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SUMMARY

Whnt signaling is involved in self-renewal and mainte-
nance of hematopoietic stem cells (HSCs); however,
the particular role of noncanonical Wnt signaling in
regulating HSCs in vivo is largely unknown. Here,
we show Flamingo (Fmi) and Frizzled (Fz) 8, members
of noncanonical Wnt signaling, both express in
and functionally maintain quiescent long-term
HSCs. Fmi regulates Fz8 distribution at the inter-
face between HSCs and N-cadherin® osteoblasts
(N-cad*OBs that enrich osteoprogenitors) in the
niche. We further found that N-cad*OBs predomi-
nantly express noncanonical Wnt ligands and inhibi-
tors of canonical Wnt signaling under homeostasis.
Under stress, noncanonical Wnt signaling is attenu-
ated and canonical Wnt signaling is enhanced in acti-
vation of HSCs. Mechanistically, noncanonical Wnt
signaling mediated by Fz8 suppresses the Ca®*-
NFAT- IFNy pathway, directly or indirectly through
the CDC42-CK1a complex and also antagonizes
canonical Wnt signaling in HSCs. Taken together,
our findings demonstrate that noncanonical Wnt
signaling maintains quiescent long-term HSCs
through Fmi and Fz8 interaction in the niche.

INTRODUCTION

Wnt signaling has been well studied for its role in regulating
hematopoietic stem cells (HSCs) (Reya and Clevers, 2005).
Wnt signaling can be subdivided into canonical and noncanoni-
cal pathways.

Canonical Wnt signaling in regulating stem cell self-renewal in
hair follicle and intestine has been well documented (Blanpain
and Fuchs, 2009; Radtke and Clevers, 2005). However, its role
in regulating hematopoietic stem cell self-renewal and mainte-
nance is controversial (Malhotra and Kincade, 2009).

Noncanonical Wnt signaling regulates cellular polarization,
controls nuclear localization of nuclear factor of activated T cell
(NFAT) transcriptional factor via either calcium (Ca®*) or CK1a,
and suppresses canonical Wnt signaling (Mikels and Nusse,
2006; Moon et al., 1993; Murphy and Hughes, 2002). Different
noncanonical Wnts may have different effects in this regard.
For example, Wnt5a exerts dual functions: stimulating Ca®*-
induced NFAT nuclear localization or restricting NFAT nuclear
localization via Cdc42-CK1a complex (Dejmek et al., 2006;
Huang et al., 2011; Saneyoshi et al., 2002). However, Wnt11
inhibits Ca* influx through restricting L-type calcium channel
(LTCC) (Panakova et al., 2010). These observations suggest
that noncanonical Wnts exert tissue-, stage-, and frizzled (Fz)-
dependent functions with regard to regulation of Ca®* level and
NFAT nuclear translocation. Wnt5a maintains HSCs in vitro
culture and augments repopulation efficiency of human HSCs
transplanted into mice (Murdoch et al., 2003; Nemeth et al.,
2007). However, the role and the underlying mechanism of non-
canonical Wnt signaling in HSC regulation in vivo are largely
unknown.

We previously reported that Flamingo (Fmi/Celsr2) (Usui et al.,
1999) and Fz8 (Gregory et al., 2010) are predominantly ex-
pressed in primitive HSCs (Akashi et al., 2003). Fmi is a type
of cadherin adhesion molecule that also has a G-protein-
coupled-receptor (GPCR) domain, which facilitates Fz-mediated
noncanonical Wnt signaling (Halbleib and Nelson, 2006). Func-
tionally, Fmi is known to cooperate with Fz to regulate neuronal
growth and keratinocytes during development through contact
inhibition (Devenport and Fuchs, 2008; Zhou et al., 2008).
Whether Fmi and Fz8 play a role in regulating HSCs is yet to
be determined.

For long-term maintenance of adult stem cells, a subset of
stem cells needs to be kept in long-term quiescence in a special-
ized niche (Arai et al., 2004; Haug et al., 2008; Wilson et al., 2008;
Zhang et al., 2003). Quiescent long-term HSCs (LT-HSCs) are
mainly located in the endosteum of the trabecular bone region
(TBR), where HSCs are directly attached to N-cadherin* osteo-
blasts (N-cad*OBs) known to enrich osteoprogenitors (Wilson
et al., 2008; Xie et al., 2009; Zhang et al., 2003). In addition to
BMP signaling, other key signals emanating from this niche
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Figure 1. Fmi Regulates Noncanonical Wnt Receptor Fz8 Distribution in Quiescent LT-HSCs
(A and B) Scheme and gating of LT-HSCs, ST-HSCs, and MPPs.
(C) gRT-PCR of Fmi in sorted LT-HSCs, ST-HSCs, and MPPs in a setting of triplicates (hereinafter).
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component to maintain HSC quiescence remain
unknown (Li and Clevers, 2010).

In this work, we demonstrate that noncanonical Wnt signaling
mediated by Fmi and Fz8 plays a critical role in the long-term
maintenance of quiescent HSCs by suppressing the Ca®*-
NFAT-interferon-gamma (IFNy) pathway and antagonizing
canonical Wnt signaling.

largely

RESULTS

Fmi Regulates Noncanonical Wnt Receptor Fz8
Distribution in Quiescent LT-HSCs

We previously reported expression of both Fmi and Fz8 in quies-
cent HSCs (Rhodamine' or Rhy25'°LSK) (Akashi et al., 2003). To
further confirm Fmi expression in HSCs, we compared its ex-
pression levels in LT-HSCs (CD34 FIk2~LSK), short-term (ST)-
HSCs (CD34*FIk2 LSK), and multipotent progenitors (MPPs)
(CD34*FIk2*LSK) (Figures 1A and 1B) (Yang et al., 2005). Fmi
mRNA level was 2-fold and 3-fold higher in LT-HSCs compared
to ST-HSCs and MPPs, respectively (Figure 1C).

We next examined Fmi and Fzs expression in quiescent LT-
HSCs identified by Scl-tTA-induced H2B-GFP label-retaining
cells (LRCs) (H2B-GFP hereinafter) (Tumbar et al., 2004; Wilson
et al., 2008) (Figure 1D). We excluded H2B-GFP background
signal derived from non-tTA-induced animals (Challen and Good-
ell, 2008; Wilson et al., 2008) and set H2B-GFP gate at the high
position (H2B-GFP") (Figures S1A and S1B available online).
We confirmed that H2B-GFP"LSK enriched LT-HSCs 5-fold
and reduced MPPs 4.8-fold compared to H2B-GFP~LSK (Fig-
ure 1E). We sorted FIk27LSK HSCs (to exclude MPPs) into H2B-
GFP~ (active) and H2B-GFP" (quiescent) subpopulations (Fig-
ure 1F). Consistent with a previous report (Wilson et al., 2008),
we found that CD34 mRNA was expressed at a much higher level
in active HSCs than in quiescent HSCs (Figure 1G). Fmi expres-
sion was 12.5-fold higher in quiescent HSCs than in active
HSCs (Figure 1H). Among Fzs, noncanonical Wnt receptor Fz8
was the one that showed significantly higher (3-fold) expression
in quiescent HSCs than in active HSCs (Figure 11 and Figure S1C).

Fmi and Fz8 proteins were expressed in LT-HSCs (Figure 1J).
Expression of both Fmi and Fz8 was detected in 18% of H2B-
GFP~ HSCs compared to 70% of H2B-GFP" HSCs (Figures
1K and 1L). We also detected the expression of Fmi and Fz8
in CD150"CD34 FIk2 LSK HSCs (Figure S1D). We used a
hypoxic-related HSC marker GRP78 (Miharada et al., 2011)
and detected Fmi and Fz8 expression in GRP78*CD34 LSK
HSCs as well (Figure S1E).

We next examined whether Fmi determines the cellular distri-
bution of Fz protein. Through overexpressing Fmi and Fz8 fused

with fluorescent proteins in 293T cells, we found that Fz8 distrib-
uted randomly when Fmi was not expressed; however, Fz8 was
restricted to the site where Fmi was present (Figure S2A). To
ascertain whether Fmi determined Fz8 distribution in HSCs, we
used an in vitro culture system of HSCs with OP9, an osteopro-
genitor cell line (Mahmood et al., 2011; Nakano et al., 1994). (Fig-
ure S2B). Fmi was present at the interface between sorted HSC
(labeled with GFP) and OP9 cells (Figure 1M). When Fmi was
knocked down, the distribution of Fz8 protein became random
(Figures 1N and 10; Figure S2C). In addition, lack of Fmi in
OP9 resulted in random distribution of Fz8 in LSK cells (Figures
1P and 1Q; Figure S2E), suggesting that homophilic interaction
between two Fmilocated in adjacent HSC and OP cells functions
to restrict Fz8 at the HSC-OP9 interface. In contrast, knockdown
of Fz8 did not affect Fmi protein distribution (Figure S2D). These
results show that Fmi and Fz8 are both expressed in quiescent
LT-HSCs and that Fmi restricts Fz8 distribution at the interface
between HSCs and osteoprogenitors in vitro.

Fmi and Fz8 Colocalize Predominantly at the Interface
between Quiescent LT-HSCs and N-cad*OBs in TBR

We next confirmed our in vitro observation of the Fmi and Fz8 co-
localization in vivo. Because HSCs tend to home to trabecular
bone region (TBR) (Figures 2A and 2B) rather than compact
bone region (CBR) (Xie et al., 2009), we examined the in vivo
distribution of LT-HSCs expressing both Fmi and Fz8 in different
bone regions (Figure 2B). We detected a majority (67 %) of these
LT-HSCs derived from TBR, but only 31% of LT-HSCs derived
from CBR (Figures 2C-2E).

We next determined the distribution of quiescent LT-HSCs in
the sagittal section of the femur. We identified quiescent LT-
HSCs using the H2B-GFP"LRCs, and we compared the distribu-
tion of quiescent LT-HSCs between TBR and CBR (Figures 2F-
2H). Flow cytometry analysis showed that the frequency of
quiescent HSCs (H2B-GFP" LRCs) was more than 3-fold higher
in TBR than in CBR (Figure 2F). Immunostaining confirmed this
observation and revealed that H2B-GFP LRCs were mainly de-
tected in the TBR compared to the CBR (Figures 2G and 2H).

We then examined the correlation between the distribution of
quiescent LT-HSCs (H2B-GFPMLRCs) and the distribution of
niche components known to regulate HSCs, including endothe-
lial cells, Nestin* MSCs, and N-cad*OBs (Kiel et al., 2005;
Méndez-Ferrer et al., 2010; Wilson et al., 2008; Xie et al., 2009;
Zhang et al., 2003). Using a CD31-GFP endothelial reporter
(established in our lab) and Nestin-GFP reporter (Mignone
et al., 2004), we found that CD31-GFP* endothelial cells and
Nestin-GFP* cells were distributed in both TBR and CBR without
bias (Figures 21-2L). In contrast, N-cad*OBs were predominantly

D) Scl-tTA-induced H2B-GFP label retention in HSCs.

F) Gating H2B-GFP HSCs.

(
(
(
(G-I) gRT-PCR of CD34 (G), Fmi (H), and Fzs (l).

E) Percentage of LT-HSCs, ST-HSCs, and MPPs in H2B-GFP LSK and H2B-GFP"LSK.

(J and K) Immunostaining Fmi and Fz8 in sorted LT-HSCs (J) and H2B-GFP HSCs (K).

L) Percentage of Fmi and Fz8 expressed in sorted H2B-GFP HSCs.
M) Immunostaining Fmi in sorted GFP*LSK cells and OP9 osteoprogenitors.

(
(

(N-Q) 3D images of Fz8 in LSK on OP9. Scale bar, 5 uM. *p < 0.05. **p < 0.01. ***p < 0.001. Values shown as mean + SD.

See Figure S1.
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Figure 2. Fmi and Fz8 Colocalize at the Interface between Quiescent LT-HSCs and N-cad*OBs in TBR

(A) HSC and N-cad*OB, Nestin*-MSC, and endothelial cells (CD31%).

(B) The sagittal section of Femur.

(C and D) Sorted LT-HSCs from TBR (C) and CBR (D) and immunostaining Fmi and Fz8.

(E and F) Percentage of LT-HSCs and H2B-GFP" label-retaining cells (LRCs) in total nuclear cell (TNC) expressing both Fmi and Fz8.

(G-V) Location of quiescent HSCs (G and H) or niche components: CD31-GFP (I and J), Nestin-GFP (K and L), N-cad*OB (M-Q). Scale bar, 20 uM. (R-V)
Scale bar, 5 uM.

(W) Percentage of niche expressing Fmi.
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detected in TBR but rarely in CBR (Figures 2M and 2N). The
specificity of a newly generated anti-N-cad monoclonal antibody
was confirmed by loss of N-cad staining in the N-cad knockout
mice (Figures 20 and S3A). We detected expression of Fmi
and Fz8 in N-cad*OBs mainly in the TBR endosteum (yellow
arrow; compare Figures 2M and 2P to Figures 2N and 2Q).

Next, we compared the relationship between Fmi and other
niche markers (Figures 2R-2W). We found that Fmi expression
was almost absent in CD31-GFP* endothelial cells (Figure 2R),
low in Nestin-GFP* cells (Figure 2S), and high in N-cad*OBs (Fig-
ure 2T). Fz8 was also expressed in N-cad*OBs (Figure 2U).
Notably, we detected Fmi or Fz8 at the interface between
H2B-GFP"LRCs and N-cad*OBs in the TBR endosteum
(Figures 2U and 2V). The colocalization of Fmi and Fz8 was
observed in H2B-GFP" LRC attached to the surface of TB
(Figure S2F).

To identify which subset of osteoblasts (OBs) interacts with
H2B-GFP" LRC, we first examined OP9 osteoprogenitor cells
and observed the colocalization of Fmi and Fz8 at the interface
between sorted H2B-GFP" FIk2~LSK and OP9 (Figure 2X; Movie
S1), as well as sorted LT-HSCs and OP9 (Figure S2G). This co-
localization was observed neither in adjacent H2B-GFP~
FIk27LSK (Figure 2X) nor in ST-HSCs (Figure S2G). To confirm
this in vivo, we performed immunoassay on consecutive
sections and revealed a colocalization of Fmi and Fz8 at the
interface between H2B-GFP" LRC and N-cad*OB (Figure S3B).
We further verified this colocalization with four-color immunos-
taining and three-dimensional (3D) high-resolution imaging (Fig-
ure 2Y; Movie S2). In summary, quiescent LT-HSCs are found
more in TBR than in CBR. Fmi and Fz8 are colocalized at the
interface between quiescent LT-HSCs and N-cad*OBs.

N-cad*OBs Maintain a Dominant Noncanonical Wnt
Signaling, which Is Attenuated under Stress

We used RNA-sequencing analysis to examine the expression
patterns of ligands and inhibitors for canonical and noncanonical
Wnt signaling in the niche components, including
CD31*VEGFR2" cells (endothelial progenitor cells), Nestin-
GFP* MSC-like cells, N-cad*OBs, and Col2.3-GFP* mature
OBs (Kalajzic et al., 2002; Lyden et al., 2001; Méndez-Ferrer
et al., 2010; Xie et al., 2009; Zhang et al., 2003) (Figure 3A).
Expression level was measured by fragments per kilobase of
exon per million fragments mapped (FPKM) (Trapnell et al.,
2010). Expression of canonical Wnt ligands overall was either
absent or low (3-6 FPKM) in all three niche components (Fig-
ure 3B; Table S1). In contrast, expression of canonical Wnt inhib-
itors was much higher (15-168 FPKM) and mainly in Nestin-GFP*
cells, N-cad*OBs, and mature OBs, with N-cad*OBs expressing
the highest levels (Figure 3C). Noncanonical Wnt ligands overall
were expressed at comparable levels in Nestin-GFP* cells,
mature OBs, and N-cad*OBs, except for Wnt6 and Wnt16, which
were predominantly expressed in N-cad*OBs (Figure 3D).

CD31*VEGEFR2* endothelial cells expressed low-level Wnt5b
(Figure 3D), but Wif1, a noncanonical Wnt inhibitor, was ex-
pressed at highest level in Nestin-GFP* cells among these
stromal cells. These observations suggest that the N-cad*OB
niche provides a microenvironment in which canonical Wnt
signaling is suppressed and noncanonical Wnt signaling is
predominant in homeostasis.

In response to stress, expansion of N-cad*OBs precedes the
activation and subsequent expansion of HSCs (Dominici et al.,
2009) (Figures 3E-3I). The correlation between an increase in
N-cad*OBs and activation of HSCs (Dominici et al., 2009) sug-
gested that 5FU stress could also induce dynamic changes in
the expression of Wnt ligands in N-cad*OBs. We found that
expression of noncanonical ligands Wnt11 and Wnt16, as well
as canonical Wnt inhibitors Dkk1 and Sfrp4, was diminished
(Figures 3J and 3K; Figure S4). However, expression of canon-
ical Wnt7b increased 6-fold post-5FU treatment (Figure 3L).
These observations show that 5FU treatment decreases nonca-
nonical Wnt signals but increases canonical Wnt signaling.

Next, we investigated the impact of 5FU on Fmi and Fz8 in
HSCs. Using high-resolution 3D imaging to measure to what
extent Fmi and Fz8 still colocalized post-5FU (Figure S3C),
we found an ~8-fold decline of Fmi-Fz8 colocalization in LT-
HSCs from TBR and a 2-fold decline from CBR (Figures 3M
and 3N; S3D). This was due partially to the reduction of both
Fmi and Fz8 mRNA in LT-HSCs post-5FU (Figures 30-3P and
S3E-S3G). The data indicate that, in addition to ligands in the
niche, Fmi and Fz8 are also reduced in LT-HSCs post-5FU
treatment.

We further asked whether 5FU induced a reduction of nonca-
nonical Wnt signaling and a subsequent upregulation of canon-
ical Wnt signaling in LT-HSCs (Figure 3Q). As Ca®* is a major
mediator of noncanonical Wnt signaling, we measured intracel-
lular Ca?* level by Fluo-3 (Minta et al., 1989). LT-HSCs post-
5FU treatment showed a 2.5-fold increase of intracellular Ca®*
level (Figure 3R) and an 8-fold increase of NFAT nuclear
translocation (Figure 3S). The downstream target genes of
NFAT, IFNy and Cox2, were upregulated 6- and 2-fold, respec-
tively, in LT-HSCs post-5FU treatment (Figure 3T). We also
examined IFNy expression in cytotoxic T cells and regulatory
T cells (Treg, CD4*CD25%), and the latter is an HSC niche
component as reported recently (Fujisaki et al., 2011). Notably,
IFNy expression was upregulated in Treg cells but not in cyto-
toxic T cells (Figure S3H).

To measure canonical Wnt signaling in LT-HSCs post-5FU
treatment, we immunostained the sorted LT-HSCs with B-cat-
pS552, which was phosphorylated by pAkt and became an
active form in nucleus (He et al., 2007). pAkt staining was
observed in more than 70% of LT-HSCs post-5FU treatment
and in 10% of control LT-HSCs (Figure S3l). B-catenin-pS552
was detected in more than 50% of LT-HSCs post-5FU treatment
and in 20% of control LT-HSCs (Figure 3U). This observation was

(X) 3D image of sorted HSC on OP9. Colocalization of Fmi and Fz8 (yellow arrow) between H2b-GFP" HSC and OP9 osteoprogenitor.
(Y) 3D images of LRC (white, MFI = 122,009 uM?). Colocalization of Fmi and Fz8 (white arrow) at the interface between N-cad* OB and H2b-GFP" HSC. *p < 0.05.

**p < 0.01. ***p < 0.001. Values shown as mean + SD.
See Figure S2.
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Figure 3. N-cad*OBs Maintain Dominant Noncanonical Wnt Signaling, which Is Attenuated Under Stress
(A) BM section with CD31-GFP, Nestin-GFP, N-cad*OB, and Col2.3-GFP, respectively (shown in green).

(B-D) RNA sequencing analysis of sorted niche components for Wnt signaling related genes.

See Table S1 for FPKM value.

(E and F) Immunostaining TBR. Scale bar, 20 pM.

(G) Flow cytometry analysis of N-cad* OBs percentage in homeostatic (blue) and 5FU-treated (red) conditions.
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confirmed by TOP-Gal staining (Figure 3V) and canonical Wnt
target gene Axin2 (Luis et al., 2011) (Figure 3W). The data indi-
cate that 5FU induces a decline of noncanonical Wnt signaling
and an increase of canonical Wnt signaling in LT-HSCs.

Fmi and Fz8 Maintain Quiescent LT-HSCs In Vivo
Because Fmi-Fz8 colocalization is enriched in quiescent HSCs
and in the niche that expresses noncanonical Wnt ligands, we
hypothesized that Fmi and Fz8 may have a role in maintaining
HSC quiescence. Our preliminary results of knockdown of Fmi
revealed a decrease in LT-HSCs but an increase in ST-HSCs
and MPPs and functionally resulted in more than 50%-60%
reduction of engraftment in repopulation assay (Figure S5A). To
confirm this, we examined Fmi and Fz8 conventional knockout
mouse models and found declines in the frequency (60% and
40%) and absolute number (80% and 50%) of LT-HSCs, respec-
tively. The numbers of ST-HSCs and MPPs reduced as well in
the Fmi~'~ and Fz8 '~ mice (Figures 4A and 4B). These results
indicate functional requirements for Fmi- and Fz8-mediated
noncanonical Wnt in maintaining LT-HSCs.

We used a hypoxic-related HSC marker GRP78 to stain LT-
HSCs and observed a decline of GRP78" population from
31.3 + 0.3% (control) to 11.8 + 1.1% (Fmi~'~) (Figures S5B and
S5C), and an increase of mitochondrial activity in Fmi~'~ LT-
HSCs (Figure S5D). This suggested an increase in HSC activity
when Fmi was lost. We therefore performed a cell cycle analysis
and found that, within FIk2"LSK HSCs, the percentage of quies-
cent (GO) cells declined from 23 + 0.71% (control) to 15+ 1.1% in
Fmi~'~, and from 22 + 2.9% (control) to 16 + 1.9% in Fz8 '~ mice
(Figures 4A, 4B, S5E, and S6A).

Next, we transplanted equal numbers (100) of LSK enriched
with HSPCs (CD45.2) with rescue 2 x 10° bone marrow (BM)
cells (CD45.1) into lethally irradiated recipient mice (CD45.1).
We confirmed first that knockout of Fmi and Fz8 did not affect
HSPC homing to BM and spleen (Figures S5F and S6B). After
16 weeks, hematopoietic reconstitution from donor-derived
HSCs was reduced 80% by Fmi knockout (Figure 4C) and
70% by Fz8 knockout (Figure 4D). The analyses of recipients
showed an 80% decrease of donor-derived LT-HSCs and
a 70% decrease of donor-derived ST-HSCs in frequency and
number (Figures 4E and 4F). In addition, knockout of either Fmi
or Fz8 did not affect apoptosis (Figures S5G and S6C).

We next asked whether H2B-GFP" LRCs (quiescent HSCs)
were affected by Fmi and Fz8 knockout. H2B-GFP" LRCs
were predominantly observed in TBR in Wt, but less so in
Fmi~~ (Figures 5A-5D) and Fz8 /~ (Figures 5E-5H). Fz8 protein
localization was observed at the interface between H2B-GFPM
LRC and N-cad*OB in Wt (Figure 5l); however, its distribution

became random in remaining Fmi~’~ H2B-GFP" LRCs (Fig-
ure 5J). The localization of Fmi protein was not affected in
Fz8~'~ LRC (Figures 5K and 5L), further supporting that the func-
tion of Fmi is to determine Fz8 distribution, but not vice versa. We
then used flow assay to measure the population of H2B-GFP*
HSCs. The H2B-GFP signal intensity was significantly reduced
in Fmi~'~ and Fz8 '~ LT-HSCs, suggesting that label retention
was lost because of the decrease of quiescence in HSCs
(Figures 5M and 5N). The frequency of H2B-GFP™ LRCs in
Fmi~~ and Fz8 '~ decreased 8-fold in TBR and 10-fold in
CBR (Figures 50 and 5P). Within TBR in Wt, 65% of H2B-GFP"
LRCs were in direct contact with N-cad*OBs, compared to 20%
in Fmi~'~ and 10% in Fz8~'~ mice, respectively (Figures 5Q and
5R). Taken together, these observations provide additional
evidence to support the conclusion that Fmi and Fz8 facilitate
the maintenance of quiescent LT-HSCs in vivo.

Fz8 Maintains Quiescent HSCs by Suppressing
NFAT-Induced IFNy Expression and Antagonizing
Canonical Wnt Signaling

We then investigated the underlying molecular mechanism by
which Fmi and Fz8-mediated noncanonical Wnt signaling main-
tains quiescent LT-HSCs (Figure 6A). Our RNA sequencing of
LT-HSCs showed a much higher expression level of Cacnb1,
encoding the B1 subunit of LTCC, compared to other voltage-
dependent Ca%* channels (Table S2). Using immunoassay, we
found Fz8 colocalized with LTCC in H2B-GFP" cells but not in
adjacent H2B-GFP~ cells (Figure 6B). We further confirmed
this by detecting colocalization of Fz8 and LTCC in H2B-GFP"™
HSCs but not in H2B-GFP~ HSCs. In the active HSCs, the
LTCC distribution was randomly distributed (Figure 5C). This
colocalization was disturbed in Fz8~/~ H2B-GFP" LRC (Fig-
ure S7A). We observed a 2-fold increase of Ca?* in the Fz8~/~
LT-HSCs (Figures 6D, S7B, and S7C). Furthermore, while addi-
tion of Wnt11 had only a slight effect, Wnt5a reduced Ca?* level
in LT-HSCs by 30%. In addition, the increased Ca®* level by Fz8
knockout could not be rescued by Wnt5a (Figure S7D). These
data show that noncanonical Wnt signaling mediated by Fz8
controls the intracellular Ca®*level via LTCC in HSCs, coinciding
with the quiescent versus active state of HSCs.

We next asked whether Cdc42-Pak1-CK1a complex is
involved in regulation of NFAT nuclear localization. CK1a was
colocalized with NFAT in cytoplasm of Wt H2B-GFP" LRC. In
contrast, NFAT was localized in the nucleus of Fz8 '~ H2B-GFP"
LRC (Figure 6E). In addition, Pak1, which indicates Cdc42
activity and an upstream mediator of CK1a, lost colocalization
with NFAT in Fz8 '~ H2B-GFP" LRC (Figure S7E). These results
suggest that Fz8-mediated noncanonical Wnt signaling blocks

(H and I) Frequency and number of N-cad*OBs in bone cells.
(J-L) gRT-PCR analysis of Wnt-related genes.

M and N) Fmi and Fz8 staining in LT-HSCs.

O and P) Measurement of Fmi and Fz8 levels.

Q) Noncanonical Wnt signaling.

(
(
(
(R) Ca?* level in LT-HSCs post-5FU.

(S-W) Protein and mRNA levels of LT-HSCs post-5FU: NFAT (S), NFAT targets (T), B-catenin-pS552 (U), TOP-GAL (V), and Axin2 (W). *p < 0.05. **p < 0.01.

***p < 0.001. Values shown as mean + SD.
See Figures S3 and S4.
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NFAT nuclear translocation via the Cdc42-Pak1-CK1a complex.
Whether this releasing of NFAT from the Cdc42-Pak1-CK1a
complex is triggered by Ca2*-induced signal is not clear at this
point (see Discussion).
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Figure 4. Fmi and Fz8 Are Required for the
Function of LT-HSCs In Vivo

(A and B) Analyses of conventional Fmi (A) or Fz8
(B) knockout mice. Frequency, number, and cell
cycle (GO phase) of HSCs.

(C and D) Repopulation analysis of mice receiving
transplanted donor cells: 100 LSK (CD45.2) + 2 x
10° BM (CD45.1). Recipients were lethally radiated
(CD45.1). Repopulation analysis 16 weeks after
injection.

(E and F) Frequency and number of donor HSCs
17 weeks posttransplantation. *p < 0.05. *p <
0.01. **p < 0.001. Values shown as mean + SD.
See Figures S5 and S6.

To confirm whether Fmi-Fz8-mediated
noncanonical Wnt signaling regulates
NFAT nuclear translocation, we observed
in quiescent Fmi*Fz8* HSCs that NFAT
was mainly localized in the cytoplasm
(Figure 6F, upper panel). In contrast,
in active Fmi"Fz8 HSCs, NFAT was
accumulated in the nucleus (Figure 6F,
lower panel). Only 4.3% of quiescent
HSCs exhibited nuclear localized NFAT,
versus 87.7% of active HSCs (Figure 6G).
This observation indicates a correlation
between cytoplasmic versus nuclear
localization of NFAT and the quiescent
versus active state of HSCs. When either
Fmi or Fz8 was knocked down, more than
80% of LSK cells showed nuclear accu-
mulation of NFAT (Figures 6H and 6l). In
addition, Fmi knockdown in OP9 cells
induced NFAT nuclear translocation in
LSKs cocultured in OP9, suggesting that
homophilic interaction of Fmi in adjacent
cells regulates NFAT nuclear transloca-
tion (Figure S2E).

We examined whether noncanonical
Wnts, via Fz8, regulate NFAT cellular
localization. As Figure 6J shows, nonca-
nonical Wnt ligands suppress Ca%*-
NFAT pathway, while canonical Wnt
ligands and Fz8 '~ promote NFAT
nuclear translocation (Figures S7F and
S7H). These results indicate that nonca-
nonical Wnt inhibits, but canonical Wnts
stimulate, NFAT nuclear translocalization.

To further specify the downstream
target genes of NFAT, we found an
increase of IFNy expression in Fmi~/~
(4-fold) and Fz8/~ LT-HSCs (3-fold),

respectively (Figure 6K). This is consistent with the observation
that forced expression of a constitutively active (CA) form of
NFAT (Monticelli and Rao, 2002) increased IFNy 2-fold in
HSCs (Figure 6L). We observed that noncanonical Wnts
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6N). The upregulation of /FNy expression in FzZ8 '~ HSCs could

not be rescued by noncanonical Wnt5a ligand (Figure 6N) but
could be rescued by NFAT inhibitor (NFATI) (Figure 60). All these
results support an antagonization between canonical and non-

Figure 5. Fmi and Fz8 Maintain Quiescence
of LT-HSCs In Vivo

(A-H) Immunostaining of Fz8 (A-D) Fmi (E-H),
N-cad, and H2B-GFP" LRC in TBR and CBR
from Wt: Scl-H2B-GFP, Fmi~'~: Scl-H2B-GFP,
and Fz8/~: Scl-H2B-GFP. Scale bar, 20 uM.
(I-L) 3D image of protein localization (white arrow).
Scale bar, 5 pM.

(M and N) Flow cytometry analysis of H2B-GFP
intensity in LT-HSCs.

(O and P) LRC distribution in TBR and CBR.

(Q and R) Frequency of LRC directly contacting
N-cad*OBs in TBR. *p < 0.05. **p < 0.01. **p <
0.001. Values shown as mean + SD.

canonical Wnt signaling in regulating
downstream IFNy expression via NFAT.

Furthermore, we examined the change
in canonical Wnt signaling in responding
to noncanonical Wnt regulation. We
confirmed that canonical Wnts, loss of
Fz8, and loss of Fmi increased nuclear-
localized B-cat-pS552, TOP-Gal staining,
and Axin2-d2EGFP level in LT-HSCs
(Figures 6P and 6Q; Figures S7I and
S7L). Axin2 was upregulated in active
HSCs six times more than in quiescent
HSCs (Figure 6R). Taken together, these
observations support the conclusion
that noncanonical Wnt signaling via
Fmi-Fz8 antagonizes canonical Wnt
signaling.

Because both IFNs and canonical Wnt
have been shown to promote cell prolifer-
ation (Baldridge et al., 2010; Essers et al.,
2009; Reya and Clevers, 2005), we there-
fore examined the genes involved in
maintaining HSC quiescence, such as
p57, Pten, and Txnip (Jeong et al., 2009;
Zhang et al., 2006; Zou et al., 2011). We
showed these genes to be overall down-
regulated to varying degrees in Fmi or
Fz8 knockdown HSCs (Figure 6S).

Finally, we tested whether NFAT could
activate HSCs by forcing expression of
CA-NFAT (Figure 6T). Cell-cycle analysis
of LSKs expressing CA-NFAT showed
a reduction of quiescent HSCs and
a substantial increase of cycling HSCs
(Figures 6U and 6V), indicating that
nuclear NFAT promotes HSC activation.
We confirmed this observation by show-

ing that NFATi could rescue the reduction in the GO-phase
HSCs (Figure 6W).

In summary, we have shown that noncanonical Wnt signaling,

mediated by Fmi-Fz8, has two functons: (1) blocking Ca?*-
induced NFAT nuclear translocalization and thereby suppressing
IFNy expression, and (2) antagonizing canonical Wnt signaling.
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Figure 6. Noncanonical Wnt Signaling Mediated by Fz8 Suppresses NFAT-Induced IFNy Expression and Antagonizes Canonical Wnt
Signaling

(A) Ca®*-NFAT and p-catenin pathways.

(B and C) LTCC and Fz8 localization in vivo (B) and sorted HSCs (C).
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Both of these functions contribute to maintaining the quiescence
of HSCs.

DISCUSSION

Fmi-Fz8-Mediated Noncanonical Wnt Signaling,
Predominantly in the N-cad*OB Niche, Is Critical

for Maintaining Quiescent LT-HSCs

We found a correlation between the expression of Fmi and Fz8 in
quiescent LT-HSCs and their function in maintaining these
HSCs. The remaining question was at which niche component
did Fmi and Fz8 primarily function. Multiple HSC niche compo-
nents have been reported to date, including OBs (particularly
N-cad*OBs), endothelial cells, Nestin-GFP* MSC-like cells,
bipotential CAR (CXCL12 abundant reticular) cells, and Schwann
cells (Calvi et al., 2003; Kiel et al., 2005; Méndez-Ferrer et al.,
2010; Omatsu et al., 2010; Sugiyama et al., 2006; Yamazaki
et al., 2011; Zhang et al., 2003). The functional role of OBs was
previously tested by Col2.3ATK-induced ablation of mature OB
cells, and this resulted in a much delayed loss of HSCs (Visnjic
et al., 2004). Osteoclasts also influenced HSCs by indirectly
regulating osteoblasts (Lymperi et al., 2011). In contrast, genetic
ablation of Nestin* MSCs and CAR cells caused a rapid mobili-
zation of 50%-60% of HSCs from BM to spleen. This was
consistent with the distribution of 60% of HSCs in the sinusoidal
perivascular niche (Kiel et al., 2005). Notably, the lost or mobi-
lized HSCs were initially proliferating (or active) HSCs (Omatsu
et al., 2010). These observations suggested that different niche
components may form different microenvironments —quiescent
versus active niches (Li and Clevers, 2010).

The perivascular-localized Nestin-GFP and CAR cells,
together with endothelial cells, most likely form an active niche
(Butler et al., 2010). A recent report showed that SCF was
produced in perivascular niche. Conditional deletion of Scf in
endothelial cells and Leptin* perivascular cells resulted in
~90% reduction of the number of CD150"CD48~LSK cells, but
the remaining HSCs still maintained ~30%-50% reconstitution
capacity (Ding et al., 2012). This observation suggested that
the remaining HSCs most possibly enrich very quiescent HSCs
that were not affected by the loss of SCF (required for cell prolif-
eration and survival) and accounted for the remaining 30%-50%
reconstitution capacity.

The endosteal-localized N-cad*OBs in TBR form a quiescent
niche (Figures 7A and 7B). In this context, Fmi homophilic adhe-
sion mediates “contact inhibition” (Kimura et al., 2006) to main-

tain the quiescent state of HSCs in the niche. All these observa-
tions support the finding that N-cad*OBs maintain a quiescent
niche with dominant noncanonical Wnt signaling and simulta-
neously suppress canonical Wnt signaling in homeostasis
(Figure 7B).

Fmi-Fz8-Mediated Noncanonical Wnt Signaling
Suppresses CaZ*-NFAT-IFNy Pathway and Antagonizes
Canonical Wnt Signaling, Thereby Preventing HSC

from Activation

Recently, noncanonical Wnt signaling was shown to be involved
in HSC development (Clements et al., 2011; Heinonen et al.,
2011; Louis et al.,, 2008) and maintenance in vitro culture
(Murdoch et al., 2003; Nemeth et al., 2007), but the underlying
mechanism was undefined. Here we observed that noncanoni-
cal Wnt signaling, mediated by Fmi-Fz8, restricts NFAT nuclear
translocation either through controlling intracellular Ca2* level,
potentially through inhibition of LTCC, or via Cdc42-Pak1-
CK1a, pathway in HSCs. The two events are also very possibly
linked because it was reported that CK1a activity can be sup-
pressed by Ca?*-dependent PKC (Zemlickova et al., 2004).
Further studies are required to address whether LTCC is func-
tionally required and whether Ca?* through PKC regulates
CK1a, in HSCs. The link between NFAT and IFNy in HSCs is
physiologically significant as IFNy plays a critical role in the
activation of HSCs (Baldridge et al., 2010; Essers et al., 2009).
We would like to point out that IFNy can also be produced by
other cells, such as Treg. Taken together, Fmi- and Fz8-medi-
ated noncanonical Wnt signaling maintains quiescence, partially
through downregulation of IFNy expression, and partially via
antagonizing canonical Wnt signaling (Figure 7C).

Noncanonical and Canonical Wnt Signaling Have
Distinguished Roles, Respectively, in Maintenance
versus Activation of HSCs

Wnt signaling, particularly the canonical pathway through activa-
tion of B-catenin, has been shown across several species to
be prominent in regulating stem cell self-renewal in both embry-
onic and adult stem cells (Blanpain and Fuchs, 2009; Reya et al.,
2003; van de Wetering et al., 2002; Ying et al., 2008). The role of
canonical Wnt signaling in HSC maintenance, though, is debat-
able. For example, forced expression of Dkk1 in osteoblasts
suppressed canonical Wnt signaling in HSCs, accompanied by
a decrease in quiescent HSCs (Fleming et al., 2008). However,
other studies showed that Dkk1-transgenic mice had a defect

D) Ca?* level in LT-HSCs in Wt and Fz8~'~ mice.
E) NFAT and CK1a. localization in LRC of Wt and Fz8 '~ mice.

H and I) LSK from Fmi-shRNA Fz8-shRNA transfected mice were stained with NFAT.

(
(
(F and G) Fmi, Fz8, and NFAT staining in sorted HSCs. Scale bar, 5 uM.
(
(

J) NFAT immunostaining of LT-HSCs.
K-O) IFN~y expression in LT-HSCs.

(
(P and Q) B-catenin-pS552 staining (P) and TOP-GAL and Axin2-d2EGFP (Q) staining in LT-HSCs.
(

R) Axin2 expression in HSCs.

(S) Expression of quiescence-related genes.
(T) Immunostaining of NFAT.

(U and V) Cell-cycle analysis of GFP*LSK cells.

(W) Percentage of quiescent HSCs. *p < 0.05. **p < 0.01. ***p < 0.001. Values shown as mean + SD.

See Figure S7.
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A

Figure 7. Noncanonical Wnt Signaling
| Maintains Quiescent LT-HSCs through Fmi

and Fz8 Interaction in the Niche

(A) The sagittal section of Femur.

(B) N-cad+ OBs maintain a predominant non-

canonical Wnt signaling that maintain quiescent

HSCs during homeostasis.

(C) Fz8 suppresses Ca2*-NFAT nuclear trans-

location and NFAT-dependent /FNvy expression.

(D) Upregulation of canonical Wnt signaling and

HSC activation in response to 5FU treatment.

(E) Decrease in Fmi-Fz8-mediated noncanonical

Wnt signaling resulted from NFAT-induced /FNy

expression and an increase in canonical Wnt

signaling, thus together promoting HSC activation.

peri et al., 2008). Consistent with this
observation, we found that, in response
to 5FU-induced BM damage, noncanoni-
cal Wnt signaling in N-cad*OBs was
attenuated and canonical Wnt signaling
was enhanced along with activation of
HSCs (Figures 7D and 7E). Our observa-
tion provides evidence to distinguish the
respective roles of noncanonical and
canonical Wnt signaling in maintenance
versus activation and expansion of HSCs.

EXPERIMENTAL PROCEDURES

Animals

The transgenic mice used were Flamingo ™,
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in trabecular bone (TB) formation (Guo et al., 2010; Li et al.,
2006), which is consistent with the observation that absence of
B-catenin in osteoblasts led to a defect in TB formation and
a subsequent decrease of quiescent HSCs (Nemeth et al.,
2009). It is interesting that forced expression of Wif1 in osteo-
blasts led to a reduction of quiescent HSCs but did not alter
bone architecture (Schaniel et al., 2011). This can be explained
by the role of Wif1 in inhibiting noncanonical Wnt signaling (Hsieh
et al.,, 1999), and thus increasing canonical Wnt signaling in
HSCs (as evidenced by increased Wnt3a).

The association of noncanonical Wnt signaling with
N-cad*OBs provides an insight to reconciling previous contra-
dictory observations. For example, Fmi, as an atypical cadherin
family molecule, mediates a homophilic interaction between
N-cad*OBs and HSCs and provides a redundant role as that of
N-cadherin in mediating HSC-niche interaction (Figure 7C).
This may account for the subtle phenotype seen in the N-cad
conditional knockout model (Kiel et al., 2008).

N-cad*OBs may not simply play a passive role in maintaining
quiescent HSCs, as they have been implicated to facilitate HSC
expansion in response to irradiation-induced BM damage (Dom-
inici et al., 2009). Another report showed the correlation between
the number of HSCs and N-cad*OBs, but not mature OBs (Lym-
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Frizzled8™'~, TRE-mCMV-H2B-GFP, Tal1-tTA,

Nestin-GFP, Col2.3-GFP, CD31-GFP, TOP-GAL,

and Axin2-d2EGFP. All mice used in this study

were housed in the animal facility at the Stowers
Institute for Medical Research (SIMR) and handled according to SIMR and
National Institutes of Health (NIH) guidelines. All procedures were approved
by the Institutional Animal Care and Use Committee (IACUC) of SIMR.

Flow Cytometry

For phenotype analysis, hematopoietic cells were harvested from BM (femur
and tibia), spleen, and peripheral blood and lysed. TB and CB were separated
according to a previous report (Grassinger et al., 2010). Cell sorting and anal-
ysis were performed using a MoFlo (Dako), InFlux Cell Sorter (BD Biosciences),
and/or CyAn ADP (Dako). Data analysis was performed using FlowJo software.

Calcium Level Assay

BM cells were incubated in PBS/2% fetal bovine serum (FBS) containing
Fluo-3 (Molecular Probes) according to the manufacturer’s instructions. lono-
mycin (Sigma) was used as a positive control to measure intracellular Ca*
level in LT-HSCs.

Mitochondrial Activity Assay

BM cells were incubated in PBS/2% FBS containing Mitotracker Green FM
(Molecular Probes) according to the manufacturer’s instructions. The Mito-
tracker signal was measured by fluorescein isothiocyanate (FITC) channel in
flow cytometry.

Transplantation
Two hundred sorted LSK cells and 2 x 10° rescue BM cells were transplanted
for Flamingo and Frizzled8 knockout model. Propidium iode staining was



conducted to determine viability of sorted LSK. Fifty percent of cells were alive,
which means sorted 200 LSK contained 100 live cells. The mice were analyzed
at indicated times posttransplantation.

Repopulation Assay

Sixteen weeks posttransplantation, peripheral blood was collected from
submandibular vein. The hematopoietic repopulation was measured from
donor-derived blood cells (CD45.2).

RNA Sequencing

The RNA sequencing library was prepared from approximately 200 ng RNA
and sequencing on an lllumina HiSeq 2000. The samples were CD31-GFP*
(VEGFR2*CD45 Ter1197) cells, Nestin-GFP* (CD45 CD31 Ter1197) cells,
N-cad*OBs (CD45 CD31 Ter1197), and mature OBs Col2.3-GFP*
(CD45-CD31 Ter1197) for each sample using lllumina TruSeq RNA Sample
Prep Kit (catalog number FC-122-1001).

Immunostaining

Paraffin sections of bone were deparaffinized at 60°C for 20 min. Then, the
sections were treated with 100% Xylen for 5 min twice, 100% ethanol for
5 min, 95% ethanol for 5 min, 70% ethanol for 5 min, water rinse for 1 min, fol-
lowed by antigen retrieval with citrate buffer at 90°C for 10 min. Blocking was
conducted with Universal Blocking Reagent (BioGenex). For immunostaining
of sorted cells, cells were sorted on to lysine-coated slides and fixed with
chilled methanol for 10 min followed by blocking and staining with primary anti-
body. For high-resolution 3D images, the Z-stack images from LSM 510 VIS
Confocal Microscopy (Zeiss) were analyzed with Imaris software (Bitplane).

Statistics

Statistics were analyzed with Student’s t test. The results were shown with SD.
For additional information, see the Extended Experimental Procedures in the
Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, and
seven figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2012.05.041.
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