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Understanding the molecular mechanisms that regulate intestinal epithelial

cell (IEC) renewal provides potential targets for inflammatory bowel disease
(IBD). Growing evidence has highlighted the importance of epithelial signals in
regulating intestinal stem cell (ISC) differentiation. However, it remains
unclear which IEC-derived cytokines can precisely regulate ISC commitment
toward specific mature cells. Here we systematically analyze all fibroblast
growth factors (FGFs) expression and find that colonic FGF1 levels are inversely
correlated with the severity of IBD in mouse models and patients. IEC-specific
Fgf1 deletion leads to impaired goblet cell differentiation and exacerbated
colitis, while pharmacological administration of recombinant FGF1 (rFGF1)
alleviates colitis by enhancing goblet cell differentiation and improving colo-
nic epithelial integrity. Mechanistic studies reveal that rFGF1 directs ISC dif-
ferentiation toward goblet cells via FGFR2-TCF4-ATOHI1 signaling axis. In
conclusion, our study identifies an epithelial niche-derived FGF1 that regulates

ISC commitment toward goblet cells, shedding light on strategies for treat-

ing IBD.

Inflammatory bowel disease (IBD) is a chronic gastrointestinal disease
consisting of two subtypes: ulcerative colitis (UC)' and Crohn’s disease
(CD). IBD is a worldwide spread disease with increasing incidence rate
which severely threatens public health®. Currently, therapeutic
approaches for this disease include 5-aminosalicylic acid (5-ASA),
steroids (prednisone, budesonide), immunomodulators and targeted
biologic therapies'*. However, they can only alleviate clinical symp-
toms of IBD. It has been estimated that almost 30% of IBD patients do

not respond to current therapies and this proportion is increasing with
treatment progresses’. Thus, it is urgent to develop novel therapies for
the treatment of IBD.

The intestinal epithelial barrier, comprised of secretory lineage
(goblet, enteroendocrine and tuft cells) and absorptive enterocytes,
differentiates from intestinal stem cells (ISCs) residing at the bottom of
crypts, and provides a critical physical and immunological barrier
between host and external environment (i.e. luminal contents)®®,
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Notably, secretory goblet cells produce mucus and anti-microbial
peptides to contribute to epithelial barrier integrity’™. Numerous
clinical and basic studies have demonstrated that the main patholo-
gical feature and diagnostic criteria of IBD are impaired intestinal
epithelia barrier®?, especially goblet cell loss, which probably facil-
itates the access of the luminal antigens across the epithelium and thus
leading to immune activation and thereby inflammation. Therefore,
targeting goblet cell differentiation to promote the restitution of epi-
thelia barrier and mucosal immunity is of great significance for
restoring tissue homeostasis and alleviating inflammation, and has
become a potential strategy for IBD treatment. Apart from multiple
classical cytokines (including WNT, R-spondin, Notch, EGF and BMP)
and their activated signaling pathways identified to regulate intestinal
stem cell (ISC) self-renewal and cell lineage commitment®”, growing
evidence have highlighted the importance of epithelial signals in reg-
ulating ISC differentiation'*¢. However, the cytokines and signaling
pathways that can precisely regulate ISC commitment toward goblet
cells have not been fully elucidated.

Fibroblast growth factor 1 (FGF1) belongs to a family of eighteen
different FGF proteins, which regulate a wide range of biological
functions, including development, homeostasis, and disease. Pre-
vious studies have shown that the physiological functions of FGF1
spans the area of wound healing, angiogenesis, skeletal muscle
regeneration and cardioprotection'®, playing a key role in the repair of
multiple organs or tissues after injury. However, the precise mechan-
ism and functional role of FGF1, the most abundant FGF ligand
expressed in the colon, in the pathogenesis of IBD have not been
investigated. Even less is known about the effects of FGF1 on intestinal
barrier restitution or its regulatory role on goblet cell differentiation
during IBD.

In the present study, we showed that colonic expression of FGF1 is
positively correlated with goblet cell number and inversely correlated
with the severity and progression of IBD mouse models (including UC
and CD models) and patients. Intestinal epithelial cell (IEC)-specific
deficiency of Fgfl leads to impaired goblet cell differentiation and
colonic epithelial barrier, exacerbating IBD phenotype; whereas
pharmacological administration of recombinant FGF1 significantly
improves the intestinal epithelial barrier by enhancing goblet cell dif-
ferentiation, thereby alleviating IBD. In terms of molecular mechanism,
FGF1 drives ISC commitment toward goblet cells by activating the
FGFR2-TCF4-ATOH1 signaling axis. Taken together, we identified
paracrine FGF1 as an epithelial niche-derived cytokine that drives ISC
differentiation toward goblet cells, providing mechanistic insights into
the pathogenesis of IBD and potential therapeutic strategies for
treatment of this disease.

Results

Colonic expression level of FGF1 is negatively correlated with
pathological progression of IBD in both mouse models and
human patients

To investigate the role of FGFs in the occurrence and development of
IBD, we analyzed the expression profile of all Fgfs in colon tissue of
normal mice and found that Fgfl, Fgf2, Fgf7, Fgf% and Fgfl0 were
abundantly expressed in colon under the steady-state conditions,
while Fgf3, Fgf5, Fgf6, Fgf8, Fgfl7, Fgf20, and Fgf21 were undetectable
(Supplementary Fig. 1A). Furthermore, we performed a systematic
gRT-PCR analysis of the colonic expression of all Fgfs comparatively in
response to dextran sodium sulfate (DSS) or 2,4,6-trinitrobenzene
sulfonic acid (TNBS) challenge (which are known to induce ulcerative
colitis (UC) and Crohn'’s disease (CD), respectively) with normal mice
as a control. We found that, consistent with previous reports®?,
colonic expression levels of Fgf2, Fgf7 and FgflO were significantly
upregulated in DSS-treated UC mice (Fig. 1A and Supplementary
Fig. 1B-E), but not in TNBS-induce CD mice (Fig. 1B and Supplementary
Fig. 1F-1). More importantly, qRT-PCR and western blotting analysis

showed that FGF1, the most predominantly expressed FGF ligand in
the colon, was the unique FGF member which was commonly down-
regulated in both UC and CD mouse models (Fig. 1A, B and Supple-
mentary Fig. 1E, 1). Double IF staining of FGF1 and epithelial cell
adhesion molecule (EpCAM, a marker of intestinal epithelial cells) or
alpha-1 type 1 collagen (Collal, a marker of intestinal mesenchymal
cells) showed that FGF1 is mainly expressed in EpCAM-positive
intestinal epithelial cells (IEC), whose expression was significantly
reduced in mice treated with DSS or TNBS (Fig. 1C, D and Supple-
mentary Fig. 2A, B). Furthermore, reanalysis of single-cell RNA
sequencing data (scRNA-seq, GSE264408) and double IF staining of
FGF1 with different IEC markers (including Muc2, goblet cells;
doublecortin-like kinase (Dclkl), tuft cells; chromogranin A (ChgA),
enteroendocrine cells; fatty acid binding protein 1 (Fabpl), absorptive
enterocytes) showed that colonic FGF1 is an epithelial niche-derived
cytokine (Supplementary Fig. 2C-E), whose levels were generally
reduced in most IEC types rather than in specific IECs in IBD mice
(Supplementary Fig. 2C-E).

To further assess the clinical relevance of FGF1 with UC and CD,
the expression levels of FGF1 in colon samples from UC or CD patients
(stratified by differential pathological stages based on ulcerative colitis
endoscopic index of severity (UCEIS) or simple endoscopic score for
Crohn’s disease (SES-CD)) were analyzed (Supplementary
Table 1 and 2). Consistent with the results obtained from IBD mouse
models, double IF staining showed the colonic levels of FGF1, mainly
expressed in EpCAM-positive IECs, were significantly decreased with
the progression of IBD, as revealed by a negative correlation between
the colonic expressions of FGF1 and disease activity indexes (UCEIS or
SES-CD) in IBD patients (Fig. 1IE-G and I and Supplementary Fig. 2F-G).
Besides, we observed that the colonic expressions of FGF1 were posi-
tively correlated with goblet cell numbers (lower panel in Fig. 1E, F, H
and)), suggesting that FGF1 may be associated with the proliferation or
differentiation of goblet cells. Taken together, all these data suggest
that the reduction of IEC-derived FGFI1 is probably involved in the
pathogenesis of IBD.

IEC-specific deletion of Fgfl exacerbates DSS or TNBS-induced
colitis via decreasing goblet cell number in colon
To explore the role of intestinal epithelial cells (IEC)-derived FGF1 in
IBD, Fgfl was conditionally deleted in IECs by generating Villin-Cre +;
Fgf1"™%* (VilCreFgfI"™) mice (Fig. 2A, B and Supplementary Fig. 3A),
followed by DSS challenge to induce UC mouse model. We found that,
under normal water, the loss of IEC-specific FgfI had little effects on
body weight, disease activity index, colon length and histology score.
However, under the challenge of DSS, VilCreFgfI"" mice showed exa-
cerbated body weight loss, increased disease activity index, colon
length shortening and tissue damage in distal colon, compared to
FgfI" mice (Fig. 2C-F). Via analyzing the lineage markers, we found a
significant reduction in goblet cell marker (Muc2) expression in colonic
homogenates of VilCreFgfI"" mice treated with DSS compared to Cre-
negative littermate controls (FgfI"" mice), whereas markers for tuft
cells (DclkI), enteroendocrine cells (ChgA) and absorptive enterocytes
(Fabpl, keratin 20 (Krt20), apolipoprotein Al (Apoal)) did not change
(Supplementary Fig. 3B). The IF staining of the above cell markers,
including Muc2, Dclk1, ChgA and Fabpl, and PAS-AB staining further
confirmed a specific and remarked reduction in goblet cell number in
distal colon of VilCreFgfI"" mice compared to FgfI"" mice under DSS
challenge (Fig. 2G-I). In addition, the bacterial 16S ribosomal RNA
sequencing (to evaluate the composition of gut microbiota in colonic
feces) showed that there was nearly equalized bacterial composition in
VilCreFgfI" and Fgfi"" littermates (Supplementary Fig. 3C-E), sug-
gesting that IEC-specific FgfI deficiency exacerbates DSS-induced UC
colitis independently of intestinal microbiota.

To further confirm the key role of IEC-specific Fgfl deficiency in
the pathogenesis of IBD, the CD mouse colitis model was established
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by treating mice with TNBS. As consistent with what observed in DSS-
induced colitis, VilCreFgfI" mice were more susceptible to TNBS-
induced colitis compared to FgfI"" mice, as revealed by exacerbated
colon shortening, colonic epithelium damage and goblet cell loss
(Supplementary Fig. 4A-D). Taken together, all these data demonstrate
that IEC-specific deletion of Fgfl aggravates the severity of DSS or
TNBS-induced IBD probably via decreasing the goblet cell number.
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FGF1 alleviates DSS and TNBS-induced colitis via mitigating

goblet cell loss and improving colonic epithelium integrity

Since IEC-specific deficiency of FgfI contributes to the pathogenesis of
IBD, we further explored whether the replenishment of this protein
could ameliorate the pathological changes of colon in IBD. Male
C57BL/6 ) mice were administrated with DSS for 7 days to induce acute
colitis, followed by 4 days of recovery. These mice were
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Fig. 1| Colonic FGF1 levels negatively correlate with pathological grades of
mouse model and human inflammatory bowel disease (IBD). A, B Relative
mRNA levels of all Fgfs in colon tissues of C57BL/6J mice and DSS (A)/TNBS (B)-
induced colitis were determined by qRT-PCR (n =5). C, D Analysis of the expression
levels of FGF1 (green) and EpCAM (red) in the distal colon sections of control mice
and DSS-induced UC or TNBS-induced CD mouse model by IF staining. Nuclei were
labeled with 4,6-diamidino -2-phenylindole (DAPI). The FGF1 stains were quantified
using ImageJ software (n =5, the mean value of 2 fields in each mouse). E-J IF
staining of FGF1 (upper panel) and PAS-AB staining (lower panel) of human colon
sections from UC (E) (n = 8 for Healthy Control group, n=9 for Mild group, n=15

for Moderate group, n =9 for Severe group) and CD (F) (n =10 for Healthy Control
group, n =8 for Mild group, n=10 for Moderate group, n =14 for Severe group)
patients. Correlation analysis between IF intensity of FGF1 and UCEIS (G)/ SEC-CD
(I) or Mucin granules® cells per crypt in UC (H) and CD (J) patients. Human colon
sections were classified by ulcerative colitis endoscopic index of severity (UCEIS) of
1-3 (mild), 4-6 (moderate) and 7-8 (severe) or simple endoscopic score for Crohn’s
Disease (SEC-CD) of 3-6 (mild), 7-16 (moderate) and 17-30 (severe). Data was pre-
sented as mean + SEM. (A-D) two-tailed unpaired t-test (Fgf22 (A) and Fgf4, Fgf22,
Fgf23 (B) using non-parametric statistical method, two-tailed Mann-Whitney Test);
(G-)) Spearman’s correlation. ns, not significance; nd, not detectable.

intraperitoneally injected with matured wild type FGF1 (mFGF1"") and
previous engineered non-mitogenic FGF1 analog FGFI*"® (named
rFGF1) daily until the end of the experiment, with PBS as a control
(Fig. 3A). Results showed that mFGF1"" and rFGF1 have similar abilities
to alleviate DSS-induced UC phenotypes, as revealed by improved
body weight loss, reduced disease activity index and increased colon
length (Supplementary Fig. 5A-D). With the consideration that the
potent proliferation of wild type FGF1 may induce safety risks, ham-
pering its clinical translation in the IBD treatment, we used non-
mitogenic rFGF1 in the subsequent experiments. We found that
administration of rFGF1 significantly restored body weight loss, colon
length shortening and increased disease activity index induced by DSS
(Fig. 3B-D). The H&E staining of distal colon showed that treatment of
rFGF1 led to a visible reduction of inflammation and improvement of
tissue integrity, reflected by a marked reduction of histology scores
(Fig. 3E, F). Furthermore, PAS-AB and Muc2 IF staining showed a
remarkable goblet cell recovering by rFGF1 treatment (Fig. 3E, F).
Consistently, analysis of the lineage markers by qRT-PCR showed a
significant replenishment of Muc2 expression in distal colon by rFGF1
treatment, whereas expressions of leucine rich repeat containing G
protein-coupled receptor 5 (Lgr5) (stem cells), Dclk1 (tuft cells), ChgA
(enteroendocrine cells) and Fabpl, Krt20 and Apoal (enterocytes)
were not affected (Fig. 3G). Taken together, these data indicate that
rFGF1 administration compromise progressing colitis and restore the
colonic epithelium integrity mainly via alleviating goblet cell loss.

We further assessed the therapeutic effect of rFGF1 on TNBS-
induced colitis. BALB/c mice were treated with TNBS, followed by
administration of rFGF1 with PBS as a control. We found that rFGF1
significantly elevated the survival rate of mice under TNBS challenge
(Fig. 3H). In line with what we found in DSS-induced UC model, rFGF1
induced a considerable restoration of body weight loss and colon
length shortening, and reduction of disease activity index (Fig. 31-K).
Histology analysis showed that rFGF1 also robustly dampened immune
cell infiltration, epithelial injury, crypt hyperplasia and edema
(Fig. 3L, M). Notably, PAS-AB, Muc2 IF staining and the lineage markers
analysis by qRT-PCR showed that administration of rFGF1 remarkably
reserve goblet cell population in the TNBS-induced colitis (Fig. 3L-N).
Therefore, these data further confirm the protective role of FGF1in IBD
via mitigating goblet cell loss and improving colonic epithelium
integrity.

FGF1 drives intestinal stem cell (ISC) commitment toward
goblet cells

To explore the underlying mechanisms by which rFGF1 alleviated
goblet cell loss in IBD mouse models, the effects of rFGF1 on IECs life
cycle including proliferation and apoptosis were analyzed in vivo. We
found that there were little differences in cell apoptosis (assessed by
TUNEL staining) and proliferation (assessed by Ki67 staining) of colon
between FgfI"" and VilCreFgfi"" mice challenged with DSS or TNBS
(Supplementary Fig. 6A, B). Interestingly, administration of rFGF1
induced a dominant decrease in colonic epithelial cell proliferation in
mice pretreated with DSS or TNBS (Supplementary Fig. 6C, D), prob-
ably due to that rFGFI1 treatment relieved impaired epithelial barrier,
which no longer requires intestinal stem cells (ISC) proliferation for

repair. These data indicate that the change of IECs’ proliferation is the
result rather than the cause of FGFI's relief on intestinal barrier
damage. Besides, rFGF1 also had no significant effect on cell apoptosis
of colonic epithelial cell (Supplementary Fig. 6C, D). Furthermore, we
acutely i.p. injected rFGF1 into normal C57BL/6]) mice to analyze its
effects on the cell proliferation, and found that rFGF1 did not induce
ISC proliferation or change the cellular composition of colonic epi-
thelium under steady-state condition (Supplementary Fig. 7A-D).
Therefore, all these data exclude the contribution of cell apoptosis and
proliferation to rFGFl-induced increase in goblet cell number.

It has been previously demonstrated that enhancing goblet cell
differentiation is a crucial way to elevate its number and maintain a
healthy intestinal epithelium®°. We found that rFGF1 administration
significantly upregulated expressions of goblet cell terminal differ-
entiation factors including E74 like ETS transcription factor 3 (EIf3) and
Kriipple-like factor 4 (KIf4) in two IBD mouse models (Fig. 4A, B), indi-
cating that rFGF1 alleviates DSS or TNBS-induced goblet cell loss
probably via promoting goblet cell differentiation. To further explore
the role of colonic epithelial cell-derived FGF1 in goblet cell differ-
entiation, we isolated and cultured murine colonic organoids, a three-
dimensional (3D) cell culture system in which enterocytes and secretory
epithelial lineages are differentiated from primary crypts. As expected,
we found that, compared to that of FgfI"" mice, the murine colonic
organoids from VilCreFgfI"" mice showed a prominent decrease in the
ratio of budding organoids, a hallmark of intestinal stem cell differ-
entiation in crypts, without changing the proliferation as revealed by
Ki67 IF staining (Fig. 4C). Notably, analysis of cell lineage commitment
by IF staining showed that deletion of IEC-FgfI specifically decreased
Muc2 (goblet cell marker) level in murine colonic organoids, without
changing the levels of markers for tuft cells (Dclkl), enteroendocrine
cells (ChgA) or absorptive enterocytes (Fabpl) (Fig. 4D). In contrast,
morphology examination of in vitro murine colonic organoids dis-
played that rFGF1 stimulation directly induced a significant increase in
the ratio of budding organoid and had no effect on cell proliferation
(Fig. 4E). Analysis of cell lineage markers by qRT-PCR and IF staining
further showed that rFGF1 stimulation significantly increased the
expression of Muc2 (goblet cell marker) in murine colonic organoids,
but had no effects on markers for tuft cells (Dclkl), enteroendocrine
cells (ChgA) and absorptive enterocytes (Fabpl, Krt20, Apoal)
(Fig. 4F-H). More importantly, we also found that rFGF1 treatment
induced goblet cell differentiation in human colonic organoids with
vehicle as a control, which was in line with our findings in murine
colonic organoids (Fig. 41-L). Taken together, these data provide direct
evidence that rFGF1 drives ISC differentiation toward goblet cells.

ATOHI1 mediates the regulation of FGF1 in driving ISC differ-
entiation toward goblet cells

To investigate how rFGF1 promotes ISC differentiation toward goblet
cells, we analyzed the PBS or rFGFI-treated UC mice by RNA sequen-
cing and found that 602 genes were downregulated, whereas 174
genes were upregulated (based on fold change > 2 and p value < 0.05),
as shown in the volcano plot (Supplementary Fig. 8A). The KEGG
enrichment analysis of the differential genes further revealed that
rFGF1 significantly upregulated multiple genes belonging to “Protein
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Fig. 2 | Deficiency of Fgfl in intestinal epithelial cells sensitizes mice to DSS-
induced colitis. A, B Deficiency of FgfI in IECs was verified by qRT-PCR (A) and IF
staining (B) (n =5). C-E Weight loss (C), disease activity index (D) and colon length
(E) of Fgf1"" and VilCreFgfI"" mice that received regular drinking water with or
without 2.5% DSS for 7 days. The distal colon tissues were collected and analyzed at
the end of this experiment (n=6 for Fgfl""+ DSS group, n =5 for other groups).
F H&E staining of distal colon sections of FgfI"" and VilCreFgfI"" mice with or
without DSS challenge and its histology score (n = 6 for Fgf1"" + DSS group, n =5 for
other groups). G Goblet (Muc2, in green), tuft (Dclk1*, in green), enteroendocrine
(ChgA’, in green) and absorptive enterocyte (Fabpl’, in green) cells were quantified

04
Water

DSS

by IF staining of the distal colon sections of FgfI"" and VilCreFgfI"" mice with or
without DSS challenge (n = 6 for Fgfi"" + DSS group, n =5 for other groups).
H-1PAS-AB staining of the distal colon sections of Fgf1"" and VilCreFgfI"" mice with
or without DSS challenge (H). Mucin granules® cells per crypt were counted (I)
(n=6 for Fgfl""+ DSS group, n=5 for other groups). Data was presented as
mean + SEM. (A, right panel of B) two-tailed unpaired t-test (kidney (A) using non-
parametric statistical method, two-tailed Mann-Whitney Test); (C, D) P values on
day 7 were calculated using ordinary two-way ANOVA, followed by Sidak; (right
panel of E-G, I) ordinary two-way ANOVA, followed by Sidak. ns, not significance.

digestion and absorption”, “ECM-receptor interaction” and “Focal
adhesion” pathways, suggesting that rFGF1 treatment reconstructed
intestinal epithelial barrier and restored intestinal absorption function
(Supplementary Fig. 8B). It is worth noting that rFGF1 treatment

significantly upregulated atonal BHLH transcription factor 1 (ATOH1),
the most important transcription factor that promotes Lgr5" intestinal
stem cells (ISC) differentiation toward secretory lineage'®***, which
was further validated in DSS or TNBS-induced colitis mouse models by
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qRT-PCR (Fig. 5A). Notably, several downstream target genes of
ATOH]I, especially goblet cell differentiation-related genes (Spdef and
Sox9)**?¢ were significantly upregulated (Fig. 5A), while transcription
factors important for specification of other cell lineages, such as
Neurog 3 and Gfil (EECs), Pou2f3 and Sox4 (tuft cells), hepatocyte
nuclear factor 4a (HNF4a) and HNF4y (enterocytes), did not change

Lgr5 Muc2 Dclk1 ChgA Fabp1 Krt20 Apoa1l

Stem cell Goblet cells Tuft cells Enteroendocrine Enterocytes
cells

(Supplementary Fig. 8C). Besides, we found that, IEC-specific Fgfl
deficiency led to a remarked reduction of colonic ATOHI1 expression
under the challenge of DSS or TNBS (Fig. 5B, C). In contrast, rFGF1
treatment significantly increased colonic ATOH1 expression in UC and
CD mouse models (Fig. 5D, E). Thus, these data confirmed that IEC-
derived FGF1 is an upstream activator of ATOH1 during IBD.
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Fig. 3 | Administration of rFGF1 increased goblet cell number and improved the
epithelium integrity to resist DSS or TNBS-induced colitis. A The experimental
design. C57BL/6 ) mice received regular drinking water with or without 2.5% DSS for
7 days, and daily i.p. injected with PBS or rFGF1 starting from the third day until the
end of this experiment. The distal colon tissues were collected and analyzed at the
end of this experiment (n = 4). B-D Weight loss (B) disease activity index (C) colon
length (D) (n=4). E, F H&E (upper panel), PAS-AB staining (middle panel) and Muc2
IF staining (lower panel) of distal colon sections (E). Histology scores (left panel;
n=4), counting of mucin granules-positive cells per crypt (middle panel; n=4) and
Muc2-positive cells per crypt (right panel; n=4) of distal colon sections (F).

G Colonic stem cells (Lgr5), goblet cells (Muc2), Tuft cells (Dclki), enteroendocrine
cells (ChgA) and absorptive enterocytes (Fabpl, Krt20, Apoal) markers were
determined by qRT-PCR (n =4). H-K BALB/c mice were rectally administered with
TNBS, followed by PBS or rFGF1 injection. The survival rates (H) weight loss (I)
disease activity index (J) and colon length (K) of mice were measured. The distal
colon tissues were collected and analyzed at the end of this experiment (n =6 for

Control group, n =5 for TNBS + PBS group, n =9 for TNBS + rFGF1 group). L-M H&E
(upper panel), PAS-AB staining (middle panel) and Muc2 IF staining (lower panel) of
distal colon sections (L). Histology scores (left panel), counting of mucin granules-
positive cells per crypt (middle panel) and counting of muc2-positive cells per crypt
(right panel) of distal colon sections (M) (n =6 for Control group, n=5 for

TNBS + PBS group, n=9 for TNBS + rFGF1 group). N Colonic stem cells (Lgr5),
goblet cells (Muc2), tuft cells (Dclkl), enteroendocrine cells (ChgA) and absorptive
enterocytes (Fabpl, Krt20, Apoal) markers were determined by qRT-PCR (n = 6 for
Control group, n=>5 for TNBS + PBS group, n =9 for TNBS + rFGF1 group). Data was
presented as mean + SEM. (B-C) P values on day 12 were calculated using ordinary
one-way ANOVA, followed by Dunnett; (I-J) P values on day 4 were calculated using
ordinary one-way ANOVA, followed by Dunnett; (D-G, K-N) ordinary one-way
ANOVA, followed by Dunnet (Muc2, Dclk1, ChgA and Krt20 (N) using non-
parametric statistical method, Kruskal Willis Test with a post hoc Dunn’s test). ns,
not significance; nd, not detectable.

To further explore the role of ATOHI in FGF1-mediated ISC dif-
ferentiation toward goblet cell, murine colonic organoids were trans-
fected with shRNA to knock-down Atohl expression, followed by rFGF1
stimulation. We found that rFGF1 failed to induce budding of orga-
noids after transfected with shAtohl (upper panel, Fig. 5F). Knock-
down of Atohl largely compromised basal levels of Muc2 expression in
colonic organoids (lower panel in Fig. 5F). More importantly, rFGF1
increase Muc2 (goblet cell marker) level in shNC, but not shAtohl
transfected organoids (lower panel in Fig. 5F). In addition, rFGF1 sti-
mulation did not change markers for tuft cells (Dclkl), enteroendo-
crine cells (ChgA) and absorptive enterocytes (Fabpl) in shNC and
shAtohl (Supplementary Fig. 8D). Furthermore, PAS-AB and Muc2 IF
staining of distal colon tissues from VilCreAtohl"”~ heterozygous
knockout mice showed that, under the challenge of DSS, 50% knocking
out of Atohl in IECs reduced basal Muc2 expression levels. Notably, the
increased goblet cell number induced by rFGF1 was significantly atte-
nuated in VilCreAtohI'" heterozygous knockout mice, as revealed by
Muc2 IF and PAS-AB staining (Supplementary Fig. 8E, F). Since IEC-
specific deletion of Atohl is lethal, we generated tamoxifen-inducible
knockout Villin-Cre®t™Atoh1"" mice and confirmed that injection of
tamoxifen in Villin-Cre®"Atoh 7" mice led to remarkable reduction in
Atohl expression (as determined by qRT-PCR and IF staining)
(Fig. 5G, H). Although administration of rFGF1 significantly restored
DSS-induced body weight loss, colon length shortening and increased
disease activity index in control Villin-Cre®®"4zohI"" mice, all these
beneficial effects were lost in tamoxifen treated Villin-Cre™™A4roh1""
mice (Fig. 51-M). Notably, FGFl-induced goblet cell differentiation is
also compromised in Villin-Cre®™*"A¢oh1" mice (Fig. 5M). In summary,
combined with the results of FGF1 stimulation in organoids in vitro
(Fig. 4), these data strongly support that ATOH1 mediates the regula-
tion of FGF1 in driving ISC differentiation toward goblet cells.

Given that ATOHI is regulated by Notch signaling pathway®*"*,
we further explored whether the Notch mediated ATOHI activation by
rFGF1. However, we found that Notch ligands (DII1 and DII4) and the
Notch effector Hesl were not different in DSS-induced UC mouse
models after FGF1 treatment (Supplementary Fig. 9A). Consistently,
rFGF1 did not change the levels of activated form of Notch 1 (cleaved
Notch 1 intracellular domain, NICD) in DSS-induced colitis mice (Sup-
plementary Fig. 9B). Furthermore, the mRNA and protein levels of -
catenin and axin2 remained unchanged after rFGF1 treatment in UC
moues models (Supplementary Fig. 9C-D).

TCF4 mediates the transcriptional upregulation of Atohl

by FGF1

To identify the nuclear factors that mediate the transcriptional reg-
ulation of Atohl by rFGF1, we intersected differentially expressed
genes in the colon tissues of FGF1-treated UC mice with the predicted
transcription factors that could regulated Atohl, and found seven

potential nuclear transcription factors, including Kdmia, Hoxali3, Tec,
Nfya, Nr4al, Tcf4 and Ncaph2 (Fig. 6A). The results of qRT-PCR showed
that only transcription factor 4 (Tcf4) was significantly upregulated by
rFGF1 treatment (Fig. 6B). In contrast, we found a significant reduction
of TCF4 expression in colonic homogenates of VilCreFgfl"" mice
challenged with DSS or TNBS compared to FgfI"" mice (Fig. 6C, D). The
upregulation of TCF4 induced by rFGF1 was further confirmed in two
IBD mouse models (UC and CD) (Fig. 6E, F). In addition, consistent with
IF staining results showing that TCF4 localized at the base of the crypt,
scRNA analysis of Tcf4 expression profile indicated that Tcf4 was highly
expressed in intestinal stem cells (ISCs) (Supplementary Fig. 10A). To
verify whether TCF4 was involved in the transcriptional regulation of
Atohl, potential binding sites of TCF4 in the promoter region of Atohl
were predicted using JASPAR database (Fig. 6G, left panel). We then
generated plasmids expressing wild-type or double-site mutant Atohl
promoter based on predicted binding sites of TCF4 (Fig. 6G, right
panel). After transfecting HT-29 cells with a Tcf4 overexpression plas-
mid and a plasmid encoding human wild-type (WT) or mutant Atohl
promoter (M1, M2, M3), luciferase reporter assay showed that
TCF4 significantly induced the activity of wild-type Atohl promoter but
not M3 mutant (Fig. 6H). Furthermore, we found that the luciferase
activity was significantly abolished in HT-29 cells transfected with M3-1
or M3-2 mutant compared to WT control, identifying both motifs as
the binding site of the ATOH1-TCF4 complex (Fig. 61). This result was
further confirmed via chromatin immunoprecipitation (ChIP) experi-
ments which showed that TCF4 bound to the Atohl promoter (Fig. 6)).
More importantly, the upregulation of ATOH1, Muc2 expression and
the ratio of budding organoids induced by rFGF1 were abolished in
shTcf4-transfeceted organoids (Fig. 6K, L). Taken together, all these
data strongly demonstrate that TCF4 mediates the transcriptional
upregulation of Atohl by FGF1.

FGF1 acts on FGFR2 in Lgr5'ISCs to activate TCF4-ATOHL1 sig-
naling axis-mediated goblet cell differentiation

It has been reported that FGF1 ubiquitously binds to all FGF receptors
(FGFRs) to initiate intracellular signaling'*’. To explore the exact FGFR
involved in FGFI's regulation on ISCs differentiation toward goblet
cells, we reanalyzed a single-cell RNA sequencing dataset (SCRNA-seq,
GSM4983265) and found that Fgfr2 was higher expressed in ISCs than
other Fgfrs (Fig. 7A). The IF staining showed that FGFR2 was mainly
expressed at the bottom of crypts and overlapped with Lgr5" ISCs
(Fig. 7B), suggesting that FGFR2 expressed in Lgr5" ISCs may mediate
the role of FGF1 in promoting goblet cell differentiation. To further
explore this notion, colonic organoids derived from Lgr5-EGFP-Cre®R"
Fgfr2"" mice were stimulated with rFGF1 for 7 days. We found that
rFGF1 upregulated the ratio of budding organoids derived from con-
trol Lgr5-EGFP-Cre®™™Fgfr2"" mice without tamoxifen treatment, but
not from Fgfr2-deficient Lgr5-EGFP-Cre™"Fgfr2"" mice treated by
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tamoxifen (Fig. 7C, D). Of note, rFGF1 failed to induce TCF4-ATOH1
signaling axis and Muc2 expression in colonic organoids from Fgfr2-
deficient Lgr5-EGFP-CreffFgfr2"" mice (Fig. 7D). Collectively, these

C D

>

results suggest that FGFR2 in Lgr5" ISCs mediates the role of FGF1 in
promoting TCF4-ATOHI1 axis-mediated goblet cell differentiation. In
addition, we observed that the size of organoid extracted from TAM-
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Fig. 4 | FGF1 drives intestinal stem cell differentiation toward goblet cells.

A, B qRT-PCR analysis of Elf3 and Kif4 mRNA levels in distal colon sections of DSS
(A, n=4) or TNBS (B, n=6) induced IBD mouse models treatment with PBS or
rFGF1. C Representative images (upper panel, n=>5) and IF staining of Ki67 (lower
panel, n=4) in murine colonic organoids derived from FgfI"" and VilCreFgf1"" mice
were cultured for 7 days and analyzed. D Goblet cells (Muc2’, in green), tuft cells
(Dclk1*, in green), enteroendocrine cells (ChgA®, in green) and absorptive enter-
ocyte (Fabpl*, in green) cells in colonic organoids derived from Fgff"" and
VilCreFgf1"" mice were quantified by IF staining (n=5). E-H Colonic organoids
from normal C57BL/6 ) mice were cultured and stimulated with vehicle or rFGF1 for
7 days (n=>5). E Representative images (upper panel) and Ki67 IF staining (lower
panel) of murine colonic organoids. F, G The mRNA levels of Muc2, ChgA, Dclk1 (F)
and Fabpl, Krt20 and Apoal (G) in colonic organoids were analyzed by qRT-

PCR.H Goblet cells (Muc2’, in green), tuft cells (Dclkl’, in green), enteroendocrine
cells (ChgA*, in green) and absorptive enterocyte (Fabpl', in green) cells were
quantified by IF staining and its semi-quantitation of IF intensity. I-L Human colonic
organoids were cultured and stimulated with vehicle or rFGF1 for 7 days (n=5).

I Representative images (upper panel) and Ki67 IF staining (lower panel) of human
colonic organoids. J, K The mRNA levels of Muc2, ChgA, Dclk1 (J) and Fabpl, Krt20
and Apoal (K) in human colonic organoids were analyzed by qRT-PCR.L Goblet
cells (Muc2', in green), tuft cells (Dclk1*, in green), enteroendocrine cells (ChgA’, in
green) and absorptive enterocyte (Fabpl®, in green) cells were quantified by IF
staining and its semi-quantitation of IF intensity. Data was presented as mean +
SEM. (A-B, F-G, J-K, lower panel of C, E, I, right panel of D, H, L) two-tailed
unpaired t-test (Elf3 (B) and Apoal (G) using non-parametric statistical method,
two-tailed Mann-Whitney Test). ns, not significance; nd, not detectable.
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treated Lgr5-EGFP-Cre®™"Fgfr2"" mice was slightly smaller than that of
untreated Lgr5-EGFP-CrefR"Fgfr2"" mice, suggesting that autocrine
FGF ligands may be present in crypts to promote organoid growth via
activating FGFR2.

Next, we further investigated how FGFR2 regulated TCF4-ATOH1
signaling axis-mediated goblet cell differentiation. Activation of
mitogen-activated protein kinase (MAPK), a well-established FGFRs’
downstream®>®, has been reported to enhance goblet cells
differentiation®. The western blot analysis showed that rFGF1

treatment significantly increased pERKL/2 levels in colon tissues
(Supplementary Fig. 11A). In colonic organoids, we found that rFGF1
lost its capacity to induce organoids budding, activate TCF4-ATOH1
signaling axis and upregulate Muc2 expression in the presence of
ERK1/2 inhibitor U0126 (Supplementary Fig. 11B, C). These findings
demonstrate that the FGF1 acts on Lgr5* ISCs to activate FGFR2-ERK1/2-
TCF4-ATOHI1 signaling axis and initiate goblet cell differentiation.

To further demonstrate that FGF1 directly acts on intestinal stem
cells to exert the therapeutic effect in IBD in vivo, we firstly verified that
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Fig. 5 | ATOHL is required for enhanced goblet cell differentiation induced

by rFGFI1. A Heatmap of differentially expressed Atohl and its downstream target
genes in PBS and rFGF1-treated UC mice (1 =4). The mRNA level of AtohI in PBS or
rFGF1-treated UC mice (upper panel, n=4) and CD mice (lower panel, n=5) was
detected by qRT-PCR. B, C IF staining of ATOHI in distal colon sections of FgfI""
and VilCreFgfI"" mice challenged with DSS (B) or TNBS (C), and its semi-
quantitation of IF intensity (n = 4, the mean value of 2 fields in each mouse). D, E IF
staining of ATOHL1 in distal colon sections of DSS (D) or TNBS (E)-induced two IBD
mouse models, followed by PBS or rFGF1 treatment and its semi-quantitation of IF
intensity (n =4, the mean value of 2 fields in each mouse). F Representative images
(upper panel) and IF staining of Muc2 (lower panel) in shAtohl or shNC-transfected
colonic organoids stimulated with vehicle or rFGF1 (n = 6). G, H Deletion of AtohI in

VilCre™®"?4toh1"" mice was confirmed by qRT-PCR (G) and IF staining of colon
tissues (H) (n=4). I-M VilCre™"4toh1"" mice were injected with tamoxifen for five
consecutive days and then given drinking water containing 1.5% DSS to induce
acute colitis, followed by vehicle or rFGF1 administration for 7 days. At end of the
experiment, the distal colon tissues were harvested and examined. The schematic
diagram shows the strategy of tamoxifen injection, DSS challenge and rFGF1
administration (n = 4). J-L Weight loss (J), disease activity index (K), colonic length
(L) were monitored (n=4). M H&E (upper panel), PAS-AB staining (middle panel)
and Muc?2 IF staining (lower panel) of distal colon sections (n=4). Data was pre-
sented as mean + SEM. (A, D-E, H) two-tailed unpaired t-test; (B, C, F, J-M) ordinary
two-way ANOVA, followed by Sidak; (G) Non-parametric statistical method, two-
tailed Mann-Whitney test. ns, not significance; nd, not detectable.

TAM injection achieves inducible knockout of Fgfr2 in the intestinal
epithelium (Fig. 7C and Supplementary Fig. 12A). We found no mac-
roscopic structural or cellular abnormality in Lgr5-EGFP-Cre™"2Fgfr2%"
mice after TAM injection under homeostatic conditions (Supplemen-
tary Fig. 12B, C). As expected, under the challenge of DSS, we observed
that rFGF1 treatment failed to improve body weight loss, colon length
shortening and disease activity index in tamoxifen-treated Lgr5-EGFP-
Cre™"2rgfr2"" mice (Fig. 7E-G). H&E, PAS-AB and Muc2 IF staining
showed that rFGF1 treatment failed to improve DSS-induced epithelial
damage and goblet cell loss in tamoxifen-treated Lgr5-EGFP-
Cre™"2rgfr2"" mice (Fig. 7H, I). Consistently, IF staining showed that
rFGF1 treatment did not upregulate the TCF4 and ATOH1 expressions
in the Lgr5-EGFP-Cre™"Fgfr2"" mice (Fig. 71). Taken together, all these
data demonstrate that the deficiency of Fgfr2 in Lgr5" ISCs abolished
the effect of rFGF1 in promoting goblet cell differentiation and pro-
tecting DSS-induced colitis.

In addition, via analyzing the results of single-cell sequencing of
colon tissues from UC mouse model and IBD patients (Supplementary
Fig. 13A-C), we found that levels of Tcf4 and Atohl in ISCs were sig-
nificantly downregulated probably due to decreased IEC-derived FGF1
after IBD onset. This result further supports our proposal that IEC-
derived FGF1 drives Tcf4-Atohl signaling axis-mediated stem cell dif-
ferentiation in the ISCs.

Discussion

Intestinal stem cell (ISC) self-renewal and cell lineage commitment
after leaving crypts are essential for maintaining intestinal barrier
and mucosal immunity during hemostasis and following tissue
injury**>, Numerous studies have shown the intestinal stem cell
niche consists of an epithelial component, provided by Paneth cells
in the small intestine and a mesenchymal component that provides
WNT pathway activation, EGF signaling and BMP inhibition®*®. How-
ever, the nature and cell source of signals that drive lineage-directed
differentiation of ISCs after colitis remain unclear. Here, we identified
paracrine FGF1 as an epithelial niche-derived cytokine that drives ISC
differentiation toward goblet cells via activating FGFR2-TCF4-ATOH1
signaling axis.

In view of the fact that the significant efficacy of FGFs in the repair
of epithelial cells in skin tissue, the role of FGFs in repairing and
reconstruction of intestines after injury has attracted attention many
years ago. FGF2", FGF7*° and FGF10” were found to be significantly
upregulated in IBD mouse models and patients. However, studies on
molecular mechanism showed that these FGFs protected intestinal
epithelial barrier in murine colitis models by promoting proliferation
or inhibiting apoptosis of intestinal epithelial cells (IECs). In contrast,
our study demonstrates that rFGF1 promotes intestinal barrier remo-
deling by driving intestinal stem cell (ISC) differentiation toward
goblet cells, rather than increasing epithelial cell proliferation (Fig. 4
and Supplementary Figs. 6 and 7), making FGF1-based biologics a
promising therapeutic target for the treatment of IBD. In addition, the
non-mitogenic rFGF1 has similar ability to alleviate intestinal barrier
damage and IBD phenotypes as mFGFI"" (Supplementary Fig. 5),

further confirming that the therapeutic effect of FGF1 on IBD is inde-
pendent of its proliferation activity.

Paracrine FGF1 plays critical roles in repair and regeneration of
multiple major organs or tissues after injury'®*°. However, the role of
FGF1 in intestinal epithelial barrier dysfunction during IBD has not
been investigated. Even less is known about the functional role of FGF1
in regulating intestinal stem cell (ISC) differentiation. In this study, we
observed that IEC-specific FgfI deletion leads to impaired goblet cell
differentiation, thereby exacerbating intestinal barrier damage and the
severity of DSS or TNBS-induced colitis (Fig. 2 and Supplementary
Fig. 4). In contrast, administration of rFGF1 enhanced goblet cell dif-
ferentiation, thereby improving colonic epithelial integrity (Fig. 3).
Lineage commitment analysis using in vitro colonic organoids pro-
vided direct evidence that FGF1 drives ISC differentiation specifically
toward goblet cells (Fig. 4). The positive correlation between FGF1
expression and goblet cell number in colonic tissue from IBD patients
further supports this notion (Fig. 1).

ATOH]1 is the major transcription factor that drives the differ-
entiation of intestinal Lgr5” stem cells toward the secretory lineage and
is highly expressed in progenitor cells derived from Lgr5* ISCs®'¢*>%,
Previous studies have shown that Atoh1* cells with stem cell properties
are involved in epithelial regeneration after injury®, which is critical for
protecting the integrity of intestinal epithelial barrier. Our data
showed that IEC-specific FgfI deficiency significantly reduced ATOH1
expression in DSS or TNBS-induced IBD mouse models. Conversely,
FGF1 treatment significantly upregulated the expression of ATOH1 and
two goblet cell terminal differentiation factors, EIf3 and Kif4 (Fig. 4).
ShRNA AtohI-transfected colonic organoids and inducible IEC-Atohl
deficient mice (Villin-Cre®™"Atoh1") experiments demonstrated that
upregulation of ATOHI is required for the effects of rFGF1-induced ISC
differentiation toward goblet cells (Fig. 5). Furthermore, we identified
the connection between FGF1 and ATOHI1, namely the FGFR2-ERK1/2-
TCF4 signaling axis (Figs. 6 and 7 and Supplementary Fig. 11).

This study identified TCF4 as a nuclear transcription factor that
regulates ATOHI1 expression. However, as widely expressed in various
IEC cells, TCF4 can only regulate ATOH1 expression in intestinal stem
cells (ISCs), suggesting that TCF4-mediated transcriptional regulation
of ATOH1 may require the assistance of some unknown molecular
elements specifically expressed in ISCs. In addition, we found that
ERK1/2, as a downstream signal of FGFRs, regulated the expression of
TCF4, whose molecular mechanism still needs to be explored in the
future.

Our findings in animal models and human-derived organoids
suggest that FGF1-based therapies have the potential to be applied
in the treatment of IBD patients. However, there are still several
issues that need to be addressed. Firstly, the results of scRNA-seq
re-analysis showed that the reduced FGF1 expression in intestinal
epithelium of IBD models is probably due to the loss of IEC cells,
however other possible mechanisms may also be involved and
need to be elucidated in the future. Secondly, it is still unavoidable
that the administration of non-mitogenic FGF1*#8 activated widely
distributed FGFRs signaling in vivo, which may induce potential
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toxic side effects, since mutations in heparin binding sites do not

alter FGFRs selectivity. Therefore, more sophisticated protein

design based on structure or artificial intelligence is needed to

A C

obtain FGF1 allosteres that preferentially activate FGFR2, or to
develop delivery strategies that specifically target intestine or
even intestinal stem cells to minimize off-target effects and side

Water DSS

DSS+PBS_ DSS+FGF1

s T T T Fgf1f'/f' ViICrngf1"/f| Fgf1¥  VilCreFgf1if o Fgft™
Kdm1a N Eo? 2 280 Pocor7
Transcription 5B §60{ s,
factors of Hoxa13 F £ 40/ P=0.0082
Atoh1 Tec 6 Z 20/ —
= < E D_
nya 0-
Differential . Water DSS
genes from Nrdal ze [) Water TNBS
RNA-seq Tcf4 o Fgf1"  VilCreFgf1""  Fgf1"  VilCreFgf1"! g B
% = ‘ C 280, P<0.0001
Ncaph2 8 s % ® ol =
a 2211
¥ |8 Z 404 P=0.0301
B . S 5 20;
° N — B < od
i>> 8 o DSS+PBS © DSS+rFGF1 T
g 6-P=0.0056 E F > TNBS+PBS
215 DSS+PBS DSS+FGF{  ° DSs+es TNBS+PBS TNBS+FGF1 - musc-ror
€ 4 o NS NS NS ns ns ns _ _ i 2 60-P=00002
ool g o M mm M Mo Zeojpoo0r L 2 T
2o1afl #2 #p P BF &R BE S 2. g B
& = £ ¥ = 20
Q > N > o O Q@ 2 [ L o
r & 2 & <@ N o X S =20 5 &
B\ e&‘ <> \2\0.\_0 ede {_b& = 25um (L"_j o = E o
G WT' H Atoh1 promoter activity I Atoh1 promoter activity
o 6 P<0.0001 P<0.0001
qaap 1035 !
- wi L] s pootor
15 T 1 P<0.0001 .
1) 4. ns —
5 1.0 =303 -291 '_| 5

#1

152 1140
M3 —— gL T

5
: 516 -504
12345678 910111213 14

0.5

AC T M2 ST I:‘-LUC
C

0.0

2
=
S
<
Q
12}
o
(o}
=
o
3
-
[
2
2
T
Q
4

6
5
4
3
2 2
1
0

2
=
]
<
o
@
©
ol
2
5}
5
3
)
2
S
£
[}
14

site3: ATGCAGGCGCCT M3-1 —— i — e 0
site5: ACGCGCCTGCCCG, 135 ol 7RO bttty e e by
Predicted TCF4 binding site” PCDNA31  + - + - - - - pONA3T + - + - - -7 .%
1 2 3 45 6 L—-> PCDNA3.A-TCF4 -+ -+ + + + pcDNA3.1-TCF4 e
n pGL3-Basic + + - - - - - pGL3-Basic + + - - - - -
:‘26 1 1 1 Ty o pGL3-Atoh? promoter - - + + + 4+ + pGL3-Atoh1 promoter & o o g & @
- Atoh1 promoter
J K Bright field L ShNT shTcf4
Vehicle 'FGF1 Vehicle rFGF1 Vehicle rFGF1 5 ° vehde o mGFt
o IPIgG i o & 3 g 801 P=0.0003
- E \ /’ < E 60{ "}
> 1P TCF4 z )i a I 4
S /-\40 % AN y ,‘\.,». ) E : 5 2
Q P=0.0016 ' e £
25 30 O < 0
== K ShNT shTcf4
z O X
g - 20 ‘S o\ > Vehicle > rFGF1
o 5 'E : o 21007 P<0.0001
E L 10 2] NG < 2 804 P<0.0001
o — 25um o g 604 " &
0 o D) § 40
%% CQQ’\ §1 o Vehicle § § Zg
g & g ShNT shTcf4
©
K 5
S
© 2
£
©
a

Fig. 6 | TCF4 mediates the transcriptional regulation of Atohl by FGF1.

A Workflow to find the rFGF1-regulated potential transcription factors of Atohl, and
heatmap of expression level of potential transcription factors (n=4). B The
expression levels of potential transcription factors of Atohl (Tcf4, Nr4al, Nfya, Tec,
Hoxal3, Ncaph2, Kdm1Ia) in distal colon sections of PBS or rFGF1-treated UC mice
were analyzed by qRT-PCR (n=4). C, D IF staining of TCF4 in distal colon sections of
Fgfi"" and VilCreFgf1"" mice challenged with DSS (C) or TNBS (D) and its semi-
quantitation of IF intensity (n = 4, the mean value of 2 fields in each mouse). E, F The
expression levels of TCF4 in distal colon sections of DSS-treated UC mice (E) and
TNBS-treated CD mice (F) after PBS or rFGF1 administration and IF staining (n = 8).
G Predicted TCF4 binding sites on the promoter of AtohI by the JASPAR database
(left panel). Six binding sites with the most significant prediction scores were
selected for pairwise deletion mutation analysis (right panel; M1, in purple; M2, in

green; M3, in red). H, I Luciferase activity in HT-29 cells transfected with a human
Atohl promoter reporter plasmid or the predicted TCF4 binding site mutant
reporter along with a Tcf4 overexpression plasmid (n =4).J ChIP experiments. The
data were normalized to the corresponding IgG (n = 4). K Images of murine colonic
organoids transfected small hairpin RNA targeting Tcf4 (sh7cf4) or negative control
hairpin (shNT) followed by treated with rFGF1 or vehicle (n = 6). L IF staining of
ATOH1 (upper panel) and Muc2 (lower panel) in colonic organoids in different
groups and its semi-quantitation of fluorescent intensity (n = 6). Data was pre-
sented as mean + SEM. (B, right panel of E-F, J) two-tailed unpaired t-test (Tec and
Ncaph2 in penal B using non-parametric statistical method, two-tailed Mann-
Whitney Test); (H-) ordinary one-way ANOVA, followed by Dunnett; (right panel of
C-D and L, lower panel of K) ordinary two-way ANOVA, followed by Sidak. ns, no
significance.
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effects of FGF1. These are key issues that need to be addressed in
the development of FGF1-based biologics for the treatment of IBD.
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In summary, we identified paracrine FGF1 as an epithelial niche-

derived cytokine that can precisely drive ISCs to differentiate into
goblet cells, providing mechanistic insights into the pathogenesis of
IBD and potential therapeutic strategies for IBD treatment. Notably,
the regulatory effect of FGF1 on the directional differentiation of

Methods

Animals and animal welfare
8-week-old male C57BL/6]) mice and BALB/c mice were from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China).
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goblet cells is independently of proliferation activity, making it a target
with great translational prospects.
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Fig. 7 | FGFR2 mediates the protective effects of rFGF1 on IBD in mice. A Single-
cell RNA sequencing analysis (GSM4983265) showed that Fgfr2 is highly expressed
in stem cells. B Representative image of colon distal stained with Lgr5 (green),
FGFR2 (red) and DAPI (blue) from the C57BL/6 ] mice (n=3). C Deletion of Fgfr2 in
Lgr5-EGFP-Cre™™Fgfr2'" mice treated with vehicle or tamoxifen was confirmed by
IF staining (n=5). D Murine colonic organoids derived from vehicle or tamoxifen-
treated Lgr5-EGFP-Cre™f"2Fgfr2"" mice were stimulated with vehicle or rFGF1.
Representative images, IF staining of TCF4, ATOH1 and Muc2 in colonic organoids
were shown (n=6). E-I Vehicle or tamoxifen-treated Lgr5-EGFP-Cre™*"2Fgfr2'/" mice
were challenged with drinking water containing 2.5% DSS to induce UC, followed by

colon tissues were harvested and examined (n =4 for TAM + PBS group, n=>5 for
other groups). Weight loss (E), disease activity index (F) and colon length (G) of
different groups were monitored. H H&E staining of distal colon sections and his-
tology scores (upper panel), PAS-AB staining of distal colon sections and mucin
granules-positive cells per crypt (lower panel). I IF staining of TCF4 (upper panel),
ATOH1 (middle panel) and Muc2 (lower panel) in distal colon sections, and its semi-
quantification of IF intensity. Data was presented as mean + SEM. (right panel of C)
two-tailed unpaired t-test; (right panel of D-F, right panel of G-I) ordinary two-way
ANOVA, followed by Sidak. ns, no significance.

FgfI" (S-CKO-02396), AtohI" (S-CK0O-01332), Fgfr2"" (S-CK0-02415),
VillinCre (C001243), VillinCref®™ (C001433) and Lgr5-EGFP-Cre™™
(C001315) mice on C57BL/6) background were purchased from Cya-
gen Biosciences (Suzhou) Inc. (Jiangsu, China). Mice with an intestinal
epithelial-specific deletion of Fgfl (VillinCreFgfI"™) and Atohl
(VillinCre®™®"AtohI") mice were generated by crossing VillinCre or
VillinCre®™ ™ animals with mice harboring loxP-flanked FgfI (Fgf1"") and
Atohl (Atoh1™"). Lgr5* intestinal epithelial-specific deletion of Fgfr2
mice (LgrS-EGFP-Cre™"Fgfr2"") were generated by crossing Lgr5-
EGFP-Cre™®"™ recombinase transgenic mice with Fgfr2"f. Animals were
housed in a specific pathogen-free (SPF) animal facility with a con-
trolled environment (22 +1°C, 50-60% humidity, 12-h light/dark cycle,
lights on at 7 am) and free access to food and water. All animal pro-
cedures conducted in this study were approved by the Animal Care
and Use Committee of Wenzhou Medical University, under approval
number wydw2022-0202.

Human colon samples

Colonic biopsy samples were obtained from patients (aged 16 to 66
years old) who were newly diagnosed with UC or CD during under-
going clinically indicated endoscopic screening, with controls being
tissues from normal sites during biopsy, at the First Affiliated Hospital
of Wenzhou Medical University (Zhejiang, China) with written
informed consent. These patients did not receive immunotherapy or
other drug treatment to avoid the effect of drug treatment on the
cytokine levels we observed. Sampling procedures were approved by
the ethics committee of the First Affiliated Hospital of Wenzhou
Medical University (the approval number is KY2022-R171) and con-
ducted in accordance with the Declaration of Helsinki on ethical
principles for medical research involving human subjects. Biopsy
samples were immediately fixed in 10% formalin and embedded in
paraffin for tissue analysis. The details of human patient information
are listed in Supplemental Table 1-2.

Expression and purification of recombinant FGF1

Recombinant matured wild type human FGF1 (mFGF1) and engineered
non-mitogenic FGF1 analog FGF1*"® (rFGF1) were expressed in E. coli and
purified as described in the previous report®, Briefly, the expression of
FGF1 was induced by isopropyl--D-1-thiogalactopyranoside (IPTG). The
cells were harvested and dissolved by sonication in an ice bath. Recom-
binant mFGF1 was purified by heparin-affinity chromatograph and size
exclusion chromatography. RFGF1 were purified using cation exchange
column (Source S, GE Healthcare) and size exclusion chromatography.
The purity of all above proteins was estimated to be >98% based on SDS-
PAGE analysis. The concentration was evaluated using a NanoDrop.

Induction of colitis, treatment and disease score

DSS-induced colitis was performed as previously described in ref. 39.
8-week old male C57BL/6 ), LgrS-EGFP-Cre™"Fgfr2"%, VillinCreFgf1"" or
VillinCre®t™AtohI" mice with similar weights were selected and trea-
ted with 2.5% DSS (160110, MP Biomedicals) in drinking water for
7 days, then followed with regular water for another 4 days. The mice
were intraperitoneally (i.p.) injected with mFGF1 or rFGF1 (0.2 mg/kg)
on the 3 day after 2.5% DSS treatment, until the end of this

experiment. Mice were sacrificed for tissue analyses on days 11. TNBS-
induced colitis models were established using a method adapted from
a published procedure*. 8-week old male BALB/c or VillinCreFgf1""
mice with similar weights were anesthetized by isoflurane inhalation,
and then 5% (wt/vol) 2,4,6-trinitrobenzenesulfonic acid (TNBS) (P2297,
Sigma) in ethanol was rectally administered. To ensure TNBS reten-
tion, mice were maintained in a vertical position for 2 min. The mice
were intraperitoneally injected with recombinant FGF1 (0.2 mg/kg).
Mice were sacrificed for tissue analyses on days 4.

The body weight loss score (body weight loss: 0, <0; 1, 0 ~5%; 2,
5% ~10%; 3, 10% ~20%; 4, >20%), bleeding score (intestinal bleeding
status: 0, occult blood test negative; 1, occult blood test positive; 2,
gross blood stool; 3, colonic hemorrhage) and stool consistency score
(fecal shapes: 0, normal; 1, soft stool; 2, viscous stool; 3, liquid stool) of
each mouse were tested, recorded and quantified. Disease activity
index (DAI) is the sum of body weight loss scores, bleeding scores and
stool consistency scores.

Culture and stimulation of murine and human colonic organoids
The culture of murine colonic organoids was performed as previously
described in ref. 41. Briefly, crypts extracted from mouse colon tissues
were pelleted and re-suspend in Matrigel Matrix (356234, Corning).
50 ul of crypt suspension were distributed to 24-well plates. After the
polymerization of Matrigel at 37°C, 5% CO2 for 10 min, the matrix was
overlaid with 750 pl of IntestiCult™ Organoid Growth Medium (6005,
Stemcell). Organoids treated with vehicle or rFGF1 (500 ng/ml) were
harvested and analyzed on day 7.

Human organoids were cultured as described previously”. To
generate organoids, human colon biopsy samples were cut into 1 mm
pieces and washed with cold PBS containing 1% penicillin/streptomycin
by pipetting 8-10 times. Samples were treated with Gentle Cell Dis-
sociation Reagent (#100-0485, Stemcell) at 37 °C for 30 min. Pelleted
crypts were re-suspend in Matrigel Matrix (356234, Corning) and cul-
tured with human IntestiCult™ Organoid Growth Medium (06010,
Stemcell). Organoids treated with vehicle or rFGF1 (500 ng/ml) were
harvested and analyzed on day 7.

Adenovirus transfection

Adenovirus was used to deliver short hairpin RNA (shRNA) into orga-
noids to knockdown the expression of Atohl. The knockdown and
control virus were produced by WZ Biosciences Inc (Shandong, China).
Sequence of shRNA targeting Atohl was constructed into one vector,
and the sequence was provided in Supplemental Table 3. Scramble
sequence of equal length was constructed in the same vector as con-
trol. For cell transfection, murine crypts were incubated with adeno-
virus at a MOI (multiplicity of infection) of 1000 in IntestiCult™
Organoid Growth Medium (6005, Stemcell) for 30 min and then used
to form organoids as described above. The knockdown or over-
expressing efficiency was determined by immunofluorescence assay.

Histopathology

5um paraffin embedded tissue sections were deparaffinized and
rehydrated using xylene and a descending ethanol gradient (100%, 95%
and 80%). For PAS-AB staining, alcian blue solution (pH 2.5) was added
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to slides for 20 minutes to stain the cells. Slides were washed with PBS
for 5min three times. Periodic acid solution was applied for 5min.
Slides were washed with washed with PBS. Schiff reagent was added to
slides for 20 min to stain the cell nucleus. Slides were rinsed in running
tap water for 10 min, and then dehydrated with an ascending ethanol
gradient (95% and 100%). Slides were mounted and images were
acquired by a light microscope (Nikon eclipse Ni, Tokyo, Japan). In
statistical analysis, a single value represents the average number of
mucin granules® cells from each mouse’s five crypts. For hematoxylin &
eosin (H&E) staining, hematoxylin was added to slides for 3 min and
washed in water. The slides were immersed in PBS for 10 min. Tissues
were stained with eosin for 30 s. Slides were transferred to Xylene for
10 min. Slides were mounted and images were acquired by a light
microscope (Nikon eclipse Ni, Tokyo, Japan).

Transcriptome sequencing

Total RNA from colon tissues of PBS or rFGFl-treated UC mice was
collected using RNAiso Plus and subjected to genome-wide tran-
scriptomic analysis by LC-Bio (Hangzhou, China). Genes that are cri-
tical for cell lineage commitment are selected and presented as a heat
map. Raw sequencing data were submitted to Gene Expression
Omnibus (GSE278384).

Immunofluorescence (IF) and Immunohistochemical (IHC)
staining

The distal colon was fixed in 4% paraformaldehyde and embedded in
paraffin blocks. For IF staining, tissues were rehydrated and treated for
antigen unmasking. Sections were incubated for 10 min in hydrogen
peroxide, washed with 0.01 M PBS. Then, tissue sections were blocked
in PBS containing 5% bovine serum albumin for 30 minutes at 37°C
followed by incubation at 4 °C overnight in PBS containing 1% bovine
serum albumin and primary antibodies. For murine colonic organoids,
organoids were cultured and fixed with 4% paraformaldehyde for
30 min. Organoids were then incubated at 4 °C overnight with 30%
sucrose, followed by incubated with O.C.T. Compound for 15 min at
-20 °C. After washed three time with PBS, organoids were blocked in
PBS containing 5% bovine serum albumin for 30 min at 37 °C followed
by incubation at 4 °C overnight in primary antibodies. The primary
antibodies are listed below: rabbit anti-FGF1 (1:200, 17400, Pro-
teintech), mouse anti-FGF1 (1:100, sc-55520, Santa Cruz Biotechnol-
ogy), EpCAM (1:800, CST42515, Cell Signaling Technology), Collal
(1:100, CST72026, Cell Signaling Technology), ATOH1 (1:400, 21215-1-
AP, Proteintech), TCF4 (1:100, ab217668, Abcam), Muc2 (1:400,
ab272692, Abcam), Dclkl (1:300, CST62257, Cell Signaling Technol-
ogy), ChgA (1:200, sc-393941, Santa Cruz Biotechnology), Fabpl (1:50,
CST13368, Cell Signaling Technology), Ki67 (1:400, ab15580, Abcam),
FGFR2 (1:200, CST23328S, Cell Signaling Technology) and Lgr5 (1:100,
UMB870104, ORIGENE). After washing the slides with PBS, the sections
were incubated with anti-rabbit IgG Fab2 Alexa Fluor® 488 (1:400,
ab150073, Abcam), anti-mouse IgG Fab2 Alexa Fluor® 647 (1:400,
ab150105, Abcam) and anti-mouse IgG Fab2 Alexa Fluor® 488 (1:400,
ab150105, Abcam). Nuclei were counterstained with DAPI. Fluorescent
images were captured with a Nikon C2si Confocal Microscope.

For IHC staining, tissues were rehydrated and treated for antigen
unmasking. Then colon sections were permeabilized in PBS with 0.2%
Triton X-100 for 15 min at room temperature, then blocked with PBS
containing 0.5% bovine serum albumin. After 1h, the sections were
incubated with primary antibodies at 4 °C overnight: Ki67 (1:400,
ab15580, Abcam). And then incubated with a biotinylated secondary
antibody of anti-rabbit IgG at room temperature for 1 h. Next, the colon
sections were treated with Diaminobenzidine (DAB) Histochemistry
Kit. Finally, the nuclei were stained with hematoxylin. Images were
acquired by a light microscope (Nikon eclipse Ni, Tokyo, Japan). In
statistical analysis, a single value represents the average number of
Ki67 positive cells in each mouse’s five crypts.

Western blots

Protein expression in distal colon was detected by Western blots. Equal
amounts of total protein were loaded on and separated by 10% SDS-
PAGE and then transferred onto PVDF Membrane (Millipore, Billerica,
MA). The membranes were blocked for 1h in TBST-buffered saline
containing 5% bovine serum albumin (BSA) (w/v) and incubated with
primary antibodies, including FGF1(1:1000, 17400, Proteintech),
cleaved NICD (1:1000, CST4147S, Cell Signaling Technology), B-catenin
(1:1000, CST8480, Cell Signaling Technology), Axin2 (1:1000, 20540-1-
AP, Proteintech), p-ERK1/2 (1:1000, CST4370S, Cell Signaling Tech-
nology), ERK1/2 (1:1000, CST9102S, Cell Signaling Technology),
GAPDH (1:1000, CST2118S, Cell Signaling Technology), overnight at
4°C, followed by incubation for 1h with appropriate secondary anti-
bodies. Protein bands were detected with a Chemiluminescence
Detection Kit for HRP (2148903, Biological Industries) and developed
using a chemiDoc XRS+ (Bio-Rad). Densitometer analysis was per-
formed using the Image ] analysis program.

RNA Isolation and Real-Time quantitative PCR

Total RNA was extracted from the indicated cells or mouse colon tis-
sues with TRIzol reagent (TransGen Biotech) according to the manu-
facturer’s instructions. RNA samples were reverse-transcribed into
cDNA with a PrimeScript RT Reagent kit (TransGen Biotech). The cDNA
samples were amplified by real-time PCR with a SYBR Premix Ex Taq kit
(Vazyme Biotech) on a Roche LightCycler 480 II (Roche). The expres-
sion of target genes was normalized to expression of housekeeping
gene [-Actin. The primers used were listed in Supplemental Table 3.

Luciferase reporter analysis

HT-29 cell lines were purchased from National Collection of Authen-
ticated Cell Cultures, which were cultured under conventional condi-
tions of 37 °C and 5% CO,. Take HT29 cells in logarithmic growth phase
and inoculate 1.5x10° cells per well into a 24 well plate, with a total
volume of 300 pL per well. After plating 24 hours, HT-29 cells were
transfected with Lipo3000 (Gibco) using 500ng pcDNA3.1 or
pcDNA3.1-TCF4 along with 750 ng pGL3-Basic, pGL3-Atohl promoter
luc or pGL3-Atohl promoter-MUT luc. After 48 h the culture medium
was removed and luciferase activity was measured by Dual-Glo Luci-
ferase Assay System (E1910, Promega) according to the manufacturer’s
instructions. Firefly luciferase activity was normalized to the renilla
luciferase activity.

Chromatin immunoprecipitation-qRCR (ChIP-qRCR) assay

The ChIP assay was performed using the SimpleChIP Plus Enzymatic
Chromatin IP Kit (Cell Signaling Technology, 9004) according to the
manufacturer’s instructions. Briefly, colon tissues were homogenized,
crosslinked with 1.5% formaldehyde, and treated with a protease inhi-
bitor cocktail (PIC) for 20 min at room temperature. Crosslinking was
quenched with glycine solution for 5min. The resulting pellet was
collected by centrifugation and resuspended with PBS containing 0.5%
PIC. Then using a Dounce homogenizer to obtain a single cell sus-
pension. Collecting cell pellet by centrifugation and resuspended in
nuclear lysis buffer containing Micrococcal Nuclease and incubated at
37 °C for 20 min. The chromatin fragments were immunoprecipitated
overnight at 4 °C with TCF4 (1:100, ab217668, Abcam) or normal IgG
antibody as a control. The chromatin-antibody complex was subse-
quently incubated with ChIP-Grade Protein G Agarose Beads for
2 hours at 4 °C. The chromatin was eluted from the ChIP elution buffer,
and the results were quantified using qRT-PCR assay.

TUNEL staining

The colon sections were stained with DeadEnd™ Fluorometric TUNEL
System (Promega, G3250) according to the manufacturer’s protocol.
DAPI was used for nuclei staining. Images were visualized and captured
with a confocal laser scanning microscope (Nikon). The number of
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nucleus and TUNEL-positive cells per field was counted, and the per-
centage of TUNEL-positive cells was calculated. In statistical analysis, a
single value represents the average percentage of TUNEL-positive cells
in each mouse’s two fields.

Statistical analysis

Variable representative images were obtained from each stained sec-
tion, and positivity of all markers was manually or automatically
quantitated using Image ] software. Quantitative data were expressed
as mean+SEM. Statistical analysis of data was performed using
GraphPad Prism. The Shapiro-Wilk test was used to test the normality
of data distribution. If P value > 0.05, parametric statistical tests were
used. If P value <0.05, non-parametric statistical methods (Mann-
Whitney test for unpaired t-test, Kruskal-Wallis for one-way) were used
and indicated in the related legends. For the comparison of two
groups, an unpaired t-test was used. One or two-way ANOVA was used
for multiple groups. A P value<0.05 was considered statistically
significant.

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

Data availability

The RNA-seq data generated in this study have been deposited in the
GEO database under accession code GSE278384. All data are included
in the Supplementary Information or available from the authors.
Source data are provided with this paper.
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