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Znhit1 controls intestinal stem cell maintenance by
regulating H2A.Z incorporation
Bing Zhao1,2, Ying Chen1,3, Ning Jiang1, Li Yang1, Shenfei Sun1,3, Yan Zhang2, Zengqi Wen4, Lorraine Ray2,

Han Liu1, Guoli Hou3 & Xinhua Lin1,2

Lgr5+ stem cells are crucial to gut epithelium homeostasis; however, how these cells are

maintained is not fully understood. Zinc finger HIT-type containing 1 (Znhit1) is an evolu-

tionarily conserved subunit of the SRCAP chromosome remodeling complex. Currently, the

function of Znhit1 in vivo and its working mechanism in the SRCAP complex are unknown.

Here we show that deletion of Znhit1 in intestinal epithelium depletes Lgr5+ stem cells thus

disrupts intestinal homeostasis postnatal establishment and maintenance. Mechanistically,

Znhit1 incorporates histone variant H2A.Z into TSS region of genes involved in Lgr5+ stem

cell fate determination, including Lgr5, Tgfb1 and Tgfbr2, for subsequent transcriptional reg-

ulation. Importantly, Znhit1 promotes the interaction between H2A.Z and YL1 (H2A.Z cha-

perone) by controlling YL1 phosphorylation. These results demonstrate that Znhit1/H2A.Z is

essential for Lgr5+ stem cell maintenance and intestinal homeostasis. Our findings identified

a dominant role of Znhit1/H2A.Z in controlling mammalian organ development and tissue

homeostasis in vivo.
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The adult small intestinal epithelium is composed of two
compartments: differentiated villi and proliferating crypts.
Continuous renewal of the adult intestinal tissue is sup-

ported by Lgr5+ intestinal stem cells (ISCs) positioned at the
bottom of the crypts. These adult ISCs divide to generate stem
cells and transit amplifying daughter cells, which further give rise
to various terminally differentiated progenies: absorptive enter-
ocyte, secretory goblet, enteroendocrine, tuft, and Paneth cells1–6.
Several signaling pathways, including Wnt7–10, PI3K-Akt11,12,
transforming growth factor beta (TGF-β)13–15, and Notch7,16,17,
have been demonstrated to regulate the self-renewal and differ-
entiation of Lgr5+ ISCs. However, it is still unclear how epigenetic
regulators and chromatin remodeling factors determine the fate of
these cells through altering gene expression patterns. In particular,
the role played by histone variants in controlling Lgr5+ ISC sig-
nature gene expressions, thus fate determination remains to be
completely unknown.

In addition to the importance of understanding how intestinal
homeostasis is maintained in adults, it is equally important to
investigate the origin and specification of intestinal epithelial cells,
especially Lgr5+ ISCs. The development of intestinal epithelium is
initiated by forming of flat luminal epithelium in primitive gut
tube (E9.5–E14.5)18,19. Then, differentiation-derived remodeling
takes place and gives rise to villi and inter-villi (E15.5–E18.5). It
has been shown that Lgr5+ ISC progenitors appear at the inter-
villi regions in a Wnt-dependent manner during this stage20–23. In
the end, Lgr5+ ISCs are generated (E18.5–Postnatal D7), which
finalize the establishment of crypts and adult epithelium home-
ostasis3. Among these developmental processes, the mechanism of
how Lgr5+ ISCs are generated after birth is poorly understood.

Modifications of chromatin structures allowing transcriptional
activation or repression of particular sets of genes are essential for
stem cell self-renewal and differentiation24,25. At the molecular
level, this structural change can be brought by the replacement of
canonical histone H2A with histone variant H2A.Z, which leads
to chromatin remodeling and subsequent gene expression chan-
ges26–30. It is currently unknown about the incorporation or
function of H2A.Z in mammalian organogenesis and tissue
homeostasis. Previous studies have shown that both Znhit1 and
YL1 are components of SRCAP (SNF-2 related CBP activator
protein) complex, which can regulate the incorporation of H2A.Z
into chromosome31–34. Moreover, a previous study in cultured
myoblasts has shown that Znhit1 can bind to myogenin promoter
and mediate H2A.Z incorporation for its expression35. However,
as the genetic loss of function mutant mouse for Znhit1 is cur-
rently unavailable, the in vivo role of Znhit1 in development and
tissue homeostasis is completely unknown. Furthermore, it is also
unclear about the mechanism(s) of how Znhit1 and YL1 act in
SRCAP complex to influence H2A.Z incorporation.

In this study, we establish Znhit1 conditional knockout mouse
strain and examine its role in intestinal epithelium homeostasis
establishment and maintenance. We show that Znhit1 supports
Lgr5+ ISCs through regulating the expression of Lgr5, Tgfb1, and
Tgfbr2, which are critical genes involved in Lgr5+ ISC fate
determination. We further demonstrate that Znhit1 mediates the
incorporation of histone variant H2A.Z into the TSS regions of
these genes for transcriptional regulation. Our findings establish
the essential role of Znhit1/H2A.Z in controlling Lgr5+ ISC
maintenance and intestinal homeostasis, which implicates a
therapeutic target in the intervention of gastrointestinal
epithelium-related diseases.

Results
Znhit1 deletion disrupts postnatal generation of Lgr5+ ISC.
To determine the expression pattern of Znhit1 in intestinal

epithelium, we performed Znhit1 in situ in 8-week-old C57BL/6
mouse intestine section and found that the Znhit1 transcription
was greatly enriched at the bottom of crypts (Fig. 1a). Con-
sistently, RT-qPCR revealed that Znhit1 mRNA was abundant in
isolated crypts compared to villi (Supplementary Fig. 1a). Then,
we dissociated Lgr5-EGFP-IRES-creERT21 crypts into single cells
and sorted Lgr5+ ISCs (GFPhi), daughter progenitor cells
(GFPlow), and other crypt cells (GFPneg) using FACS (Supple-
mentary Fig. 1b). We found that Lgr5+ ISCs had robust Znhit1
expression, while their daughter progenitor cells and other crypt
cells had significantly reduced Znhit1 expression (Supplementary
Fig. 1b). This ISC-enriched expression pattern suggests that
Znhit1 might be involved in the regulation of Lgr5+ ISC fate
determination.

To investigate the functions of Znhit1 in intestinal develop-
ment and homeostasis, we generated Znhit1 conditional knock-
out mice by inserting two loxp sites into upstream of exon 3 and
downstream of exon 5 (Supplementary Fig. 2a), then employed
Villin-cre to generate gut epithelium-specific deletion. The
knockout efficiency was confirmed through the examination of
Znhit1 mRNA and protein levels (Supplementary Fig. 2b–d).
Znhit1fl/fl; Villin-cre mice were born normally but exhibited
intestinal epithelium dysfunction after birth: dramatic body
weight decrease leads to 30% mice death following the first
postnatal week (Fig. 1b, c), while the survived ones showed
obvious growth retardation at P30 (Fig. 1c). As shown in Fig. 1d,
intestinal villi and inter-villi structures appear to be normal in
both Znhit1fl/+; Villin-cre and Znhit1fl/fl; Villin-cre mice at E18.5,
indicating that Znhit1 had no obvious effect on embryonic
development of intestinal epithelium. However, during the
postnatal crypt morphogenesis stage, enlarged crypts and
defective villi were observed in Znhit1fl/fl; Villin-cre mice at P9
(Fig. 1d, e). This failed establishment of postnatal intestinal
epithelium homeostasis well explained the phenotype of
individuals.

Defective villi could be due to either impaired terminal
differentiation or crypt dysfunction11. We found that the terminal
differentiation of enterocytes (pan-differentiation marked by
Krt20), goblet cells (marked by Mucin2), or enteroendocrine cells
(marked by Chr-A) was not affected by Znhit1 deletion (Fig. 1e
and Supplementary Fig. 3). To further examine whether these
Znhit1-deficient crypts are functional, we mechanically disso-
ciated intestinal crypts from Znhit1fl/+; Villin-cre and Znhit1fl/fl;
Villin-cre mice at P9 and subjected them to in vitro culture
according to the previous report2. We found that newly-formed
tiny crypts isolated from Znhit1fl/+; Villin-cre mice could
efficiently survive and give rise to intestinal organoids, while
the enlarged crypts isolated from Znhit1fl/fl; Villin-cre mice
completely lost this ability (Fig. 1f).

Lgr5+ intestinal ISCs are critical for both crypt function
maintenance in vivo and organoid construction in vitro1,2.
Therefore, we hypothesized that Znhit1 deficiency disrupted the
postnatal establishment of functional crypts through restricting
Lgr5+ ISCs. To test this, we employed Lgr5-EGFP-IRES-creERT2
strain1 to reveal the Lgr5+ ISCs and found that Lgr5+ ISCs were
depleted in Znhit1-deficient intestinal epithelium at P9 (Fig. 1g).
In addition, quantitative in situ assay showed that deletion of
Znhit1 led to diminished mRNA expression of Lgr5 and Olfm4 (a
robust Lgr5+ ISC marker36,37) at the bottom of crypts (Fig. 1h).
Interestingly, Znhit1 deficiency had no restricting effect on
expression of Lgr5, Ascl2, or Olfm4 at P0 but initiated Lgr5
downregulation after birth (Fig. 1i, j), suggesting that Znhit1 is
required for the postnatal generation of Lgr5+ ISCs rather than
on embryonic development of Lgr5+ progenitor cells. These data
suggest that Znhit1 is essential for Lgr5+ ISC postnatal
generation thus functional crypts establishment.
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Znhit1 is essential for Lgr5+ ISC maintenance. Next, we
examined the roles of Znhit1 in adult intestinal epithelium
homeostasis maintenance by generated Znhit1 inducible knock-
out mice. Four-day tamoxifen administration followed by 7-day
waiting period extinguished Znhit1 in 2-month-old mice intest-
inal epithelium (Supplementary Fig. 4a), which led to dramatic
body weight decrease and consequent individual death (Fig. 2a,

b). Histological analysis revealed the enlarged crypts and defective
villi in Znhit1-deficient intestinal epithelium (Supplementary
Fig. 4b, c). Furthermore, Lgr5+ ISCs were removed from adult
intestinal crypts after Znhit1 deletion (Fig. 2c), which caused a
loss of crypt function in generating organoids (Fig. 2d).

We then set out to examine whether Znhit1 maintains Lgr5+
ISCs in a cell-autonomous manner. Znhit1 was specifically
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deleted in Lgr5+ ISCs employing Znhit1fl/fl; Olfm4-IRES-
eGFPcreERT2 mice38, in which the behavior of Lgr5+ ISCs could
be easily followed by eGFP fluorescence. Indeed, 3-day tamoxifen
administration followed by 4-day waiting period led to the
restriction of Lgr5+ ISCs (Fig. 2e). Western blot quantification
showed a significant decrease of Olfm4-derived eGFP protein
level in intestinal crypts (Fig. 2f), indicating inhibited stemness of
Lgr5+ ISCs. Consistently, Lgr5+ ISC-specific deletion of Znhit1
led to impaired organoid generating ability of intestinal crypts
(Fig. 2g). Moreover, the Znhit1fl/fl; Olfm4-IRES-eGFPcreERT2
mice subjected to long-term tamoxifen administration showed
body weight decrease and intestinal epithelium transformation
(Fig. 2h and Supplementary Fig. 5), which well mimicked the
phenotype of Villin-creERT-mediated entire epithelium deletion.
Taken together, these results demonstrate that Znhit1 plays
critical roles in intestinal homeostasis establishment and main-
tenance through supporting Lgr5+ ISCs.

Znhit1 determines the fate of Lgr5+ ISC. To understand the
underlying mechanisms of how Znhit1 supports Lgr5+ ISC and
crypt function, we isolated intestinal crypts from 2-month-old
Villin-creERT and Znhit1fl/fl; Villin-creERT mice at day 11 after
tamoxifen administration. These intestinal crypts were subjected
to examination of the gene expression profiles. RNA-sequencing
revealed that Znhit1 deletion induced a significant down-
regulation of 15 Lgr5+ ISC signature genes36 (Supplementary
Fig. 6), including Lgr5, Olfm4, Clic6, Dach1, Esrrg, and Scn2b
(Fig. 3a, qPCR verification in Fig. 3b). While several other well-
characterized Lgr5+ ISC signature genes, such as Ascl2,Msi1, and
Cdk6, were not affected by Znhit1 deletion (Supplementary
Fig. 7a). Moreover, we observed a dramatic upregulation of two
critical TGF-β signaling mediators, Tgfb1 and Tgfbr239, in Znhit1-
deficient crypts (Fig. 3a, b), which was confirmed at protein level
by immunostaining (Fig. 3c). Consistently, Lgr5+ ISC-specific
Znhit1 deletion also resulted in the downregulation of Lgr5,
Olfm4, and Clic6 while the upregulation of Tgfb1 and Tgfbr2
(Fig. 3d), supporting the idea that the expression of these fate-
determining genes is under control of Znhit1 in Lgr5+ ISCs.

Lgr5 is well characterized as a Wnt target gene specifically
expressed in Lgr5+ ISCs, which directly mediates their fate
determination40–44. Therefore, specific downregulation of Lgr5
expression might contribute to Lgr5+ ISCs depletion caused by
Znhit1 deletion. Notably, there was no change of either Ascl2
(Supplementary Fig. 7a), which is a Wnt-targeted master
transcription factor activating Lgr5 transcription45, or Axin2
(Supplementary Fig. 7a, b), which is a classic Wnt signaling
activity indicator46, suggesting that Znhit1 regulates Lgr5 gene
expression without affecting Wnt signaling. In addition, increased
expression of Tgfb1 and Tgfbr2 resulted in enhanced phosphor-
ylation of Smad2 (Fig. 3e and Supplementary Fig. 8), which is an

indicator of TGF-β signaling activity39,47, suggesting that TGF-β
activation might also participate in the negative effect of Znhit1
deficiency on Lgr5+ ISCs. Remarkably, reconstitution of Lgr5
expression through hyperactivating Wnt signaling with
CHIR9902148,49 and inhibition of TGF-β signaling activity with
SB43154250 could cooperate to rescue the crypt dysfunction
caused by ISC-specific Znhit1 deletion (Fig. 3f). The ablated
robust expression of Lgr5 and Olfm4 was reestablished as well
(Fig. 3g), supporting the idea that both Lgr5 suppression and
TGF-β activation are involved in Lgr5+ ISCs depletion after
Znhit1 deletion.

As previous studies revealed a critical role of TGF-β signaling in
Paneth cells differentiation13, we also examined the presence of
Paneth cells in Znhit1-deficient crypts. Indeed, Znhit1 deficiency
led to the expansion of Paneth population, illustrated by the
upregulation of Paneth cell markers Pla2g2e and Lyz2 (Fig. 3a, b, d)
and increased lysozyme staining (Supplementary Fig. 9). These
data are consistent with our observation of upregulated TGF-β
signaling activity in the Znhit1 mutant mice.

Znhit1 incorporates H2A.Z for transcriptional regulation. As a
component of SRCAP complex, Znhit1 has been shown to reg-
ulate histone variant H2A.Z deposition, thereby controlling gene
transcription26,31,35. To determine whether Znhit1 regulates the
transcription of fate-determining genes in intestinal epithelium
through altering the H2A.Z deposition at the gene loci, we per-
formed H2A.Z genome-wide chromatin immunoprecipitation
and sequencing (ChIP-seq) analysis on wild-type and Znhit1-
deficient crypts. ChIP-seq data revealed 6506 H2A.Z-binding sites
in wild-type crypts, of which, 88.55% were within the annotated
gene regions, including promoter-proximal (−5 to −0.5 kb from
TSS), TSS region (−0.5 to +0.5 kb from TSS), and non-TSS exon
and intron (Fig. 4a). Of note, more than half of the peaks (3859
peaks, 59.3%) were restricted in TSS regions, which is in con-
sistent with previous reports showing the association of H2A.Z
with functional regulatory elements close to TSS in mammalian
genome29,30,51. Furthermore, most of the H2A.Z-binding sites,
especially the TSS-located ones, were removed from genome by
Znhit1 deletion (Ereg and Fbp1 loci were shown as examples)
(Fig. 4a), demonstrating that Znhit1 is essential for global H2A.Z
deposition.

The TSS-located H2A.Z-binding sites, which have the largest
potential in regulating gene transcription, were annotated to a
total of 3698 genes. Comparing them with 949 Znhit1-regulated
genes identified in RNA-seq, we found that 107 Znhit1-regulated
genes had H2A.Z occupation in TSS regions (Fig. 4b and gene list
in Supplementary Table 1). GO analysis indicated the enrichment
of regulation of cell proliferation, pathway-restricted SMAD
protein phosphorylation, and organ regeneration (Supplementary
Fig. 10). Remarkably, the four Znhit1-regulated fate-determining

Fig. 1 Znhit1 deletion disrupts postnatal generation of Lgr5+ ISC. a Znhit1 in situ was performed in intestinal section of 8-week-old C57BL/6 mouse. Scale
bar, 50 μm. b Body weight comparison between Znhit1fl/+; Villin-cre and Znhit1fl/fl; Villin-cre mice at indicated time. The data represent mean ± s.d. (n= 5
mice per group). Wilcoxon’s rank sum test: **P < 0.01. *P < 0.05. c Kaplan–Meier survival curves of Znhit1fl/+; Villin-cre and Znhit1fl/fl; Villin-cremice (n= 19
mice per genotype) and body size comparison between survived mice at P30. Scale bar, 2 cm. d Paraffin-embedded intestine tissues were stained with
hematoxylin and eosin. e Ki67 and Krt20 staining of intestinal sections from Znhit1fl/+; Villin-cre and Znhit1fl/fl; Villin-cre mice at P9. f Intestinal crypts were
isolated from Znhit1fl/+; Villin-cre and Znhit1fl/fl; Villin-cre mice at P9, embedded in Matrigel (100 crypts per well) and cultured for 3 days. The statistical
analysis of organoid numbers (n= 5 mice per genotype) was shown as mean ± s.d. Student’s t-test: ***P < 0.001. g GFP staining of intestinal sections from
Znhit1fl/+; Villin-cre; Lgr5-EGFP-IRES-creERT2 and Znhit1fl/fl; Villin-cre; Lgr5-EGFP-IRES-creERT2 mice at P9. Arrows: Lgr5+ ISCs. h Lgr5 and Olfm4 in situ were
performed in intestinal sections at P9. i Intestine was harvested from Znhit1fl/+; Villin-cre (fl/+) and Znhit1fl/fl; Villin-cre (fl/fl) mice at P0 to examine the
expression of Znhit1, Lgr5, Ascl2, and Olfm4 using qRT-PCR. j Intestine was harvested from Znhit1fl/+; Villin-cre (fl/+) and Znhit1fl/fl; Villin-cre (fl/fl) mice at
indicated time to examine Lgr5 expression using qRT-PCR. For qRT-PCR, histone H3 was used as an internal control. The statistical data represent mean ±
s.d. (n= 3 mice per genotype). Student’s t-test: ***P < 0.001. *P < 0.05. All images are representative of n= 3 mice per genotype. Scale bar, 50 μm
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Fig. 2 Znhit1 is essential for Lgr5+ ISC maintenance thus intestinal homeostasis. a Eight-week-old Villin-creERT and Znhit1fl/fl; Villin-creERT mice were daily
injected with tamoxifen for 4 days followed by 7-day waiting period. Top: Scheme of Cre induction strategy. Bottom: Body weight comparison between
Villin-creERT and Znhit1fl/fl; Villin-creERTmice at indicated time following tamoxifen treatment. (n= 5 mice per genotype). b Kaplan–Meier survival curves of
Villin-creERT and Znhit1fl/fl; Villin-creERT mice post tamoxifen administration (n= 9 mice per genotype). c Olfm4 in situ was performed in intestinal sections
from Villin-creERT and Znhit1fl/fl; Villin-creERT mice following tamoxifen treatment. d Intestinal crypts were isolated from Villin-creERT and Znhit1fl/fl; Villin-
creERT mice following tamoxifen treatment, embedded in Matrigel (100 crypts per well) and cultured for 2 days. The statistical analysis of organoid
numbers (n= 3 mice per genotype) was shown. e Eight-week-old Znhit1+/+; Olfm4-IRES-eGFPCreERT2 and Znhit1fl/fl; Olfm4-IRES-eGFPCreERT2 mice were
daily injected with tamoxifen for 3 days followed by 4-day waiting period, then Lgr5+ ISCs were examined by confocal cross-sectioning. The GFP+ cells
were quantified for statistical analysis (n= 3 mice per genotype). f Intestinal crypts were isolated from Znhit1+/+; Olfm4-IRES-eGFPCreERT2 (+/+) and
Znhit1fl/fl; Olfm4-IRES-eGFPCreERT2 (fl/fl) mice following tamoxifen treatment for immunoblotting with the indicated antibodies. GAPDH served as a
loading control. The statistical data represent mean+ s.d. (n= 3 mice per genotype). g Intestinal crypts were isolated from Znhit1+/+; Olfm4-IRES-
eGFPCreERT2 (+/+) and Znhit1fl/fl; Olfm4-IRES-eGFPCreERT2 (fl/fl) mice following tamoxifen treatment, embedded in Matrigel (100 crypts per well) and
cultured for 7 days. The organoid buddings were quantified for statistical analysis (n= 5 mice per genotype). h Znhit1+/+; Olfm4-IRES-eGFPCreERT2 and
Znhit1fl/fl; Olfm4-IRES-eGFPCreERT2 mice were daily injected with tamoxifen for 4 days followed by 7-day waiting period. Body weight comparison was
shown (n= 3 mice per genotype). The statistical data represent mean ± s.d. Student’s t-test: ***P < 0.001. All images are representative of n= 3 mice per
genotype. Scale bar, 50 μm
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genes, Lgr5, Clic6, Tgfb1, and Tgfbr2, all had prominent H2A.Z
ChIP-seq signals in their TSS regions, which could not be
detected after Znhit1-deletion (Fig. 4c). ChIP-qPCR further
confirmed the removal of H2A.Z incorporation into TSS regions
of Lgr5, Clic6, Tgfb1, and Tgfbr2 caused by Znhit1 deficiency

(Fig. 4d). These data suggest that Znhit1 might directly regulate
the transcription of these genes through mediating H2A.Z TSS
incorporation.

We employed H2A.Z conditional knockout mice to assess
further the significance of H2A.Z in transcription regulation of
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these fate-determining genes. H2A.Z has two isoforms in mouse,
H2afv and H2afz, which are encoded by separated loci52.
Consistently, knockout of both of the two isoforms, efficiently
suppressed the expression of Lgr5 and Clic6, while enhanced the
expression of Tgfb1 and Tgfbr2 (Fig. 4e). Moreover, H2afv and
H2afz double knockout, but not single isoform deletion, led to
dramatic body weight decrease, intestinal epithelium transforma-
tion and crypt dysfunction (Supplementary Fig. 11a–c), which
well mimicked the Znhit1-deficient defects. Taken together, we
demonstrate that Znhit1 regulates the expression of fate-
determining genes through mediating H2A.Z incorporation into
their TSS regions.

To investigate how TSS H2A.Z incorporation regulates gene
transcription, we performed ChIP-qPCR to examine the histone
H3 epigenetic modification landmarks at different loci in wild-
type and H2A.Z-deficient crypts. We found that Lgr5 TSS region
had an original enrichment of H3K4me3 (transcription activation
landmark), while Tgfb1 TSS region had an original enrichment of
H3K27me3 (transcription suppression landmark) (Fig. 4f). Both
H3K4me3 and H3K27me3 landmarks were efficiently ablated
after H2A.Z deletion (Fig. 4f), suggesting that the histone H3
methylation status might determine the opposite regulatory
effects of H2A.Z on transcription of different genes (upregulation
of Lgr5 and Clic6, while downregulation of Tgfb1 and Tgfbr2).
Interestingly, as H2A.Z deficiency did not disrupt the balance
between H3K4me3 and H3K27me3 on TSS region of Mettl3 or
Prmt1 (Fig. 4f), the transcription was not affected (Fig. 4e). These
data together suggest that H2A.Z specifically controls gene
transcription through permitting regulatory histone H3
methylations.

Znhit1 enhances the interaction between H2A.Z and YL1. We
further explored the molecular mechanism of how Znhit1 med-
iates H2A.Z incorporation. As it is unknown how Znhit1 func-
tions in SRCAP complex, we first examine whether Znhit1
deficiency can affect the stability or modification of other key
components. Interestingly, we observed a novel form of YL1
above the main band in wild-type but not Znhit1-deficient
intestinal crypts (Fig. 5a). This form of YL1 could be detected by
anti-phospho-serine/threonine (p-Akt substrate) antibody
(Fig. 5b) and was sensitive to shrimp alkaline phosphatase (rSAP)
treatment (Fig. 5c), indicating that it is a phosphorylated form of
YL1. Importantly, immunoprecipitation revealed that Znhit1
deletion efficiently abolished the interaction between p-Akt and
YL1 without affecting Akt activity (Fig. 5d), indicating that
Znhit1 is essential for the binding of p-Akt to YL1 and con-
sequent YL1 phosphorylation.

Recent studies show that YL1 directly interacts with H2A.Z
and mediates its deposition33,34. Of note, the phosphorylated
YL1 showed stronger affinity with H2A.Z than non-

phosphorylated YL1 (Fig. 5e). Ablating YL phosphorylation in
crypt lysis by rSAP or in cultured organoids by PI3K-Akt
inhibitor LY294002 eliminated the binding of YL1 to H2A.Z
(Fig. 5f, g). These data suggest that Znhit1 might promote the
binding of YL1 to H2A.Z through supporting YL1 phosphoryla-
tion. Indeed, Znhit1 interacted with YL1 (Fig. 5f) and its deletion
efficiently abolished the interaction between H2A.Z and YL1
(Fig. 5h). Taken together, we demonstrate that Znhit1 maintains
the interaction between H2A.Z and YL1 through enhancing YL1
phosphorylation.

Discussion
Lgr5+ ISCs play a dominant role in maintaining gastrointestinal
epithelium homeostasis. As the population abnormality has been
directly linked to intestinal epithelium degeneration and colonic
tumorogenesis12,53, understanding the mechanism of how Lgr5+
ISCs are generated and maintained would provide potential
therapeutic intervention of gastrointestinal diseases4,54. Here, we
examine the critical roles of Znhit1 in intestinal epithelium
homeostasis establishment and maintenance and demonstrate
that Znhit1 is essential for Lgr5+ ISC self-renewal. Our experi-
mental data favor a model for Znhit1 in determining the fate of
Lgr5+ ISCs: Znhit1 promotes the interaction between H2A.Z and
YL1 thus mediates H2A.Z incorporation into TSS region of Lgr5,
Tgfb1, and Tgfbr2 for transcriptional regulation; Znhit1 deficiency
leads to Lgr5 suppression and TGF-β signaling activation, which
drive the self-renewal to differentiation transition of Lgr5+ ISCs
(Fig. 5h). Previous studies of Lgr5+ ISC fate determination
mainly focused on functions of signaling pathways and their
downstream effectors. Thus, to our knowledge, our study at the
first elucidate how chromosome remodeling factors control gene
expression pattern and thus Lgr5+ ISC fate determination.

Znhit1 deletion depletes Lgr5+ ISC from P9 intestinal epi-
thelium, demonstrating Znhit1 is essential for Lgr5+ ISC post-
natal generation. Notably, we observed that normal intestinal
epithelium underwent rapid crypt fission to increase the number
of crypts at P9, which was remarkably blocked by Znhit1 defi-
ciency. Previous studies recognized the expansion of ISCs or
progenitors as the major cause of crypt fission3, supporting the
idea that Znhit1 deficiency-caused Lgr5+ ISC depletion leads to
crypt fission failure thus morphological enlarged crypts. More-
over, in consistent with our observation of Paneth population
expansion after Znhit1 deletion, Garcia et al. reported that Lgr5
deficiency could lead to premature Paneth cell differentiation in
the small intestine22, suggesting Znhit1 deletion might also con-
tribute to secretory lineage differentiation through restricting
Lgr5+ ISCs. These results agree with our conclusion that Lgr5+
ISC depletion is the primary defect of Znhit1 deletion in intestinal
epithelium.

Fig. 3 Znhit1 controls the transcription of Lgr5+ ISC fate-determining genes. a, b Eight-week-old Villin-creERT (+/+) and Znhit1fl/fl; Villin-creERT (fl/fl) mice
were daily injected with tamoxifen for 4 days followed by 7-day waiting period. Intestinal crypts were harvested for RNA-seq (a) and qRT-PCR (b) to
analyze the gene expression changes. Clustered heatmap of log2-transformed RPKMs shows the differentially expressed genes after Znhit1 deletion. Log2-
transformed fold changes of indicated genes were marked in right. c Tgfb1 and Tgfbr2 staining of intestinal sections from Villin-creERT (+/+) and Znhit1fl/fl;
Villin-creERT (fl/fl) mice following tamoxifen treatment. d Eight-week-old Znhit1+/+; Olfm4-IRES-eGFPCreERT2 (+/+) and Znhit1fl/fl; Olfm4-IRES-
eGFPCreERT2 (fl/fl) mice were daily injected with tamoxifen for 3 days followed by 4-day waiting period. Intestinal crypts were harvested to examine the
expression of indicated genes using qRT-PCR. e Phospho-Smad2 staining of intestinal sections from Villin-creERT (+/+) and Znhit1fl/fl; Villin-creERT (fl/fl)
mice following tamoxifen treatment. f Intestinal crypts were isolated from Znhit1+/+; Olfm4-IRES-eGFPCreERT2 (+/+) and Znhit1fl/fl; Olfm4-IRES-
eGFPCreERT2 (fl/fl) mice following tamoxifen treatment and subjected to in vitro culture in the presence of 3 μM CHIR99021 and/or 10 μM SB431542 for
4 days. Mock: DMSO. g The cultured organoids were harvested to examine the expression of indicated genes using qRT-PCR. For qRT-PCR, histone H3
was used as an internal control. The statistical data represent mean ± s.d. (n= 3 mice per genotype or treatment). Student’s t-test: ***P < 0.001. **P < 0.01.
All images are representative of n= 3 mice per genotype. Scale bar, 50 μm
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Fig. 4 Znhit1 incorporates H2A.Z for transcriptional regulation. a Distribution of H2A.Z on genome of intestinal crypts. Eight-week-old Villin-creERT (+/+)
and Znhit1fl/fl; Villin-creERT (fl/fl) mice were daily injected with tamoxifen for 3 days followed by 5-day waiting period. Intestinal crypts were harvested for
ChIP-seq. ChIP-seq signals for H2A.Z binding at Ereg and Fbp1 loci were shown as examples. b Venn diagram showing the overlap between TSS H2A.Z
binding genes and Znhit1-regulated genes. The significance was evaluated by Fisher’s exact test. c ChIP-seq signals for H2A.Z binding at Lgr5, Clic6, Tgfbr2,
and Tgfb1 loci. d Eight-week-old Villin-creERT (+/+) and Znhit1fl/fl; Villin-creERT (fl/fl) mice were daily injected with tamoxifen for 3 days followed by 5-day
waiting period. Intestinal crypts were harvested and ChIP-qPCR was performed to examine the fold enrichment of H2A.Z in TSS region of indicated genes.
e Intestinal crypts were harvested from H2afv+/+; H2afz+/+; Villin-cre and H2afvfl/fl; H2afzfl/fl; Villin-cre mice at P9 to examine the expression of indicated
genes using qRT-PCR. Histone H3 was used as an internal control. f Intestinal crypts were harvested from H2afv+/+; H2afz+/+; Villin-cre and H2afvfl/fl;
H2afzfl/fl; Villin-cre mice at P9 and ChIP-qPCR was performed to examine the fold enrichment of H3K4me3 and H3K27me3 in TSS region of indicated
genes. The statistical data represent mean ± s.d. (n= 3 mice per genotype). Student’s t-test: ***P < 0.001. **P < 0.01. *P < 0.05
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To date, due to the lack of genetic mice tool, the in vivo
function of Znhit1 is unknown. Our studies pinpoint the critical
roles of Znhit1 in regulating Lgr5+ ISC activities and intestinal
homeostasis, providing the first description of Znhit1 in vivo
function. We further define Znhit1 as a H2A.Z global incor-
poration mediator in intestinal crypts and demonstrate Znhit1
exerts its function through H2A.Z, which uncover the
transcription-regulating effect of H2A.Z on fate-determining
genes in Lgr5+ ISCs. Worth to mention, although the functions
of H2A.Z in regulating chromosome structure and gene expres-
sions have been documented from yeast to human26, most

mammalian studies were performed in cultured cell lines28–
30,35,55–57. Our studies determine a dominant role of H2A.Z in
mammalian organ development and tissue homeostasis.

To reveal a global map of H2A.Z distribution on the genome of
mouse intestinal crypts, we performed anti-H2A.Z ChIP-seq
experiment. In consistent with previous anti-H2A.Z ChIP-seq
performed in ESC29,30, H2A.Z is highly accumulated at TSS
region of a large group of genes. Interestingly, although Znhit1
deletion removes most of the H2A.Z peaks, only 107 genes have
dramatic transcriptional change, indicating H2A.Z selectively
regulates a small part of the bound genes. Further experiments are
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Fig. 5 Znhit1 mediates H2A.Z incorporation by enhancing the interaction between H2A.Z and YL1. a Eight-week-old Znhit1+/+; Olfm4-IRES-eGFPCreERT2
(+/+) and Znhit1fl/fl; Olfm4-IRES-eGFPCreERT2 (fl/fl) mice were daily injected with tamoxifen for 3 days followed by 4-day waiting period, then intestinal
crypts were isolated for immunoblotting with the indicated antibodies. GAPDH served as a loading control. b Intestinal crypt (wild-type) were harvested for
anti-YL1 immunoprecipitation then anti-phospho-Ser/Thr (p-Akt substrate) immunoblotting. c Intestinal crypt (wild-type) lysis was treated with rSAP for
dephosphorylation then subjected to immunoblotting with the indicated antibodies. d Intestinal crypts were harvested from Znhit1+/+; Olfm4-IRES-
eGFPCreERT2 (+/+) and Znhit1fl/fl; Olfm4-IRES-eGFPCreERT2 (fl/fl) mice following tamoxifen treatment for anti-YL1 immunoprecipitation then anti-p-Akt
immunoblotting. WCL IB: whole cell lysis immunoblotting. e Intestinal crypts (wild-type) were harvested for anti-H2A.Z immunoprecipitation then anti-YL1
immunoblotting. Percentage of H2A.Z-bound phospho-YL1 (p-YL1) and non-phospho-YL1 (non-p-YL1) was quantitated. The statistical data represent
mean ± s.d. (n= 3 mice). Student’s t-test: ***P < 0.001. f Intestinal crypt (wild-type) lysis treated with rSAP were subjected to anti-YL1
immunoprecipitation then immunoblotting with the indicated antibodies. g Cultured organoids (wild-type) were treated with 25 μM LY294002 for 12 h
then harvested for anti-YL1 immunoprecipitation followed by immunoblotting. h Intestinal crypts were harvested from Znhit1+/+; Olfm4-IRES-eGFPCreERT2
(+/+) and Znhit1fl/fl; Olfm4-IRES-eGFPCreERT2 (fl/fl) mice following tamoxifen treatment for anti-YL1 immunoprecipitation then anti-H2A.Z
immunoblotting. i Working model of how Znhit1-mediated H2A.Z incorporation regulates the transcription of Lgr5+ ISC fate determiners
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needed to address the mechanism of how this selectivity is built
up timely and spatially, and how the epigenetic modifications of
DNA and histone work together on H2A.Z-bound gene pro-
moters to precisely control the expression of essential devel-
opmentally regulated genes.

Besides investigating the function of H2A.Z in gene expression
regulation, it is important to elucidate the molecular mechanism
of how H2A.Z is incorporated into chromatin. Recent studies
identified YL1 as the first specific H2A.Z-deposition chaperone.
However, it is unknown whether the interaction between H2A.Z
and YL1 can be regulated. Here, we demonstrate that Znhit1
mediates the global incorporation of H2A.Z through promoting
the interaction between H2A.Z and YL1 in intestinal crypts. At
the same time, we discover a Znhit1-dependent phosphorylation
of YL1, which directly controls its binding ability to H2A.Z. These
results greatly support the idea that H2A.Z incorporation is
dynamically regulated by Znhit1 and YL1. To further evaluate the
significance of YL1 phosphorylation in H2A.Z incorporation, the
phosphorylation site and involved kinase should be determined.

In summary, by employing conditional knockout mice and
taking intestinal epithelium as a research model, we address a
dominant role of Znhit1/H2A.Z in Lgr5+ ISC maintenance and
intestinal homeostasis, which leads the investigation of how
Znhit1/H2A.Z controls mammalian organ development and tis-
sue homeostasis in vivo.

Methods
Mice. Znhit1fl/fl mice were generated by Model Animal Research Center of Nanjing
University (MARC, Nanjing, China). The targeting strategy is shown in Supple-
mentary Fig. 2a. Genotyping primer pair: sense 5′-GTTGGGAGCATCTGCCT
TTC-3′, anti-sense 5′-CCCTGCCTACATCTGCACTAA-3′.

Villin-cre, Villin-creERT, and Lgr5-EGFP-IRES-creERT2 mice were obtained
from the Jackson Laboratory. Olfm4-IRES-eGFPcreERT2 mice were provided by
Hans Clevers. H2afvfl/fl/H2afzfl/fl mice were obtained from RIKEN BioResource
Center. All strains were maintained in C57BL/6 background. For Cre induction,
mice were intraperitoneally injected with 100 μl tamoxifen in sunflower oil at 20
mg/ml for 3–4 consecutive days.

All breeding and experimental procedures were performed in accordance with
the relevant guidelines and regulations and with the approval of the Institutional
Animal Care and Use Committee at Fudan University or Cincinnati Children’s
Hospital.

Reagents. Matrigel was purchased from BD Biosciences, recombinant mouse
Noggin, recombinant human R-Spondin1 from R&D Systems, recombinant mouse
EGF, advanced DMEM/F12, penicillin/streptomycin, GlutaMAX-I, N2, and B27
from Invitrogen, N-Acetylcysteine, BSA, EDTA, CHIR99021, SB431542, and
LY294002 were from Sigma, and rSAP from New England Biolabs.

Immunohistochemistry. Tissues were fixed with 4% paraformaldehyde and
embedded in paraffin. Sections were deparaffinized in xylene and graded alcohols,
followed by antigen retrieval, and endogenous peroxidase quenched by H2O2.
Sections were then blocked with 1% BSA in PBS for 30 min, and incubated
overnight at 4 °C with α-Ki67 (BD-550609, 1:200), α-Krt20 (CST-13063, 1:300), α-
Tgfb1 (Santa Cruz-sc130348, 1:300), α-Tgfbr2 (Santa Cruz-sc17792, 1:50), α-
phospho-Smad2 (CST-18338, 1:100), or α-Lysozyme (Santa Cruz-sc27958, 1:200).
Secondary biotinylated α-mouse IgG or α-rabbit IgG (Invitrogen, 1:5000) was
added for 30 min, followed by detection with streptavidin-HRP and DAB+
chromogen (Invitrogen) according to the manufacturer’s recommendations. Slides
were counterstained with Mayer’s hematoxylin, dehydrated, and mounted with
Eukitt (Sigma). Images were taken by Vectra Automated Quantitative Pathology
Imaging System (Perkin Elmer).

Isolation of intestinal crypts and organoid culture. Mouse intestine was isolated,
cut longitudinally, and washed twice with cold PBS. Villi were carefully scraped off
with operating scalpel. The remaining part was cut into small pieces (5 mm) and
incubated in 10 mM EDTA in PBS for 40 min on ice. After removal of EDTA, the
small pieces were vigorously suspended using a 10-ml pipette with cold PBS. The
supernatant, which enriched in crypts, was passed through 70 μm cell strainer (BD)
and centrifuged at 600 rpm for 3 min. The crypts obtained were embedded in
Matrigel, followed by seeding on a 48-well plate. After polymerization of Matrigel,
ENR crypt culture medium (advanced DMEM/F12 supplemented with penicillin/
streptomycin, GlutaMAX-I, N2, B27, and N-acetylcysteine containing 50 ng/ml

EGF, 100 ng/ml Noggin, and 500 ng/ml R-spondin1)12 was overlaid. For chemical
treatment, 3 μM CHIR99021 and 10 μM SB431542 were added in culture medium.

In situ hybridization. Intestines from mice were flushed with cold PBS and fixed
overnight in 4% paraformaldehyde. Samples were then dehydrated and embedded
in paraffin, sectioned at 5 µm, and processed to in situ hybridization with the RNA
scope 2.0 kit (Advanced Cell Diagnostics).

Quantitative RT-PCR (qRT-PCR). Total RNA was extracted with RNeasy Mini
Kit (QIAGEN) and cDNA was prepared using GoScript Reverse Transcription
System (Promega). Real-time PCR reactions were performed in triplicates on
CFX96 Touch System (BioRad). Primers used are listed in Supplementary Table 2.

RNA-seq. RNA from freshly isolated intestinal crypts was converted into cDNA
libraries using the Ovation® RNA-Seq System V2 kit (NuGEN). High-throughput
sequencing was performed using Illumina HiSeq X10 for 3 biological replicates,
respectively. For each sample, the RNA-seq data was mapped to mm10 genome by
TopHat v1.4.158 with no more than 2 mismatches, and then only the uniquely
mapped reads were used to estimate the expression values in gene level by
RPKM59. Statistical significant test of differentially expressed genes was performed
by DEseq with R. Genes with absolute log2-transformed fold changes greater than
1.7 were regarded as differentially expressed genes and a threshold of p value < 0.01
was used. Hierarchical clustering of log2-transformed RPKMs was generated by
Cluster 3.0 and visualized by Java TreeView. The raw NGS data were deposited to
the NCBI SRA database under accession number (SRP148616).

ChIP-qPCR and ChIP-seq. Freshly isolated intestinal crypts were cross-linked with
1% formaldehyde for 10 min at room temperature, quenched with glycine, and
successively washed with phosphate-buffered saline. The cells were then homo-
genized and resuspended in shearing buffer (1% SDS, 50 mM Tris–HCl pH 8.0, 10
mM EDTA pH 8.0) and sheared using Bioruptor Plus (Bioruptor) for 20 min with
the following settings: high power, 30 s on, 30 s off, 20 cycles. For each ChIP, 100 µl
of the sonicated chromatin was diluted to 0.06% SDS, incubated for 12 h at 4 °C
with 2 µl α-H2A.Z (Abcam-ab4174), α-H3K4me3 (CST-9751), or α-H3K27me3
(CST-9733) antibody and 20 µl of protein A/G magnetic beads (Millipore). The
beads were successively washed once with buffer 1 (50 mM Tris–HCl pH 8.0, 0.15
M NaCl, 1 mM EDTA pH 8.0, 0.1% SDS, 0.1% deoxycholate, 1% Triton X-100),
two times with buffer 2 (50 mM Tris–HCl pH 8.0, 0.5 M NaCl, 1 mM EDTA pH
8.0, 0.1% SDS, 0.1% deoxycholate, 1% Triton X-100), two times with buffer 3 (50
mM Tris–HCl pH 8.0, 0.5 M LiCl, 1 mM EDTA pH 8.0, 1% Nonidet P-40, 0.7%
deoxycholate), and two times with buffer 4 (10 mM Tris–HCl pH 8.0, 1 mM
EDTA, pH 8.0) for 10 min at 4 °C. Chromatin was eluted by incubation of the
beads with elution buffer (10 mM Tris–HCl pH 8.0, 0.3 M NaCl, 5 mM EDTA pH
8.0, 0.5% SDS, 1 µl RNaseA) for 3 h at 65 °C. After 2-h incubation with proteinase
K at 55 °C, DNA was extracted with phenol–chloroform and precipitated with
ethanol. ChIP-qPCR was performed with the primers listed in Supplementary
Table 3. Or the immunoprecipitated chromatin was subjected to library con-
struction and sequencing on Illumina HiSeq 2500 by BerryGenomics. Sequencing
reads were aligned to the reference genome (mm10) using Bowtie v1.1.1 with no
more than 2 mismatches, and then only the uniquely mapped reads were used for
peak calling analysis. The peaks detection was performed by MACS with default
cutoff. Peaks were assigned to the nearest genes using Homer. The raw NGS data
were deposited to the NCBI SRA database under accession number (SRP148519).

Immunoblotting and immunoprecipitation. These assays were performed using the
following antibodies: α-GFP (Clontech-8372-2, 1:2000), α-Znhit1 (Sigma-HPA019043,
1:100), α-GAPDH (Origene-TA802519, 1:2000), α-YL1 (Abcam-ab112055, 1:2000 for
IB, 1:100 for IP), α-phospho-Ser/Thr (p-Akt substrate) (CST-9614, 1:1000), α-p-Akt
(CST-4060, 1:2000), α-H2A.Z (Abcam-ab4174, 1:2000 for IB, 1:100 for IP), α-Akt
(CST-4685, 1:2000), and ECL HRP-conjugated α-mouse IgG and α-rabbit IgG (GE
Healthcare, 1:10,000). The experiments were repeated for at least three times, and
representative data were shown. The band intensity was quantitated with BandScan
5.0. The full immunoblots are provided in Supplementary Fig. 12.

Statistical analysis. We employed Student’s t-test or ANOVA test to analyze the
parametric experimental results. In nonparametric data analysis, we employed
Wilcoxon’s rank sum test for two-group and Kruskal–Wallis’ H test for multi-
group. Significant differences were noted with asterisks. We performed Fisher’s
exact test to evaluate the significant enrichment of the overlap between TSS H2A.Z
binding genes and Znhit1-regulated genes.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The raw NGS data were deposited to the NCBI SRA database under accession number
SRP148616 (RNA-seq data) and SRP148519 (ChIP-seq data). The data will be released
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upon publication. All other data of this study are available from the corresponding
authors upon reasonable request.

Received: 7 July 2017 Accepted: 15 February 2019

References
1. Barker, N. et al. Identification of stem cells in small intestine and colon by

marker gene Lgr5. Nature 449, 1003–1007 (2007).
2. Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures in vitro

without a mesenchymal niche. Nature 459, 262–265 (2009).
3. Barker, N. Adult intestinal stem cells: critical drivers of epithelial homeostasis

and regeneration. Nat. Rev. Mol. Cell Biol. 15, 19–33 (2014).
4. Vermeulen, L. & Snippert, H. J. Stem cell dynamics in homeostasis and cancer

of the intestine. Nat. Rev. Cancer 14, 468–480 (2014).
5. van der Flier, L. G. & Clevers, H. Stem cells, self-renewal, and differentiation in

the intestinal epithelium. Annu. Rev. Physiol. 71, 241–260 (2009).
6. Clevers, H. The intestinal crypt, a prototype stem cell compartment. Cell 154,

274–284 (2013).
7. Sato, T. et al. Paneth cells constitute the niche for Lgr5 stem cells in intestinal

crypts. Nature 469, 415–418 (2011).
8. Gregorieff, A. & Clevers, H. Wnt signaling in the intestinal epithelium: from

endoderm to cancer. Genes Dev. 19, 877–890 (2005).
9. Schuijers, J. et al. Ascl2 acts as an R-spondin/Wnt-responsive switch to control

stemness in intestinal crypts. Cell Stem Cell 16, 158–170 (2015).
10. Schuijers, J. & Clevers, H. Adult mammalian stem cells: the role of Wnt, Lgr5

and R-spondins. EMBO J. 31, 2685–2696 (2012).
11. Wong, V. W. et al. Lrig1 controls intestinal stem-cell homeostasis by negative

regulation of ErbB signalling. Nat. Cell Biol. 14, 401–408 (2012).
12. Zhao, B. et al. The non-muscle-myosin-II heavy chain Myh9 mediates colitis-

induced epithelium injury by restricting Lgr5+ stem cells. Nat. Commun. 6,
7166 (2015).

13. Fischer, J. M. et al. Single cell lineage tracing reveals a role for TgfbetaR2 in
intestinal stem cell dynamics and differentiation. Proc. Natl Acad. Sci. USA
113, 12192–12197 (2016).

14. Wiener, Z. et al. Oncogenic mutations in intestinal adenomas regulate Bim-
mediated apoptosis induced by TGF-beta. Proc. Natl Acad. Sci. USA 111,
E2229–E2236 (2014).

15. Reynolds, A. et al. Canonical Wnt signals combined with suppressed
TGFbeta/BMP pathways promote renewal of the native human colonic
epithelium. Gut 63, 610–621 (2014).

16. Carulli, A. J. et al. Notch receptor regulation of intestinal stem cell
homeostasis and crypt regeneration. Dev. Biol. 402, 98–108 (2015).

17. Tian, H. et al. Opposing activities of Notch and Wnt signaling regulate
intestinal stem cells and gut homeostasis. Cell Rep. 11, 33–42 (2015).

18. Grosse, A. S. et al. Cell dynamics in fetal intestinal epithelium: implications for
intestinal growth and morphogenesis. Development 138, 4423–4432 (2011).

19. Wells, J. M. & Spence, J. R. How to make an intestine. Development 141,
752–760 (2014).

20. Kinzel, B. et al. Functional roles of Lgr4 and Lgr5 in embryonic gut, kidney
and skin development in mice. Dev. Biol. 390, 181–190 (2014).

21. Korinek, V. et al. Depletion of epithelial stem-cell compartments in the small
intestine of mice lacking Tcf-4. Nat. Genet. 19, 379–383 (1998).

22. Garcia, M. I. et al. LGR5 deficiency deregulates Wnt signaling and leads to
precocious Paneth cell differentiation in the fetal intestine. Dev. Biol. 331,
58–67 (2009).

23. Nigmatullina, L. et al. Id2 controls specification of Lgr5+ intestinal stem cell
progenitors during gut development. EMBO J. 36, 869–885 (2017).

24. Hager, G. L., McNally, J. G. & Misteli, T. Transcription dynamics. Mol. Cell
35, 741–753 (2009).

25. Skene, P. J. & Henikoff, S. Histone variants in pluripotency and disease.
Development 140, 2513–2524 (2013).

26. Subramanian, V., Fields, P. A. & Boyer, L. A. H2A.Z: a molecular rheostat for
transcriptional control. F1000Prime Rep. 7, 01 (2015).

27. Weber, C. M. & Henikoff, S. Histone variants: dynamic punctuation in
transcription. Genes Dev. 28, 672–682 (2014).

28. Creyghton, M. P. et al. H2AZ is enriched at polycomb complex target genes in
ES cells and is necessary for lineage commitment. Cell 135, 649–661 (2008).

29. Subramanian, V. et al. H2A.Z acidic patch couples chromatin dynamics to
regulation of gene expression programs during ESC differentiation. PLoS
Genet. 9, e1003725 (2013).

30. Hu, G. et al. H2A.Z facilitates access of active and repressive complexes to
chromatin in embryonic stem cell self-renewal and differentiation. Cell Stem
Cell 12, 180–192 (2013).

31. Cai, Y. et al. The mammalian YL1 protein is a shared subunit of the TRRAP/
TIP60 histone acetyltransferase and SRCAP complexes. J. Biol. Chem. 280,
13665–13670 (2005).

32. Sardiu, M. E. et al. Probabilistic assembly of human protein interaction
networks from label-free quantitative proteomics. Proc. Natl Acad. Sci. USA
105, 1454–1459 (2008).

33. Latrick, C. M. et al. Molecular basis and specificity of H2A.Z-H2B recognition
and deposition by the histone chaperone YL1. Nat. Struct. Mol. Biol. 23,
309–316 (2016).

34. Liang, X. et al. Structural basis of H2A.Z recognition by SRCAP chromatin-
remodeling subunit YL1. Nat. Struct. Mol. Biol. 23, 317–323 (2016).

35. Cuadrado, A. et al. Essential role of p18Hamlet/SRCAP-mediated histone
H2A.Z chromatin incorporation in muscle differentiation. EMBO J. 29,
2014–2025 (2010).

36. Munoz, J. et al. The Lgr5 intestinal stem cell signature: robust expression of
proposed quiescent ‘+4’ cell markers. EMBO J. 31, 3079–3091 (2012).

37. Itzkovitz, S. et al. Single-molecule transcript counting of stem-cell markers in
the mouse intestine. Nat. Cell Biol. 14, 106–114 (2011).

38. Schuijers, J., van der Flier, L. G., van Es, J. & Clevers, H. Robust cre-mediated
recombination in small intestinal stem cells utilizing the olfm4 locus. Stem Cell
Rep. 3, 234–241 (2014).

39. Shi, Y. & Massague, J. Mechanisms of TGF-beta signaling from cell membrane
to the nucleus. Cell 113, 685–700 (2003).

40. de Lau, W. et al. Lgr5 homologues associate with Wnt receptors and mediate
R-spondin signalling. Nature 476, 293–297 (2011).

41. Glinka, A. et al. LGR4 and LGR5 are R-spondin receptors mediating Wnt/
beta-catenin and Wnt/PCP signalling. EMBO Rep. 12, 1055–1061 (2011).

42. Carmon, K. S., Lin, Q., Gong, X., Thomas, A. & Liu, Q. LGR5 interacts and
cointernalizes with Wnt receptors to modulate Wnt/beta-catenin signaling.
Mol. Cell. Biol. 32, 2054–2064 (2012).

43. Hao, H. X. et al. ZNRF3 promotes Wnt receptor turnover in an R-spondin-
sensitive manner. Nature 485, 195–200 (2012).

44. Koo, B. K. et al. Tumour suppressor RNF43 is a stem-cell E3 ligase that
induces endocytosis of Wnt receptors. Nature 488, 665–669 (2012).

45. van der Flier, L. G. et al. Transcription factor achaete scute-like 2 controls
intestinal stem cell fate. Cell 136, 903–912 (2009).

46. Lustig, B. et al. Negative feedback loop of Wnt signaling through upregulation
of conductin/axin2 in colorectal and liver tumors. Mol. Cell. Biol. 22,
1184–1193 (2002).

47. Zhao, B. et al. PICK1 promotes caveolin-dependent degradation of TGF-beta
type I receptor. Cell Res. 22, 1467–1478 (2012).

48. Bennett, C. N. et al. Regulation of Wnt signaling during adipogenesis. J. Biol.
Chem. 277, 30998–31004 (2002).

49. Yin, X. et al. Niche-independent high-purity cultures of Lgr5+ intestinal stem
cells and their progeny. Nat. Methods 11, 106–112 (2014).

50. Laping, N. J. et al. Inhibition of transforming growth factor (TGF)-beta1-
induced extracellular matrix with a novel inhibitor of the TGF-beta type I
receptor kinase activity: SB-431542. Mol. Pharmacol. 62, 58–64 (2002).

51. Barski, A. et al. High-resolution profiling of histone methylations in the
human genome. Cell 129, 823–837 (2007).

52. Dryhurst, D. et al. Characterization of the histone H2A.Z-1 and H2A.Z-2
isoforms in vertebrates. BMC Biol. 7, 86 (2009).

53. Barker, N. et al. Crypt stem cells as the cells-of-origin of intestinal cancer.
Nature 457, 608–611 (2009).

54. Medema, J. P. & Vermeulen, L. Microenvironmental regulation of stem cells
in intestinal homeostasis and cancer. Nature 474, 318–326 (2011).

55. Sutcliffe, E. L. et al. Dynamic histone variant exchange accompanies gene
induction in T cells. Mol. Cell. Biol. 29, 1972–1986 (2009).

56. Schones, D. E. et al. Dynamic regulation of nucleosome positioning in the
human genome. Cell 132, 887–898 (2008).

57. Dryhurst, D., McMullen, B., Fazli, L., Rennie, P. S. & Ausio, J. Histone H2A.Z
prepares the prostate specific antigen (PSA) gene for androgen receptor-
mediated transcription and is upregulated in a model of prostate cancer
progression. Cancer Lett. 315, 38–47 (2012).

58. Trapnell, C., Pachter, L. & Salzberg, S. L. TopHat: discovering splice junctions
with RNA-Seq. Bioinformatics 25, 1105–1111 (2009).

59. Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L. & Wold, B. Mapping
and quantifying mammalian transcriptomes by RNA-Seq. Nat. Methods 5,
621–628 (2008).

Acknowledgements
The authors wish to thank Dr. Guohong Li for technical support and discussions, Dr. Hans
Clevers for Olfm4-IRES-eGFPcreERT2 mouse strain, and Dr. Wanzhu Jin for support on the
H2afvfl/fl/H2afzfl/fl mouse work. This work was supported by grants from the National
Natural Science Foundation of China (31730044 and 31771614) and NIH grants
(R01GM115995 and R01HL136722). B.Z. was sponsored by Shanghai Rising-Star Program.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09060-w ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:1071 | https://doi.org/10.1038/s41467-019-09060-w |www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Author contributions
B.Z., Y.C. and X.L. designed the experiments. B.Z., Y.C., N.J., L.Y., S.S., Y.Z., Z.W., L.R.,
H.L. and G.H. performed the experiments. B.Z., Y.C. and N.J. analyzed the data. B.Z. and
X.L. supervised the work. B.Z., Y.C. and X.L. wrote the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09060-w.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09060-w

12 NATURE COMMUNICATIONS |         (2019) 10:1071 | https://doi.org/10.1038/s41467-019-09060-w |www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-09060-w
https://doi.org/10.1038/s41467-019-09060-w
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Znhit1 controls intestinal stem cell maintenance by regulating H2A.Z incorporation
	Results
	Znhit1 deletion disrupts postnatal generation of Lgr5+ ISC
	Znhit1 is essential for Lgr5+ ISC maintenance
	Znhit1 determines the fate of Lgr5+ ISC
	Znhit1 incorporates H2A.Z for transcriptional regulation
	Znhit1 enhances the interaction between H2A.Z and YL1

	Discussion
	Methods
	Mice
	Reagents
	Immunohistochemistry
	Isolation of intestinal crypts and organoid culture
	In situ hybridization
	Quantitative RT-PCR (qRT-PCR)
	RNA-seq
	ChIP-qPCR and ChIP-seq
	Immunoblotting and immunoprecipitation
	Statistical analysis
	Reporting summary

	References
	References
	Acknowledgements
	ACKNOWLEDGEMENTS
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




