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Abstract

Intestinal epithelia self-renew constantly and generate differentiated cells such as secretary goblet cells. The intestine goblet
cells secrete gel-forming mucins that form mucus to create a barrier of defense. We reported previously that loss of prolyl
hydroxylase (PHD) 3 led to disruption of the intestinal epithelial barrier function. However, the underlying mechanism
remains elusive. Here, we demonstrate that PHD3 controls the generation of intestine goblet cell. We found that genetic
ablation of Phd3 in mice intestine epithelial cells reduced the amount of goblet cells. Mechanistically, PHD3 bounds the E3
ubiquitin ligase HUWEI1 and prevented HUWEI from mediating ubiquitination and degradation of ATOHI1, an essential
driver for goblet cell differentiation. The prolyl hydroxylase activity-deficient variant PHD3(H196A) also prevented ATOH1
destruction. A genetic intestine epithelial PHD3(H196A )-knockin had no effect on ATOHI expression or goblet cell amount
in mice, suggesting that the PHD3 prolyl hydroxylase activity is dispensable for its ability to control ATOHI1 expression and
goblet cell generation. In dextran sulfate sodium (DSS)-induced experimental colitis, PHD3-knockout rather than PHD3
(H196A)-knockin sensitized the mice to DSS treatment. Our results reveal an additional critical mechanism underlying the
regulation of ATOH1 expression and goblet cell generation and highlight that PHD3 plays a role in controlling intestine
goblet cell generation in a hydroxylase-independent manner.

Introduction leading to HIFa destruction [1-3]. Under hypoxia, the

enzymatic activity of PHDs is inhibited, resulting in accu-

Prolyl hydroxylase domain proteins (PHDs) are dioxygenases
that use oxygen and 2-oxoglutarate as co-substrates. PHDs are
involved in cellular response to oxygen by hydroxylating
conserved prolyl residues of hypoxia-inducible factor (HIF) «,
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mulation of HIFa. The PHD family consists of PHDI
(EgIN2), PHD2 (EgIN1), and PHD3 (EgIN3). Each isoform
displays its own tissue and cell line-specific expression pat-
tern, as well as its own particular subcellular distribution [4].
In addition to HIFa, PHDs have other targets and may
function in a prolyl hydroxylase-independent manner [5—14].

The intestinal epithelium is a single-cell layer that mediates
the functions not only in absorption of nutrients but also in
maintenance of barrier function. It is highly organized and
constantly renewed by intestinal stem cells located in crypts.
The intestinal stem cells give rise to a pool of transit-
amplifying cells. The transit-amplifying cells are highly pro-
liferative and have a tendency to differentiate into a specific
type of cell such as absorptive enterocytes and secretary cells
including goblet, enteroendocrine, and Paneth cells. The
intestinal goblet cells are simple columnar epithelial cells and
their major function is to secrete gel-forming mucins that form
mucus. The mucus layer overlies the intestinal epithelium and
acts as a barrier of defense against physical and chemical
injury, maintaining intestinal homeostasis [15]. Notch sig-
naling plays a critical role in controlling differentiation of
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Fig. 1 PHD3 deficiency reduced goblet cell number in mice intes-
tines. a PAS stain of epithelia of mice duodenum, jejunum, ileum, and
colon. Male mice at age of 5 weeks old (the body weight of the mice is
within normal limits) were selected randomly (n = 6). b Goblet cell
number of epithelia of mice duodenum, jejunum, ileum, and colon

intestinal epithelial cells [16, 17]. It inhibits differentiation of
secretory goblet, Paneth, and enteroendocrine cells, and
induces that of absorptive enterocytes [18]. The transcription
factor hairy and enhancer of split-1 (HES1) whose tran-
scription is activated by notch intracellular domain (NICD;
activated Notch-1) [19], induces enterocytes differentiation
and inhibits secretory cell generation [20]. The transcription
factor atonal homolog 1 (ATOHI1, also known as MATHI1
and HATHI) plays a critical role in secretory cell differ-
entiation [18, 21, 22]. It is thought that Notch-induced HES1
acts as a transcriptional repressor to silence ATOHI tran-
scription and suppress secretory cell fate [23].

A few studies indicate that PHDs are involved in reg-
ulation of intestinal barrier function in mice [24, 25]. We
found that genetic ablation of PHD3 in mice intestinal
epithelial cells impaired the epithelial barrier function,
leading to bowel inflammation [26]. Analysis of clinical
samples indicated that downregulation of PHD3 was asso-
ciated with progression of human ulcerative colitis [26].
These results suggest that PHD3 plays a role in maintaining
intestinal homeostasis. Though PHD3 is found to be linked
to maintenance of intestinal homeostasis, the underlying
mechanism remains to be elucidated. In this paper, we
demonstrate that PHD3 plays a role in regulation of
intestinal goblet cell generation. We found that genetic
ablation of PHD3 reduced the amount of mice intestinal
goblet cells. Mechanistic studies indicate that PHD3 con-
trols goblet cell generation through stabilizing ATOH1. Our
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(n=06). ¢ Determination of mRNA level of Muc2 (n=06). d Deter-
mination of Muc2 in mice intestinal epithelia cells by western blot by
using Muc2(ab134119) antibody. e Immunofluorescent stain of mice
intestinal epithelia with Muc2(H300) antibody. *P < 0.05; **P <0.01;
##%P < 0.001.

results reveal a new mechanism underlying the regulation of
goblet cell generation through PHD3.

Results

Loss of PHD3 reduced the number of goblet cells in
mice intestine

As the intestinal goblet cells play an important role in pro-
tection of intestinal epithelium, we asked whether PHD3
influenced intestinal barrier function through goblet cells. To
know this, we determined goblet cells generation by
employing intestinal epithelial PHD3-knockout (Phd3™0)
mice. Male mice at age of 5 weeks were examined. Using
periodic Acid-Schiff (PAS) staining to detect mucosub-
stances that are normally restricted to goblet cells, we found
that the number of PAS-positive cells decreased significantly
in both the small intestine and colon epithelium of Phd3"=
KO mice as compared with control littermates (Fig. 1a, b).
Mucin 2 (Muc2), a member of the mucin protein family, is
particularly prominent in the gut where it is secreted from
goblet cells [22]. Loss of PHD3 caused a decrease of Muc2
mRNA in mice intestine epithelial cells (Fig. 1c¢). Immu-
noblotting results show that Muc2 protein was also
decreased in intestine epithelial cells of Phd3“KO mice
(Fig. 1d). We did immunostaining of mice intestine tissues
with Muc2 antibody and found that the Muc2-possitive cells
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Fig. 2 PHD3 stabilized ATOH1. a Determination of NICD, HESI,
and ATOHI in intestinal epithelial cells by western blot. The small
intestinal epithelial and colonic epithelial cells were isolated as
described in “Methods”. b Determination of the mRNA levels of Hes!
in intestinal epithelial cells (n = 6). ¢ CCD841 cells were transfected
with myc-PHD3 vector. After 24 h, the cells were harvested for
determination of ATOH1 by western blot. d The cells were transfected
with PHD3 siRNA oligos as indicated. After 48 h, the cells were
harvested for determination of ATOH1 by western blot.
e CCD841 cells were transfected with myc-PHD3 vector. After 24 h,
the cells were harvested for determining ATOH! expression by qPCP.
f CCD841 cells were transfected with PHD3 siRNA oligos. After 48 h,

were decreased in intestinal epithelia of Phd3"=“ 0 mice

(Fig. 1le). Together, these results suggest that PHD3 is cri-
tical for the generation of intestinal goblet cells.

Loss of PHD3 decreased ATOH1 in intestinal
epithelial cells

We determined the possible mechanism underlying the reg-
ulation of goblet cell generation by PHD3. As the Notch
signaling plays an important role in goblet cell generation
[16, 17], we determined the protein level of NICD in intestine
epithelial cells from Phd3"™“X° mice. The results show that
loss of PHD3 had little effect on the protein level of NICD
(Fig. 2a). In consistence with the results, PHD3-loss did not
influence the protein level of HES1 (Fig. 2a). Loss of PHD3
had no effect on mRNA level of Hesl, either (Fig. 2b). Thus,

the cells were harvested for determining ATOHI expression by qPCR.
g Determination of mRNA levels of Afohl in mice intestinal epithelial
cells (n = 6). h 293T cells were transfected with Flag-ATOH1 or Flag-
ATOHI1 plus myc-PHD3 vector. After 24 h, the cells were harvested
for western blot. i 293T cells were transfected with Flag-ATOHI or
Flag-ATOHI1 plus myc-PHD3 plasmid. After 24 h, cycloheximide
(CHX) (10 ug/ml) was added and the cells were incubated for different
time interval as indicated. j The relative Flag-ATOHI1 level was
determined by measuring the density of Flag-ATOH1 band and nor-
malized to that of actin. The relative Flag-ATOH]1 protein level at the
starting time is designated as 1.

PHD3 may not regulate goblet cell formation through NICD/
HESI axis. Interestingly, we found that knockout of PHD3
resulted in a decrease of ATOHI1 protein (Fig. 2a). As ATOH1
is the key factor that controls differentiation of intestinal
goblet cells, our results suggest that PHD3 regulates goblet
cell generation through ATOHI. It is known that ATOH1 is
also required for differentiation secretory cell [18, 21, 22],
including Paneth and enteroendocrine cells [22, 27, 28]. So,
we determined these cells. The results show that PHD3
knockout reduced the amount of Paneth and enteroendocrine
cells in small intestine (Supplementary Fig. 1).

PHD3 stabilized ATOH1

To understand the regulation of ATOHI expression by
PHD3, we determined the effect of PHD3 on expression of
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Fig. 3 PHD3 bound HUWEL. a Overexpression of PHD3 reduced
ATOHI ubiquitination. 293T cells were transfected with Myc-PHD3
or Myc-PHD3 plus Flag-ATOHI1 vectors in the presence of HA-Ub
vector. After 24 h, the cells were treated with MG132 (10 uM) for 4 h.
Cell lysates were prepared for immunoprecipitation. b 293T and
CCD841 cells were transfected with control or Myc-PHD3 vectors.
After 24h, the cells were harvested for determining HUWEI by
western blot. ¢ PHD3 bound HUWEL. Proteins from CCD841 cells
were used for the co-immunoprecipitation assay. d The schematic of
construction of truncated HUWEI. e His-PHD3 bound GST-HUWEI
(1001-2000). GST-pull-down experiment was done as described in the

ATOHI1 in vitro. Human normal intestinal epithelial
CCD841 cells were examined. We found that overexpression
of PHD3 enhanced (Fig. 2c), and knockdown of PHD3
decreased (Fig. 2d) the protein levels of ATOHI. Neither
overexpression nor knockdown of PHD3 had effect on
mRNA levels of ATOHI in CCD841 cells (Fig. 2e, f). We
also examined mice tissues, and the results show that PHD3
knockout had little effect on Aokl transcript level in mice
intestinal epithelial cells (Fig. 2g). As PHD3 did not influence
ATOHI transcription, these results imply that PHD3 regulates
the expression of ATOHI in a posttranscriptional level.

We asked whether PHD3 influenced the stability of
ATOHLI. First, we determined whether PHD3 influenced the
protein level of exogenous ATHOI1. 293T cells were trans-
fected with Flag-ATOH1 or Flag-ATOH1 plus Myc-PHD3
vector. Overexpression of PHD3 also enhanced the protein
level of exogenous Flag-ATOH1 (Fig. 2h). 293T cells were

SPRINGER NATURE

34 -
26 — GST

“Methods”. The supernatants of E. coli containing GST-HUWEI
(1001-2000) were incubated with glutathione-Sepharose beads at 4 °C
for 1 h. Then the beads were washed and incubated at 4 °C with E. coli
supernatants containing His-PHD3. After 2 h, the beads were washed
and subjected to immunoblotting. f His-PHD3 did not bound GST-
HUWEI(1701-2000) and GST-HUWEI1(1401-2000). g His-PHD3
interacted with GST-HUWE1(1001-1200). h The beads that already
captured GST-HUWEL1 variants were incubated at 4 °C with 293T
lysates containing Flag-ATOH1 for 2 h. i Flag-ATOHI1 interacted with
GST-HUWEI1(1001-1200) and GST-HUWEI1(1001-1400).

<GST

transfected as described above, and the transfected cells
were incubated with the protein synthesis inhibitor CHX
for different time intervals, followed by determination of
Flag-ATOH1 by western blot. The results show that over-
expression of PHD3 slowed down the decrease of Flag-
ATOHI protein in the presence of CHX (Fig. 2i, j). These
results suggest that PHD3 stabilizes ATOHI.

PHD3 associated with HUWE1

We next determined the molecular mechanism underlying
ATOH]1 stabilization by PHD3. We found that over-
expression of PHD3 reduced the ubiquitination of ATOHI
(Fig. 3a). It is known that the E3 ubiquitin-protein ligase
HUWEI mediates ubiquitination and degradation of ATOH1
[29, 30]. We therefore presumed that PHD3 stabilized
ATOHI1 through HUWEIL. We firstly determined whether
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PHD3 influenced the expression of HUWEI and found that
overexpression of PHD3 had no effect on protein levels of
HUWEI1 in CCD841 and 293T cells (Fig. 3b). Then, we
determined whether PHD3 associated with HUWEI1 by per-
forming co-immunoprecipitation experiment. The results
show that PHD3 was precipitated by the HUWEI-specific
antibody, but not by IgG (Fig. 3c), implying that PHD3
interacts with HUWE].

The human HUWEI protein is consisted of 4374 amino
acids and has a molecule weight around 481.9kDa. It
contains a ubiquitin-associated domain (UBA) (amino acid
1318-1354), a WWE (amino acid 1612-1692), and a C-
terminal HECT domain [31]. To know the details of the
interaction between PHD3 and HUWEI, we constructed
vectors that encoded four truncated GST-HUWEI1, GST-
HUWE1(1-1000), = GST-HUWEI1(1001-2000),  GST-
HUWE1(2001-3000), and GST-HUWE1(3001-4374)
(Fig. 3d). Production of these truncated GST-HUWEI and
His-PHD3 in E. coli was as described in “Methods”. We
found that His-PHD3 associated with GST-HUWEI1(1001-
2000) but not other three truncated GST-HUWEI (Fig. 3e).
The HUWEI1(1001-2000) fragment contains UBA and
WWE domain [31]. We divided this fragment into two
smaller parts, GST-HUWE1(1401-2000) and GST-HUWE1
(1701-2000). His-PHD3 did not bind either GST-HUWEI1
(1701-2000) or GST-HUWE1(1401-2000) (Fig. 3f), indi-
cating that PHD3 binds HUWEI] at the region of amino acid
1001-1400. Next, we constructed GST-HUWEI1(1001-
1400), (1201-1400) and (1201-1400). As expected, PHD3
bound GST-HUWEI1(1001-1400) (Fig. 3g). PHD3 bound
GST-HUWE1(1001-1200) but not GST-HUWEI
(1201-1400) (Fig. 3g). HUWE1(1001-1200) does not have
either UBA or WWE domain. These results indicate that
PHD3 does not bind to either UBA or WW domain.

We also determined whether ATOH1 bound the same site
of HUWEI as PHD?3 did. Flag-tagged ATOH1 was examined
in our work. As PHD3, Flag-ATOH]1 associated with GST-
HUWEI1(1001-2000), but not (1401-2000) or (1701-2000)
(Fig. 3h), implying that Flag-ATOH1 binds GST-HUEW1
(1001-1400). Further analysis shows that Flag-ATOH1 bound
GST-HUWEI1(1001-1400) and (1001-1200) but not
(1201-1400) (Fig. 3i). These results indicate that ATOH1 and
PHD?3 bind the same region of HUWEL.

PHD3 blocked the interaction between HUWE1 and
ATOH1

To confirm that ATOH1 and PHD3 bind HUWE1(1001-
1200), we constructed a vector encoding myc-HUWEI and
employed purified PHD3-HA-His and ATOHI-Flag-His
proteins in our work. The purified proteins were shown in
Supplementary Fig. 2. Myc-HUWEI was expressed in
293T cells. We found that the purified PHD3 and

ATOHI1 still bound HUWE1(1001-1200) (Fig. 4a). These
data provide more evidence that PHD3 and ATOHI bind
the same site of HUWEL. Based on the results that PHD3
and ATOHI bound the same site of HUWEI, we proposed
that PHD3 might bind HUWEI competitively and block the
interaction of HUWE1-ATOHI1. To verify this, we trans-
fected 293T cells with Flag-ATOH1 or Flag-ATOH1 plus
Myc-PHD3 vectors and found that overexpression of Myc-
PHD3 suppressed the interaction between HUWEI and
Flag-ATOH]1 (Fig. 4b). Myc-PHD3 inhibited the interaction
between HUWEI and Flag-ATOH1 in a dose-dependent
manner (Fig. 4c). Overexpression of Myc-PHD3 also
impeded the interaction of GST-HUWEI1(1001-1200) and
Flag-ATOHI1 (Fig. 4d). We also employed purified PHD3
and ATOHI proteins in our work. We found that the
interaction  between = GST-HUWE1(1001-1200) and
ATOHI1-Flag-His was inhibited by purified PHD3-HA-His
(Fig. 4e). Last, we did an in vitro ubiquitination assay to test
the competition. Our results show that the purified PHD3-
HA-His prevented HUWEI from ubiquitinating purified
ATOHI1-Flag-His (Fig. 4f). Together, these results suggest
that PHD3 prevents HUWEI from binding ATOHI.

PHD3 stabilized ATOH1 in a hydroxylase-
independent manner

As PHDs have hydroxylase-dependent and -independent
functions [5-14], we wanted to know whether the prolyl
hydroxylase activity was required for PHD3 to stabilize
ATOHI. The histidine residue H196 of PHD3 is critical for
its enzymatic activity, and mutation of H196 to alanine
leads to loss of PHD3 prolyl hydroxylase activity [32, 33].
We determined the effect of prolyl hydroxylase-deficient
PHD3(H196A) variant on ATOHI1 expression. Over-
expression of PHD3(H196A) increased the protein level of
ATOHI1 as the wild type PHD3 did (Fig. 5a). Over-
expression of PHD3(H196A) reduced the ubiquitination of
Flag-ATOHI1 (Fig. 5b). These results suggest that the PHD3
prolyl hydroxylase activity is dispensable for enhancing
ATOHI1 expression.

PHD(H196A) knock-in did not influence goblet cell
number in mice intestine

To know whether the prolyl hydroxylase activity is required
for PHD3 to modulate the formation of goblet cells, we
generated the intestinal epithelium Phd3(H196A)-knock-in
(Phd3(H196A)E“XY) mice as described [34]. The mouse
PHD3 is similar to human PHD3 (97% identity) and the
mouse PHD3(H196A) also loses prolyl hydroxylase activity
[34]. Mice at age of 5 weeks were examined. PHD3(H196A)-
knockin had little influence on protein levels of ATOHI and
Muc2 (Fig. 5c). PAS stain shows that the amount of PAS-
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Fig. 4 PHD3 blocked the HUWEI-ATOH1 interaction. 2 ug) vector. After 24 h, the cells were treated with MG132 (10 uM)

a 293T cells were transfected with myc-HUWE1(1001-1200) vector.
After 24 h, cell lysates (200 pg) were prepared and incubated with 1 pg
Myc antibody at 4 °C for 3 h, followed by incubation with 40 pul
glutathione-Sepharose beads for another 1 h. The beads were washed
and 30 pg purified PHD3-HA-His or ATOH1-Flag-His proteins were
added and incubated at 4 °C overnight. The beads were washed, boiled
in SDS-PAGE loading buffer, and the resolved proteins were subjected
to western blot. b 293T cells were transfected with Myc-PHD3 or
Myc-PHD3 plus Flag-ATOHI vector. Twenty-four hours post trans-
fection, the cells were treated with MG132 (10 uM) for 4 h, followed
by immunoprecipitation experiment. ¢ 293T cells were transfected
with Flag-ATOHI and different amount of Myc-PHD3 (0, 0.5, 1 or

positive cells in Phd3 (H196A)"E“X! mice intestine was similar
to that in control littermates (Fig. 5d). We immunostained
mice colon tissues with Muc?2 antibody, and found that PHD3
(H196A) knock-in had little effect on the amount of Muc2-
positive cells (Fig. 5Se). These results suggest that PHD3
modulates goblet cell generation independent of its hydro-
xylase activity. A working model for PHD3 is proposed
(Fig. 5f). We also determined the effect of PHD3(H196A)
knock-in on formation of Paneth and enteroendocrine cells in
mice small intestines. The results indicate that the formation
of these cells was not influenced (Supplementary Fig. 3).

PHD3(H196A) knock-in had little effect on
DSS-induced colitis in mice

Our previous work shows that knockout of PHD3 in
intestinal epithelial cells sensitized mice to dextran sulfate

SPRINGER NATURE

for 4h, followed by immunoprecipitation assay. d The beads that
captured GST-HUWE1(1001-1200) were incubated at 4 °C with 293T
lysates containing Flag-ATOH1 for 2 h. The beads were washed and
incubated with bacteria lysates containing His-PHD3 at 4 °C over-
night. e GST-HUWE1(1001-1200) was incubated with glutathione-
Sepharose beads at 4 °C for 1 h. The beads were washed and incubated
with ATOH1-Flag-His (18 pg) or equal amount of ATOH1-Flag-His
plus PHD3-HA-His at 4 °C overnight. The beads were washed, boiled
in SDS-PAGE loading buffer, and the resolved proteins were detected
by immunoblotting. f Purified PHD3-HA-His inhibited the ubiquiti-
nation of ATOH1-Flag-His by HUWEI in vitro. The experiment was
performed as described in “Methods”.

sodium (DSS) colitis [26]. We wanted to know whether a
genetic knockin of PHD3(H196A) had any effect on mice
DSS colitis. We treated the Phd3"“*° mice, Phd3(H196A)
IECKT mice, and their control littermates with DSS as
described in “Methods”. In line with our previous results,
the Phd3"™X° mice were more sensitive to DSS treatment
than control littermates, as evidenced by reduced body
weight, decreased colon length, and increased disease
activity index (Fig. 6a—d). Histological analysis shows that
the colon epithelium of Phd3"™XO mice had more crypt
loss, lamina propria collapse, areas of mucosal erosion, and
lymphocyte infiltration than control littermates did (Fig. 6e).
DSS treatment increased significantly the expression levels
of Tnfa, IL-1f, and IL-6 in Phd3"™“X° mice mucosa as
compared with control littermates (Fig. 6f). While, when
subjected to DSS treatment, the PhdS(Hl%A)IEC'KI mice
exhibited similar wasting, colon shortening, and disease
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Fig. 5 PHD3 controlled goblet cell generation independent of its
hydroxylase activity. a CCD841 cells were transfected with Myc-
PHD3 or Myc-PHD3(H196A). After 24 h, the cells were harvested for
determination of ATOHI. b Overexpression of PHD3(HI196A)
reduced ubiquitination of ATOHI1. 293T cells were transfected with
Myc- PHD3(H196A) or Myc-PHD3(H196A) plus Flag-ATOH1 vec-
tors in the presence of HA-Ub vector. After 24 h, the cells were treated
with MG132 (10uM) for 4h, followed by immunoprecipitation.
¢ Determination of the expression of ATOH1 and Muc2 in mice small

activity index as the control littermates did (Fig. 6a—d).
Histological analysis shows that the colon epithelium of
Phd3(H196A)"E“X! mice had same crypt loss, lamina pro-
pria collapse, areas of mucosal erosion, and lymphocyte
infiltration, as compared with the control littermates
(Fig. 6e). The expression levels of Tnfa, Ii-1f, and II-6 in
colon mucosa of the PHD3(H196A)-knock-in mice are the
same as those from control littermates (Fig. 6f). These data
indicate that the genetic knockin of PHD3(H196A) had no
effect on DSS-induced colitis in mice.

Discussion

In this paper, we delineate a role of PHD3 in the regulation
of intestinal goblet cells generation. We used a combination
of genetic and cellular techniques to characterize the func-
tion of PHD3. We found that genetic ablation of PHD3
reduced the amount of intestine goblet cells in mice, but a
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intestine and colon epithelial cells. d PAS stain of intestinal epithelia
from Phd3(H196A)IEC‘KI mice and control littermates. Male mice at
age of 5 weeks old (the body weight of the mice is within normal
limits) were selected randomly (n=3). The down panel shows the
number of goblet cells from mice intestinal epithelia. e Stain of mice
intestinal epithelia with Muc?2 antibody. f A proposed model of PHD3
regulating the ATOHI1 expression and goblet cell generation. ns no
significance.

genetic knockin of PHD3(H196A) had little effect.
Mechanistically, PHD3 inhibited HUWE1-ATOH interac-
tion and prevented HUWEI from mediating ATOHI
degradation, leading to ATOHI1 stabilization. Our results
suggest that PHD3 plays a role in controlling intestinal
goblet cell generation through stabilizing ATOHI1 inde-
pendent of its prolyl hydroxylase activity.

Immature intestinal epithelial cells that are produced by
the stem cells differentiate into absorptive or secretory cells.
Notch signaling plays a central role in differentiation of
these precursor cells into the secretory lineage in intestine
[16, 17]. Activation of Notch signaling suppresses goblet
cell fate through activating the expression of HESI [19].
While the transcription factor ATOHI1 plays a reciprocal
role to promote goblet cell differentiation [18]. ATOHI is
transcriptionally repressed by HES1 [23]. Our results indi-
cate that PHD3 did not modulate goblet cell generation
through Notch signaling, as PHD3 deficiency had little
effect on the expression of NICD and HES1 (Fig. 2).
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Fig. 6 PHD(H196A) knock-in had little effect on DSS-induced
colitis. a—f Age-matched (810 weeks old) male littermates (the body
weight of the mice is within normal limits) were treated with DSS
(2.5% in drinking water) for 7 days. After treatment, the mice were
sacrificed. Each group had five mice. a Mice body weight. Data are
mean = SEM. The P value was calculated using two-way ANOVA.
b Representative of mice colons. ¢ The colon length of mice. Data are

Interestingly, we found that loss of PHD3 decreased
ATOHI1 protein without influencing its transcription,
implying that PHD3 regulates the expression of ATOHI1 in
a way rather than Notch signaling. We found that PHD3
bound the same site of HUWEI as ATOH1 did. It impeded
the HUWE1-ATHOI interaction, thus preventing HUWEL
from mediating ATHO1 ubiquitination and destruction
(Figs. 2-4). These data reveal an additional critical
mechanism underlying the regulation of ATOHI expression
and thereafter goblet cell generation by PHD3.

Goblet cells have been implicated as a player in pro-
moting intestinal homeostasis and host defense [35, 36].
They play an important role in host protection through
secreting Muc?2 and other factors. Muc2 is prominent in the
gut and it forms a mucus gel layer to protect the intestinal
epithelium against physical and chemical injury. Muc2
deficiency led to spontaneous colitis in mice [37]. It was
found that expression of Muc2 was decreased in human
inflammatory bowel diseases [38] and Muc2 expression is
inversely correlated with the severity of inflammation [39].
We found that loss of PHD3 decreased goblet cell number
and inhibited Muc2 production (Fig. 1). These data may
explain our previous finding that PHD3 deficiency impaired
the intestinal barrier function [26]. ATOHI1 is also critical
for generation of other intestinal secretory cells including
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mean + SEM. The P value was calculated using two-way ANOVA.
d Disease activity index of mice. Data are mean + SEM. Statistical
analysis was performed using two-way ANOVA. e H&E staining of
colon tissue sections of mice. f Determination of mRNA levels of
Tnfa, 1I-1p, and 1I-6 in mice colon mucosa (n = 5). The data are mean
+SEM. Scale bar=100um. **P<0.01; ***P<0.00l. ns no
significance.

Paneth and enteroendocrine cells [22, 27, 28]. So, PHD3
may also play a role in regulating the generation of Paneth
and enteroendocrine cells. We do found in our work that
PHD3-knockout reduced the formation of these two cells
(Supplementary Fig. 1).

PHDs are initially recognized as prolyl hydroxylases that
catalyze hydroxylation of proteins including HIF-1a.
Recent studies indicate that PHDs also have prolyl
hydroxylase-independent functions. Chan et al. [40]
demonstrated that PHD2 could regulate angiogenesis in a
hydroxylase-independent manner. Fu et al. [11] reported
that PHD3 competed with cIAP1 for IKKy binding, leading
to inhibition of cIAP1-IKKYy interaction, IKKy ubiquitina-
tion, and IKK/NF-kB signaling independent of its hydro-
xylase activity. We found recently that PHD3 regulated
expression of the tight junction protein occludin in a
hydroxylase-independent mechanism [26]. These findings
drove us to investigate whether the prolyl hydroxylase
activity was required for PHD3 to regulate ATOHI
expression and goblet cell generation. Overexpression of
the prolyl hydroxylase activity-deficient variant PHD3
(H196A) induced the expression of ATHO1 (Fig. 5a) and
inhibited ATOH1 ubiquitination (Fig. 5b). These results
indicate that the prolyl hydroxylase activity of PHD3 is
dispensable for its ability to modulate ATOHI1 expression.
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As ATOHI is an essential factor controlling goblet cell
differentiation, we presumed that PHD3 might modulate
goblet cell generation independent of its prolyl hydroxylase
activity. We employed Phd3°XO and Phd3(H196A)ECK!
mice in our work. Genetic ablation of PHD3 in mice intestinal
epithelial cells reduced the amount of intestine goblet cells,
but a genetic knockin of PHD3(H196) had little effect
(Fig. 5c—e). These data imply that PHD3 controls goblet cell
generation independent of its hydroxylase activity. Moreover,
we found that knockout of PHD3 sensitized mice to DSS
colitis, while a genetic knockin of PHD3(H196A) did not
(Fig. 6). These results suggest that the prolyl hydroxylase
activity of PHD3 is dispensable for its ability to maintain
intestinal epithelial homeostasis.

In this paper, we reveal an additional critical mechanism
underling the regulation of ATOHI1 expression by PHD3,
and highlight that PHD3 plays a role in controlling the
generation of intestine goblet cells.

Materials and methods
Animals

C57BL/6J mice were purchased from Shanghai Experimental
Animal Center. The intestinal epithelia-specific Phd3 knock-
out mice (Phd3™°/1°%Villin-Cre, Phd3"“X°) were generated
by intercrossing the Phd3™°1°% (Phd3") mice with Villin-
Cre ones as described [26]. The Phd3(H196A)"“ ! mice
were generated by intercrossing the Phd3(H196A)™¥fox
(Phd3(H196A)™) mice with Villin-Cre mice. The Phd3
(H196A)™ mice were created at Shanghai Research Center
for Model Organisms. The details for generation of the mice
were shown [34]. All animals were housed and maintained in
laboratory cages in a 12-h dark/light cycle with a free access
to a regular chow diet under a specified pathogen-free con-
dition. All experimental protocols were approved by the
Institutional Animal Care and Use Committee at the Institute
for Nutritional Sciences, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences.

Cell culture

Human normal colon epithelial CCD841 cells were grown
in RPMI-1640 medium. All medium were supplemented
with 10% fetal bovine serum, 100 wml penicillin, and 100
pg/ml streptomycin. The cells were cultured at 37 °C in an
incubator (5% CO,).

Reagents and antibodies

PHD3(NB100-303) and HUWEI(NB100-652) antibodies
were products of Novus Biologicals (Littleton, CO). Muc2

(H300), His, HA and Myc antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). Muc2(ab134119), NICD
(ab8925), HES1(ab71559), and ATOHI1(ab137534) anti-
bodies were from Abcam. Flag (M20008) antibody was
from Abmart. -actin antibody was from Sigma (St. Louis,
MO). Cycloheximide (CHX) and DSS were purchase form
Sigma and MP Biomedicals, respectively. DMOG was from
Selleck.

Construction of vectors

The vectors encoding PHD3 and hydroxylase-deficient
PHD3(H196A) were constructed as described previously
[8]. The vectors encoding glutathione S-transferase (GST)-
HUWEI]1 fusion proteins were constructed by inserting
PCR-generated DNA fragments encoding regions of
HUWEI into pGEX-4T-1. The vector encoding Flag-tagged
ATOHI1 was constructed by inserting coding sequence of
ATOHI into pCMVtag2B. Construction of vectors encod-
ing mice PHD3 and PHD3(H196A) was as described [34].

Small-interfering RNA

Small-interfering RNA (siRNA) duplexes were synthesized
by Gene Pharma (Shanghai, China). The cells were trans-
fected with siRNA oligos by using Lipofect AMINE-2000.
The sequences of siRNA oligos are as described [8].

Quantitative real-time PCR (qPCR)

gPCR was performed as described [8]. Beta-actin was used
as the internal control. The primers for mouse genes are as
follows:

Atohl: 5’CAGGGTGAGCTGGTAAGGAG3'(F), 5'GC
CAAGCTCGTCCACTACA3'(R); Phd3: 5'GATGGCCGC
TGTATCACCTG3'(F), 5’AGGGCTGGACTTCATGTGG
A3'(R); Tnfa: 5'CCCTCACACTCAGATCATCTTCT3’
(F), 5"GCTACGACGTGGGCTACAG3'(R); Ii-6: 5'TAG
TCCTTCCTACCCCAATTTCC3'(F), STTGGTCCTTAG
CCACTCCTTC3'(R); IL-1p: 5GCAACTGTTCCTGAA
CTCAACT3(F), SATCTTTTGGGGTCCGTCAACT3'(R);
p-actin: 5’GATCATTGCTCCTCCTGAGC3'(F), 5’ACTC
CTGCTTGCTGATCCAC3'(R). The primers for human
genes are ATOHI: 5'CCAGCTGCGCAATGTTATCC3’
(F), STCGGACAAGGCGTTGATGTA3'(R); PHD3: 5'A
TCAGCTTCCTCCTGTCCC3’(F), 5’CAGCGACCATCA
CCGTTG3'(R); p-actin: 5’GATCATTGCTCCTCCTGAG
C3'(F), 5S’ACTCCTGCTTGCTGATCCAC3'(R).

GST-pull-down assay

Bacterial cells were lysed by using the following buffer:
20 mmol/l Tris-Cl, 150 mmol/l NaCl, 2 mmol/l EDTA,
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and 0.5% NP40, pH 7.5. To determine the interaction
between HUWEI and target proteins, bacterial lysates
containing GST-HUWEl  were incubated with
glutathione-Sepharose 4B beads at 4 °C for 1 h. The beads
were washed and incubated with target proteins, allowing
the interaction between GST-HUWEI and target proteins.
After washing, GST-HUWEI and the bound target pro-
teins were eluted from the beads and subjected to
electrophoresis.

Protein stability assay

Determination of protein stability was performed as
described [26]. In brief, 293T cells were transfected with
Flag-ATOH1 + empty vector or Flag-ATOHI1 + Myc-
PHD3. After 24h, CHX (10 pg/ml) was added to block
protein synthesis. Cells were harvested at different time
points. Equal amounts of protein from each treatment were
used for immunoblotting. Protein bands were quantified by
densitometry. The relative protein level of Flag-ATOHI
was determined and normalized to that of actin. The relative
Flag-ATOHI1 protein level at time zero is designated as 1.

Preparation of purified PHD3-HA-His and
ATOH1-Flag-His proteins

Purified PHD3-HA-His and ATOH1-Flag-His proteins were
prepared by NovoPro Bioscience (Shanghai, CHINA). In
brief, PHD3-HA-His and ATOH1-Flag-His were expressed
in Escherichia coli Rosetta (DE3). The pET22b vector was
used to express these proteins. Expression of PHD3-HA-His
and ATOH1-Flag-His proteins was induced by 1 mM IPTG
at 25 °C for 12 h. These proteins were purified in a Ni-IDA-
Sepharose CL-6B column.

In vitro ATOH1 ubiquitination assay

The in vitro ATOHI ubiquitination assay was performed as
described [34]. EI(UBEIl)(Catalog No. E-305), E2
(UBE2D3)(Catalog No. E2-627), ATP-Mg>*(Catalog No.
SK-10), and Ub (Catalog No. U-100H) were purchased
from BostonBiochem. 293T cell lysates (400 pug) were
incubated with 1 pug of HUWEL antibody at 4 °C for 3 h.
Eighty microliters of protein A/G Plus Agarose beads were
added and the incubation continued at 4 °C overnight.
The beads were washed and split equally into two tubes in
the presence or absence of 7.5ug purified His-tagged
PHD3-HA (in 600 pl buffer). The beads were incubated at
4.°C for 1 h. The beads were washed and resuspended in a
reaction volume of 30 pul containing 3 pl of 10x reaction
buffer, 10ng of El, 10ng of E2, 3 ul of 10x Mg*"-ATP
solution, 3 pl of 10x Ub, and 2.5 pg of purified His-tagged
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ATOHI1-Flag. The mixture was incubated at 37 °C for 1h.
After the reaction completed, the supernatant was used for
ATOHI ubiquitination analysis in a western blot. The beads
were boiled in loading buffer, resolved in SDS-PAGE, and
immunoblotted with HA and HUWEI antibody.

Isolation of intestinal epithelial cells

The intestine was removed and washed free of fecal mate-
rial with solution “A” (96 mM NaCl, 27 mM sodium citrate,
1.5 mM KCI, 0.8 mM KH,PO,, 5.6 mM Na,HPO,, 5000 U/l
penicillin, 5 mg/l streptomycin, 0.5 mM DTT, and 2 mM
phenylmethylsulfonyl fluoride, pH 7.4). Square pieces of
tissue were placed in solution A (10 ml) at 37 °C for 10 min
with gentle shaking. This removed the mucus, bacteria, and
other lumen contents. The tissue fragments were then
incubated in solution “B” (0.1 mM EDTA, 115 mM NaCl,
25mM NaHCO;, 24mM K,HPO,, 0.4mM KH,PO,,
0.5mM DTT, 5mg/l streptomycin, 2.5 mM glutamine,
5000 U/1 penicillin, and 2 mM phenylmethylsulfonyl fluor-
ide, pH 7.4) at 37°C for 30 min; the disruption of the
mucosa and elution of cells was stopped by adjusting to
I mM CaCl,. The cells recovered in the suspension were
collected by centrifugation and lysed in RIPA buffer.

Tissue staining

Colon tissues were formalin-fixed and paraffin-embedded,
and hematoxylin eosin (HE) staining was performed. The
PAS staining was performed for detection of goblet cells as
described [41]. Immunohistochemical staining was per-
formed as described [8].

DSS colitis

Mice DSS colitis was performed as described previously
[26]. In brief, the sex- and age-matched male littermates
(8—10 weeks old) received DSS (2.5%) in drinking water for
7 days. The mice body weight was recorded daily. The
disease activity index was determined as described [25].

Statistical analysis

Statistical analysis was made by using the unpaired two-tailed
Student’s 7 test or two-way analysis of variance (ANOVA)
with GraphPad Prism 5.0. The data represent mean + SEM
from three independent experiments except where indicated.
P <0.05 is considered statistically significant.
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