Devices),
followed by grid alignment and expression analysis using the NimbleScan
software (version 2.5). Expression data were then normalized to generate
Probe level and Gene level files, followed by further analysis using the Agi-
lent GeneSpring GX software (version 11.5.1).

Statistical analysis. Student’s ¢ test was used as statistical analysis by using
Sigmaplot as previously described (Wang et al., 2013).

Accession nos. Microarray data is available from Gene Expression Omni-
bus under accession no. GSE57741.

Online supplemental material. Fig. S1 shows validation of WASH dele-
tion in WASH KO cells used in this study. Online supplemental material is
available at http://www jem.org/cgi/content/full/jem.20140169/DC1.
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