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SUMMARY

Enteroids lacking HNF4a show changes in fate with reduc-
tion in Paneth and ISCs. HNF4a acts as an upstream tran-
scriptional regulator of Wnt3. HNF4 paralogs are not
entirely redundant for intrinsic IEC functions when secluded
from environmentally driven compensatory mechanisms.

BACKGROUND & AIMS: The intestinal epithelium intrinsically
renews itself ex vivo via the proliferation of Lgr5þ intestinal stem
cells, which is sustained by the establishment of an epithelial
stem cell niche. Differentiated Paneth cells are the main source of
epithelial-derived niche factor supplies and produce Wnt3 as an
essential factor in supporting Lgr5þ stem cell activity in the
absence of redundant mesenchymal Wnts. Maturation of Paneth
cells depends on canonical Wnt signaling, but few transcriptional
regulators have been identified to this end. The role of HNF4a in
intestinal epithelial cell differentiation is considered redundant
with its paralog HNF4g. However, it is unclear whether HNF4a
alone controls intrinsic intestinal epithelial cell growth and fate in
the absence of a mesenchymal niche.

METHODS: We used transcriptomic analyses to dissect the role
of HNF4a in the maintenance of jejunal epithelial culture when
cultured ex vivo as enteroids in the presence or absence of
compensatory mesenchymal cells.

RESULTS: HNF4a plays a crucial role in supporting the growth
and survival of jejunal enteroids. Transcriptomic analyses
revealed an autonomous function of HNF4a in Wnt3 tran-
scriptional regulation and Paneth cell differentiation. We
showed that Wnt3a supplementation or co-culture with intes-
tinal subepithelial mesenchymal cells reversed cell death and
transcriptional changes caused by the deletion of Hnf4a in je-
junal enteroids.

CONCLUSIONS: Our results support the intrinsic epithelial role
of HNF4a in regulating Paneth cell homeostasis and intestinal
epithelium renewal in the absence of compensatory Wnt
signaling. (Cell Mol Gastroenterol Hepatol 2023;15:593–612;
https://doi.org/10.1016/j.jcmgh.2022.11.010)
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Tconserved biological system in which intestinal
stem cells (ISCs), located at the bottom of the crypts of
Lieberkühn, confer constant regenerative properties. ISC-
derived transit-amplifying crypt cells are continuously
produced and differentiate into absorptive enterocytes and
secretory cell lineages, including goblet, enteroendocrine,
tuft, and Paneth cells.1 Paneth cells constitute the epithelial
niche but are dispensable in vivo for supporting ISC main-
tenance.2,3 In this context, intestinal mesenchymal cells can
provide redundant niche signals to maintain epithelial ISC
self-renewal, even in the absence of functional epithelial
Wnt3 signaling.4–7 Recent studies have identified a variety
of stromal cell lineages capable of generating redundant
Wnt ligands that functionally contribute to the ISC niche
under normal homeostasis.5,6,8–10 The plasticity of Paneth
cells also serves as a mechanism to replenish ISCs during
injury11 and inflammation.12 The inhibition of Notch and
activation of Wnt signaling pathways are both required to
support Paneth cell differentiation under these condi-
tions.12,13 Transcription factor 4 (TCF4)14 and SOX915,16 are
the only transcription factors that have been reported to
directly support Paneth cell differentiation.

HNF4a, part of the nuclear receptor family, is expressed
in the liver, pancreas, kidneys, epididymis, and gastroin-
testinal epithelium; more specifically, it is expressed in the
foveolar, absorptive, goblet, and Paneth cells of the latter.17

HNF4a acts as an epithelial morphogen18–20 and binds to
villus differentiation genes,21 albeit without major conse-
quences when conditionally deleted in the intestinal
epithelium.18,21,22 Redundancy involving HNF4a and HNF4g
transcriptional functions supports these observations,
whereas double deletion of these paralogs disrupts intesti-
nal epithelial cell (IEC) differentiation in favor of an
expansion of the proliferative zone.23 This effect is possibly
due to the prevention of the ability of crypt cells to differ-
entiate, because both paralogs are required to support ISC
renewal via the regulation of fatty acid b-oxidation genes.24

Despite these observations, there is evidence that neither
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paralog is entirely redundant for epithelial homeostasis
during injury. HNF4a alone is sufficient to sustain intestinal
tumorigenesis in APCmin mice.25 This implies an exclusive
role for HNF4a in ISC maintenance because Lgr5þ stem
cells lacking Apc are the source of adenoma formation.26

HNF4a is also linked to inflammatory bowel diseases,27,28

whereas its sole conditional intestinal epithelial deletion in
mice leads to features associated with these diseases.29

These mutant mice are also defective in intestinal epithe-
lial regeneration after irradiation.30 In the same study, it
was observed that organoids derived from the small intes-
tine of HNF4a mutant mice failed to propagate in vitro.30 It
thus appears that enteroids require HNF4a for their main-
tenance in culture, in strong contrast to the in vivo situation.
These important differences could be due to some redun-
dancy from transcriptional functions of HNF4 family mem-
bers that may operate differently in vivo and to the presence
of pericryptal cell types in the intestine that may compen-
sate for the loss of the ISC niche.

In this study, we dissected the intestinal epithelial
functions of HNF4a both in absence or presence of a
compensatory mesenchymal niche. We found that jejunal
enteroids lacking HNF4a displayed changes in specific cell
gene signatures with an alteration of Paneth cell function.
This led to massive transcriptomic changes, followed by a
loss of enteroid integrity. We also observed that HNF4a acts
as an upstream transcriptional regulator of Wnt3. Our data
suggest that this regulatory loop is of functional importance,
because Wnt3a or mesenchymal cell supplementation was
able to significantly reduce the incidence of transcriptional
changes and thus promote growth of HNF4a-depleted je-
junal enteroids in culture.

Results
Impact of Hnf4a Deletion on Enteroid Expansion
in Culture

We isolated crypts from mutant Villin-Cre; Hnf4aflox/flox

(referred to as Hnf4aDIEC) and control adult mice and
monitored gene transcript expression for markers of ISCs,
progenitors, and Paneth cells. ISC (Lgr5, Ascl2, Olfm4) and
progenitor (Ccnd1, Myc) genes were not significantly
modulated between the Hnf4aDIEC mutant and control crypt
cells (Figure 1A). Paneth-specific defensin genes (Defa3,
Defa5, Defa20, Defa21-20) remained stable, whereas lyso-
zyme (Lyz) and Wnt3 transcript levels were significantly
reduced in Hnf4aDIEC mouse crypts (Figure 1A). WNT3
protein levels were also reduced under these conditions
(Figure 1B). The mesenchymal source of WNTs compen-
sates for Paneth cell deficiency in ISC maintenance.2,6,7 To
examine the epithelial-intrinsic impact of Hnf4a deletion in
intestinal crypts, we cultured and expanded isolated jejunal
crypts into enteroids. Although both control and Hnf4aDIEC

mutant crypts rapidly formed enteroids with a flat epithelial
layer, Hnf4aDIEC mutant enteroids began degenerating be-
tween days 3 and 4 immediately after entering the culture
(Figure 2A). This observation is reminiscent of that of
enteroids lacking Wnt3, Paneth cells, or HNF4a.2,7,30 We
then generated Villin-CreERT2; Hnf4aflox/flox (referred to as
Hnf4aDIEC-ind) mice allowing tamoxifen-inducible Hnf4a
deletion under enteroid culture conditions. As observed in
Hnf4aDIEC mutant jejunal enteroids, hydroxytamoxifen
(4OHT)-treated Hnf4aDIEC-ind jejunal enteroids began to
degenerate after 4 days of deletion, in contrast to vehicle-
treated Hnf4aDIEC-ind jejunal enteroids, which formed
robust and typical crypt-budding structures (Figure 2B).
The Hnf4aDIEC-ind jejunal enteroids displayed reduced
expression of both Hnf4a andWnt3 gene transcripts after 4OHT
supplementation (Figure 2C and D). The degenerative pheno-
type of 4OHT-treated Hnf4aDIEC-ind jejunal enteroids coincided
with a reduction in 5-ethynyl-2�-deoxyuridine (EdU) levels in
proliferative cells within the crypt domains (Figure 2E), an ef-
fect that was statistically significant (P < .05) when quantified
by flow cytometry (Figure 2F). Overall, these observations
indicated that the loss of HNF4a expression in crypt cells did
not impair crypt homeostasis in vivo but severely affected je-
junal enteroid expansion and maturation in culture.
Impact of Hnf4a Deletion on the Transcriptome
and Cell Fate of Jejunal Enteroids

To further characterize the nature of the molecular
changes that occur upon the loss of HNF4a in jejunal enter-
oids, transcriptomic analysis was performed after days 2 and
4 in deleted Hnf4aDIEC-ind jejunal enteroids immediately
before the enteroids started to degenerate. RNA sequencing
(RNA-seq) identified 4,356 gene transcripts that were
significantly altered (false discovery rate [FDR]< 0.05) after
2 days of Hnf4a deletion, of which 608 gene transcripts were
modulated by more than 2-fold (Supplementary Table 1).
Gene ontology analysis of these 608 gene transcripts identi-
fied biological processes, such as acute inflammatory
response, plasma membrane and extracellular matrix orga-
nization, regulation of cell migration, and lipid metabolic
processes, as significant functional annotations (Figure 3A).
Similarly, RNA-seq performed 4 days after Hnf4a deletion
identified 4,769 gene transcripts that were significantly
altered (FDR < 0.05), of which 738 gene transcripts were
modulated more than 2-fold (Supplementary Table 2). Gene
ontology analysis of these 738 genes also identified functions
similar to those listed above (Figure 3B). These observations
were unexpected, because deletion of Hnf4a in the murine
small intestine in vivo has been reported to poorly influence
the transcriptome, while requiring simultaneous deletion of
its paralog Hnf4g for significant impacts to be seen on intes-
tinal epithelial transcription and homeostasis.23–25 Closer
inspection ofHnf4g expression afterHnf4a deletion in jejunal
enteroids revealed 1.2-fold (after 2 days of deletion;
Supplementary Table 1) and 1.4-fold increase (after 4 days of
deletion; Supplementary Table 2) in levels of this gene tran-
script, negating the suggestion of the occurrence of a
phenotype reminiscent of double Hnf4a and Hnf4g knock-
outs. These observations indicate that the loss of HNF4a in
jejunal enteroids that are deprived of a natural mesenchymal
niche significantly impacts the transcriptome as opposed to
the in vivo environment.

Because intestinal crypt lineage determination is strongly
dependent on lineage-restricted transcription factors,31,32 we



Figure 1. Decreased Wnt3 expression in jejunal crypts depleted for HNF4a. (A) Crypts were isolated from jejunum of
control and Hnf4aDIEC mice, and total RNA was isolated. RT-qPCR analysis was performed to quantify ISCs (Lgr5, Ascl2, and
Olfm4), proliferative cell (Ccnd1 and Myc), and Paneth cell (Lyz, Wnt3, and Defensin) markers (n ¼ 5 for controls, n ¼ 6 for
Hnf4aDIEC). (B) WNT3, HNF4a, and actin protein levels in jejunal crypts isolated from control and Hnf4aDIEC mice were
assessed by Western blot (n ¼ 2 for control, n ¼ 4 for Hnf4aDIEC). ns, not significant; *P � .05; **P � .01.
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next assessedwhether the transcriptomic changes observed in
4OHT-treated Hnf4aDIEC-ind jejunal enteroids affected the fate
of IECs. We performed gene set enrichment analysis (GSEA) to
compare overall changes in the transcriptome of these Hnf4a-
deleted jejunal enteroids with each specific consensus tran-
scriptomic signature of IEC lineages previously captured by
single-cell RNA-seq.33 GSEA analyses of transcriptomic
changes in jejunal enteroids that occurred 2 days after Hnf4a
deletion indicated a robust reduction in gene signatures for
Paneth cells, ISCs, and differentiated enterocytes (Figure 4A).
In contrast, tuft and goblet gene signatures were significantly
enriched 2 days after Hnf4a deletion in the jejunal enteroids
(Figure 4B), whereas enterocyte progenitor gene signature
was not significantly altered (Figure 4C). Similar observations
were obtained 4 days after Hnf4a deletion (Figure 5A and B),
apart from a significant reduction in enterocyte progenitor
gene signature and an increase in enterocyte gene signature
(Figure 5C). The apparent changeover in enterocyte gene sig-
natures between day 2 and day 4 after Hnf4a deletion is
intriguing and could be explained by compensatory mecha-
nisms that may operate over time. To this end, HNF4g repre-
sents a strong candidate because it was previously reported to
compensate the loss of HNF4a on enterocyte gene regu-
lation.23–25 Because we observed a reduction in Wnt3
expression and Paneth cell gene signature with a phenotype
reminiscent of that of enteroids lacking Wnt3, Paneth cells,2,7

we further explored the biological impact of these changes
with a focus on Paneth cells. Immunofluorescent detection of
lysozymes confirmed the occurrence of few Paneth cells in
Hnf4a-deleted jejunal enteroids comparedwith that in controls
(Figure 6A). We next used combined pharmacologic treatment
of jejunal enteroids to commit them to differentiate into Paneth
cells, as has been described previously.34 Hnf4aDIEC-ind jejunal
enteroids were treated with an inhibitor of glycogen synthase
kinase 3b (CHIR), combinedwith an inhibitor ofNotch (DAPT),
whereas control Hnf4aDIEC-ind jejunal enteroids were main-
tained with epidermal growth factor, noggin, and R-spondin 1
culture conditions (designed ENR). As expected, combined
CHIR and DAPT treatment led to robust induction of several
Paneth cell differentiation markers, including Wnt3, Lyz, and
defensin gene transcripts (Figure 6B, compare blue bars be-
tween ENR and CHIR-DAPT conditions for each gene). When
Hnf4a was deleted from 4OHT supplementation in CHIR- and
DAPT-treated Hnf4aDIEC-ind jejunal enteroids, a significant
reduction in most of all Paneth cell marker levels was noted in
the enriched population of Paneth cells (Figure 6B, compare
blue bars with red bars in CIHR-DAPT conditions). To further
evaluate the niche impact of deleting Hnf4a in Paneth cells, we
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Figure 2. (See previous page). HNF4a depletion in jejunal enteroids leads to loss of integrity and reduced proliferation
rate. (A) Jejunal crypts from control and Hnf4aDIEC mice were isolated and embedded in Matrigel to form enteroids. Repre-
sentative images of at least 3 independent technical replicates of jejunal enteroids at different days after seeding. Scale bar ¼
50 mm. (B) VilCreERT2/Hnf4afx/fx jejunal enteroids were treated with DMSO (control) or 4OHT (Hnf4a KO) to induce Hnf4a
deletion. Representative images of at least 3 independent technical replicates of jejunal enteroids at days 2, 4, and 5 revealed
similar level of disorganization as that observed in Hnf4aDIEC jejunal enteroids. Scale bar ¼ 50 mm. Total RNA was isolated from
DMSO- or 4OHT-induced VilCreERT2/Hnf4afx/fx jejunal enteroids, and RT-qPCR analysis was performed to quantify the
expression of Hnf4a (C) andWnt3 (D) mRNA transcripts. (n ¼ 4 technical replicates performed in independent experiments). (E)
EdU incorporation assays using immunofluorescence imaging (E) and flow cytometry (F) of DMSO- or 4OHT-induced Vil-
CreERT2/Hnf4afx/fx jejunal enteroids. (n ¼ 4 technical replicates for the flow cytometry experiment collected in independent
experiments). ns, not significant; *P � .05; **P � .01.

A

B

Figure 3.Hnf4a deletion in cultured jejunal enteroids leads to transcriptomic changes associated with several bio-
logical functions. Total RNA from DMSO- and 4OHT-treated jejunal (Hnf4a-deleted) enteroids 2 days (A) and 4 days (B) after
deletion was analyzed using RNA-seq. Gene ontology analyses were performed using ShinyGO V0.76 from the list of gene
transcripts modulated >2-fold (FDR < 0.05). Significant FDR values are represented as a range of colors, where blue is
associated with lower values and red with higher values.
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Figure 4. Hnf4a deletion in inducible jejunal enteroids causes IECs to rapidly change in gene signatures after 2 days.
Total RNA from DMSO- and 4OHT-treated jejunal enteroids 2 days after deletion was analyzed using RNA-seq. GSEA was per-
formed to compare modulated genes with cell-type specific gene signatures of Paneth, ISC, and enterocytes (A), tuft and goblet
cells (B) as well as enterocyte progenitors (C). Heat maps, representing genes in the leading-edge subsets, showing expression
values, represented as a range of colors. The depicted colors red, pink, light blue, and dark blue were associated with high,
moderate, low, and lowest expression levels, respectively. (n ¼ 4 technical replicates performed in independent experiments).
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isolatedPaneth cells from the jejunumofHnf4aDIEC and control
mice and combined themwith isolated Lgr5-eGFP ISCs to grow
enteroids. Deletion of Hnf4a in Paneth cells did not signifi-
cantly impact size of resulting enteroids (Figure 7B). However,
a strong reduction in crypt-budding structures was observed
in enteroids reconstituted with Hnf4a-deleted Paneth cells as
compared with controls (Figure 7A and C). This observation
correlates with the previously described feature of Paneth cell
plasma membrane function of Wnt3 during the establishment
of defined crypt and villus domains in enteroids.7,35 Collec-
tively, these observations indicate a critical role for HNF4a in
the commitment andmaintenance of Paneth cell fate aswell as
their impact on jejunal enteroids crypt-budding in culture.
Wnt Signaling and Subepithelial Mesenchymal
Cells Restore HNF4a-Depleted Jejunal Enteroids
Growth

Wnt signaling is crucial for maintaining ISC fitness and
intestinal enteroid growth in cultures.7,36 We observed a
coincidental reduction in Paneth cell numbers and Wnt3
expression upon deletion of Hnf4a in jejunal enteroids.
Thus, we tested whether the activation of Wnt signaling
could improve enteroid survival after the loss of HNF4a.
The growth of Hnf4a-deleted jejunal enteroids was rescued
by Wnt3a supplementation, with a resulting cystic pheno-
type seen in both mutant and control enteroid cultures
(Figure 8A). This observation is reminiscent of the intestinal
enteroids activated by Wnt signaling.7 The size of Hnf4a-
deleted jejunal enteroids was increased by 1.9-fold (P <
.0001) under these conditions (Figure 8B). To better char-
acterize the impact of Wnt signaling activation at the mo-
lecular level, transcriptomic analyses were performed in
Hnf4aDIEC-ind jejunal enteroids with or without gene deletion
in the presence of Wnt3a supplementation over a total
period of 2 days. These analyses showed that the loss of
HNF4a significantly altered the expression of 527 gene
transcripts when stimulated with Wnt3a (Supplementary
Table 3). GSEA analyses indicated that the overall Paneth
cell transcriptome was no longer significantly altered in the
deleted Hnf4aDIEC-ind jejunal enteroids when treated with
Wnt3a (Figure 8C). This observation is in accordance with
the previous literature regarding the dependence of Paneth
cells on Wnt signaling for differentiation.7,14 Interestingly,
the activation of Wnt signaling did not affect the goblet and
tuft cell gene signatures caused by the loss of HNF4a



Figure 5.Hnf4a deletion in inducible jejunal enteroids maintains IECs change of gene signatures after 4 days. Total RNA
from DMSO- and 4OHT-treated jejunal enteroids after 4 days of deletion was analyzed using RNA-seq. GSEA was performed
to compare modulated genes with cell-type specific gene signatures of Paneth and ISC (A), goblet and tuft cells (B), as well as
enterocyte progenitors and differentiated cells (C). Heat maps, representing genes in the leading-edge subsets, showing
expression values, represented as a range of colors. The depicted colors red, pink, light blue, and dark blue were associated
with high, moderate, low, and lowest expression levels, respectively. (n ¼ 4 technical replicates performed in independent
experiments).
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(Figure 8D). Although supplementation with Wnt3A cor-
rected a few ISC-associated gene transcripts found to be
modulated in the absence of HNF4a, GSEA analysis indi-
cated that this cell gene signature was still significantly
reduced under these conditions (Figure 8E). A significant
reduction in enterocytes gene signature was also observed,
whereas enterocyte progenitor gene signature was not
altered under these conditions (Figure 8F).

The mesenchymal niche is required for ISC preservation
by subepithelial telocytes6 and recently characterized
trophocytes,5 with both relaying Wnt signals to crypt in-
testinal epithelial cells. To evaluate whether the viability of
jejunal enteroids lacking Hnf4a could be rescued by such
cellular interactions, we cultured enteroids with primary
mesenchymal cells derived from human fetal ileum and
previously shown to support IEC differentiation.37 Dissoci-
ated jejunal crypts from both control and Hnf4aDIEC mice
were cultured with or without mesenchymal cells engi-
neered to express green fluorescent protein (GFP). Although
Hnf4aDIEC jejunal enteroids started to degenerate by day 4,
co-culture with mesenchymal cells promoted their survival
and led to the formation of large spheroidal, proliferating
epithelial structures with phenotypic similarities to control
jejunal enteroids co-cultured under the same conditions
(Figure 9A). Interestingly, large GFPþ cells with phenotypic
characteristics of telocytes, including extended cell bodies
and telopodes,38 were found in close proximity to the
growing epithelial spheroids (Figure 9A). High-resolution
microscopy confirmed multiple contact points between the
telopodes and epithelial cells contained in these spheroids
(Figure 9B). Similar to Wnt3a-supplemented conditions, the
size of Hnf4a-deleted jejunal enteroids was increased by 1.7-
fold in presence of mesenchymal cells (P < .01) (Figure 9C).
To better characterize the impact of co-cultures on the
mouse Hnf4aDIEC jejunal enteroids transcriptome as well as
to gain insight into the specific nature of human primary
mesenchymal cells behavior when placed in the presence of
enteroids, we performed mixed-species RNA-seq that
allowed for the investigation of the evolutionary divergence
of mRNA within cell populations without having to undergo
the process of cell sorting.39 A mouse-specific tran-
scriptomic analysis identified 700 gene transcripts that
were significantly modulated in Hnf4aDIEC jejunal enteroids
co-cultured with mesenchymal cells, when compared with



Figure 6. Paneth cells are
reduced after deletion of
Hnf4a in jejunal enteroids.
(A) Green fluorescence of
lysozyme-positive cells in
DMSO- and 4OHT-treated je-
junal enteroids exposed for 4
days. Nuclei are stained blue
with DAPI. (B) RNA from
normal (ENR) and Paneth-like
(CHIR-DAPT) enteroids,
deleted or not for Hnf4a, was
extracted, and RT-qPCR ex-
periments were conducted to
assess Paneth cell marker
expression. A significant
reduction in Paneth cell
markers was observed in the
absence of HNF4a in Paneth-
like enteroids. (n ¼ 3 tech-
nical replicates performed in
independent experiments). ns,
not significant; *P � .05; **P �
.01; ***P � .001.

600 Jones et al Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 3
control jejunal enteroids co-cultured under the same con-
ditions (Supplementary Table 4). Although these mesen-
chymal cells restored the growth and survival of Hnf4aDIEC

jejunal enteroids, GSEA analyses indicated that the Paneth
cell transcriptome was still significantly altered in deleted
Hnf4aDIEC-ind jejunal enteroids in co-cultures (Figure 9C). As
observed in the Wnt3 rescue experiments, the presence of
mesenchymal cells did not restore the goblet and tuft cell
gene signatures changes caused by the loss of HNF4a
(Figure 9D). The same observation was also made for the
ISC population (Figure 9E). A significant reduction in
enterocyte gene signature was also observed, whereas
enterocyte progenitor gene signature was induced under
these conditions (Figure 9F).

We next characterized the specific changes occurring in
human mesenchymal cells when co-cultured with mouse
jejunal enteroids. Mixed-species RNA-seq analysis revealed
that 1,290 human gene transcripts were significantly
modulated in mesenchymal cells put in contact with the
mouse jejunal enteroids (Supplementary Table 5). A closer
look at the Wnt and BMP pathway signals, previously an-
notated as specific markers to discriminate the specific na-
ture of the mesenchyme-resident population of cells,6,40

indicated an enrichment for a telocyte signature among
these cells (Supplementary Table 5). PDGFRA, FOXL1,WNT4,
WNT5A, BMP2, BMP4, BMP5, and BMP7 gene transcripts
were robustly induced, whereas GREM1, RSPO2, and RSPO3
were silenced in these co-culture conditions (Figure 10).
Overall, these observations confirmed the efficacy of
mesenchymal culture containing telocyte-like cells in
ensuring a sustainable environment for epithelial mainte-
nance in the absence of HNF4a and Wnt3 depletion, a sit-
uation reminiscent of Hnf4aDIEC in vivo jejunal conditions. In
addition, these observations suggest that a functional
crosstalk exists between epithelial and subepithelial
mesenchymal cells regarding enrichment of these telocyte-
like cells.
Wnt3 and Mesenchymal Culture Containing
Telocyte-like Cells Restore Transcriptomic
Changes in the Absence of HNF4a

Because Hnf4a deletion in the murine small intestine
in vivo poorly influences the transcriptome, we assessed the
number of genes critically dependent on HNF4a expression
in jejunal enteroids supplemented or not with Wnt3a or
human mesenchymal culture containing telocyte-like cells.
Of the 2,137 gene transcripts that were up-regulated in je-
junal enteroids 2 days after Hnf4a deletion, 311 of them
were still significantly modulated after Wnt3a supplemen-
tation (Figure 11A, left gray and green circles). Similarly,
only 155 gene transcripts were still significantly modulated
after Wnt3a supplementation when compared with the
2,026 down-regulated gene transcripts before Wnt3a sup-
plementation (Figure 11B, left gray and green circles). Thus,
Wnt3a rescued w89% of transcriptomic changes in the
absence of HNF4a. A similar analysis was performed on
jejunal enteroids 4 days after Hnf4a deletion in the presence



Figure 7. Reassociation of Hnf4a-deleted Paneth cells
with ISCs impairs crypt budding of enteroids. ISCs (GFPHI)
were sorted and re-associated with wild-type (WT) or Hnf4a-
deleted Paneth cells (CD24HI) to form enteroids. (A) Repre-
sentative image of 3 technical replicates performed in inde-
pendent experiments of reconstituted jejunal enteroids after
12 days of reassociation. (B) Graph showing enteroids size.
Areas (pixel2) were assessed using ImageJ. (N ¼ 2; n ¼ 48 for
enteroids containing WT Paneth cells, and n ¼ 26 for enter-
oids containing Hnf4a-deleted Paneth cells). (t test; ns, not
significant). (C) Bar graph representing the number of buds
per reconstituted enteroid. Enteroids were divided into 3
groups according to their number of buds: 0–4, 5–9, or more
than 10 buds. (N ¼ 3, n ¼ 65 for enteroids containing WT
Paneth cells, and n ¼ 41 for enteroids containing Hnf4a-
deleted Paneth cells). (Two-way analysis of variance; *P �
.05; **P � .01).
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or absence of mesenchymal culture containing telocyte-like
cells. Of the 2,678 gene transcripts that were up-regulated
in the absence of HNF4a, 257 were still significantly
modulated in the presence of mesenchymal culture con-
taining telocyte-like cells (Figure 11A, right purple and blue
circles). Similarly, only 153 gene transcripts were still
significantly modulated in the presence of mesenchymal
culture containing telocyte-like cells, when compared with
1,836 down-regulated gene transcripts in the absence of
mesenchymal culture containing telocyte-like cells
(Figure 11B, right purple and blue circles). Mesenchymal
culture containing telocyte-like cells was able to rescue
w91% of the transcriptomic changes in the absence of
HNF4a. A comparison of gene transcripts modulated in the
absence of HNF4a and not rescued during both Wnt3a and
mesenchymal culture containing telocyte-like cells exposure
identified a total of 116 up-regulated gene transcripts
(Figure 11A) and 37 down-regulated gene transcripts
(Figure 11B) (Supplementary Table 6). These observations
support that the epithelial or mesenchymal niche is required
for jejunal enteroids to restore their transcriptomic changes
associated with the loss of HNF4a. In addition, only a few
genes have emerged as intrinsic HNF4a-dependent targets
under these conditions, a situation reminiscent of the in vivo
non-pathologic process where telocytes can physiologically
overcome defects emerging from the intestinal epithelial niche.
HNF4a Acts as Upstream Transcriptional
Regulator of Wnt3

The observation that Wnt and mesenchymal culture
containing telocyte-like cells were able to restore most of
the transcriptomic changes caused by HNF4a depletion
suggests the existence of intimate crosstalk between HNF4a
and transcriptional regulators affected by Wnt signaling.
Consistent with this, HNF4a has been reported to physically
interact with TCF441 and to co-localize with certain common
genomic DNA sequences.42 Of the remaining gene tran-
scripts that were not rescued after Wnt3a or mesenchymal
culture containing telocyte-like cells exposure, we found
that Wnt3 transcripts were still reduced by >40% (FDR <
0.05) in deleted Hnf4aDIEC-ind jejunal enteroids when
compared with that in control jejunal enteroids under
Wnt3a treatment or by >98% (FDR < 0.05) in the presence
of mesenchymal culture containing telocyte-like cells
(Supplementary Table 6). Interestingly, HNF4a directly
bound to an upstream region in Wnt3 gene promoter, in
association with active H3K27Ac chromatin mark for this
gene at this position, as well as in a region of intron 4, as
visualized by chromatin immunoprecipitation sequencing
(ChIP-seq) analysis previously performed in isolated mouse
jejunal epithelial cells (Figure 12A).43,44 To further test
whether HNF4a can regulate WNT3 directly, we took
advantage of an IEC line engineered to conditionally express
the HNF4a2 isoform.45 WNT3 transcript expression was
found up-regulated when this isoform was induced in
HCT116 cells (Figure 12B). HNF4a2 directly bound the
WNT3 gene as visualized by ChIP-seq analysis previously
performed in HCT116 cells and was conditionally induced to
express this isoform42 (Figure 12C). HNF4a2 peaks
observed in introns 1 and 4 of the WNT3 gene correlated
with active H3K27Ac chromatin marks for this gene at these
positions (Figure 12C). Sequence analysis overlapping these
enriched regions predicted the presence of 5 binding sites
spanning 4,880 base pairs in introns 1 and 5 additional sites
spanning 4,259 base pairs in intron 4 (Figure 12D).



Figure 8. Wnt3a supplementation rescues Hnf4aDIEC jejunal enteroid survival without correcting changes in goblet and
tuft cell gene signatures. (A) Jejunal enteroids from control and Hnf4aDIEC mice were cultured for 5 days in the presence of
Wnt3a in the culture medium. Representative images of enteroids from at least 3 independent technical replicates at different
time points indicated that addition of Wnt3a rescued the survival of Hnf4aDIEC jejunal enteroids. Scale bar ¼ 50 mm. (B) Areas
(pixel2) of jejunal enteroid size were assessed using ImageJ and expressed as percentage of control enteroids (**P � .01).
RNA-seq data obtained were analyzed using GSEA software for comparison with Paneth cell gene signature (C), goblet cell
and tuft cell gene signatures (D), ISC gene signature (E), as well as differentiated and progenitor enterocyte gene signatures (F).
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Collectively, these observations support that HNF4a acts as
an upstream transcriptional regulator of the Wnt3 gene,
together with an impact on autocrine epithelial Wnt3
signaling and Paneth cell fate.
Discussion
The intestinal epithelium is a self-renewing system that

depends on ISCs to replenish daughter-differentiated cells.
Stem cell functions are supported by an adjacent niche
established from the input of multiple and distinct sub-
epithelial and epithelial cell types specialized in the produc-
tion of regulatory signals, with considerable overlap and
redundancy among them.40 In addition, plasticity within
progenitors and mature cells can cause them to dedifferen-
tiate and replace damaged ISCs during epithelial regeneration
after injury.46,47 All of these redundant mechanisms have
evolved to maintain intestinal epithelial homeostasis,



Figure 9. Human primary mesenchymal cells rescue Hnf4aDIEC jejunal growth in culture. (A) Crypts from control and
Hnf4aDIEC mice were maintained in culture, with or without human mesenchymal cells. They were kept under culture for 5 days,
and images were acquired each day using a Zeiss Celldiscoverer 7. Representative images of 2 independent technical rep-
licates at 2 different original magnifications (2.5� and 20�) are shown. Scale bar ¼ 500 mm for 2.5� magnification and 50 mm
for 20�magnification. (B) Live co-culture sample stained at day 5 using CellMask Deep Red Plasma Membrane Stain (red) and
Hoechst 33342 (blue). Three-dimensional imaging was performed using confocal microscopy. One enteroid surrounded by
mesenchymal cells is shown. White dashed box emphasizes a mesenchymal cell that displays elongated telopods in close
contact with epithelial cells (white arrows). (C) Areas (pixel2) of jejunal enteroid size were assessed using ImageJ and expressed
as percentage of control enteroids (****P � .0001). Mixed-species RNA-seq data obtained were analyzed using GSEA software
for comparison with Paneth cell gene signature (D), goblet cell and tuft cell gene signatures (E), ISC gene signature (F), as well
as differentiated and progenitor enterocyte gene signatures (G).
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Figure 10. Human primary subepithelial mesenchymal cells become enriched in telocyte-like cells in presence of
mouse jejunal enteroids. Gene transcript expression of various mesenchymal cell markers was compared using mixed-
species RNA-seq in human mesenchymal cells cultured with or without mouse jejunal enteroids (n ¼ 5 technical replicates
performed in independent experiments).
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regardless of the nature of threatening environmental cues.
Herein, we adopted multiple ex vivo strategies to investigate
the role of epithelial HNF4a in maintenance of the intestinal
niche. On the basis of the similarities observed among our
different experimental systems, we observed that survival of
jejunal enteroids deleted for Hnf4a can be rescued in culture
with either exogenous Wnt3a or mesenchymal cells in a co-
culture environment. These rescue experiments also cor-
rected w90% of the jejunal enteroid transcriptome specif-
ically modified after Hnf4a deletion. Paneth cell gene
signature was reduced in jejunal enteroids deleted for Hnf4a,
and this signature remained reduced when co-cultured with
mesenchymal cells. However, the supplementation of jejunal
enteroids deleted for Hnf4a with Wnt3a restored Paneth cell
gene signature, probably because Paneth cells are dependent
on Wnt signaling for differentiation.7,14 Finally, goblet and
tuft cells gene signatures remained elevated in all tested
biological setups. It thus appears that HNF4a opposes these
signatures, but whether this impacts on intestinal biology
remains to be further investigated.

Our findings highlight a previously unappreciated and
novel role for HNF4a alone in regulating Paneth cells via
Wnt3 and support that HNF4 paralogs are not entirely
redundant for intrinsic IEC functions when secluded from
multiple environmentally driven compensatory mechanisms
in the intestine.23,24 This strong phenotype manifested only



Figure 11. Mesenchymal culture containing telocyte-like cells and Wnt signaling rescue most of transcriptomic
changes observed in Hnf4a-deleted jejunal enteroids. (A) Total RNA from DMSO- and 4OHT-treated jejunal (Hnf4a-deleted)
enteroids 2 (with or without Wnt3a) or 4 days (with or without mesenchymal cells) after deletion was analyzed by RNA-seq.
Venn diagrams were used to display comparisons of gene transcript levels that were significantly up-regulated (A) or
down-regulated (B) in these conditions (FDR < 0.05). Gene transcripts that were still significantly modulated in Hnf4a-deleted
jejunal enteroids put in the presence of Wnt3a (green circles) or mesenchymal cells (blue circles) were compared using Venn
diagrams. This analysis identified 116 up-regulated genes and 37 down-regulated genes affected by the loss of HNF4a and
that were not rescued by either Wnt3a or mesenchymal cells.
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a few days after Hnf4a deletion in the growing jejunal
enteroids, an observation that is controversial considering
previous literature. Chen et al23 observed longer budding
crypts in HNF4a-depleted enteroids, without noting changes
in cell growth. Similar to our findings, Montenegro-Miranda
et al30 reported that HNF4a is required to allow enteroid
propagation in culture. However, they concluded that sup-
plementation of HNF4a-depleted enteroids with Wnt3a only
partially maintained their survival and failed to ensure their
maintenance after passage. Activation of Wnt signaling with
either Wnt3a or CHIR allowed us to maintain HNF4a-
deficient enteroid growth for several passages, indicating
that restoration of the Wnt epithelial niche was sufficient to
restore ISC function under these conditions.

HNF4a depletion does not severely affect either the small
intestine transcriptome or homeostasis under strict normal
physiological conditions, mainly because of the redundant
roles of HNF4a and HNF4g.18,23,24 However, HNF4a depletion
in enteroids devoid of a mesenchymal niche led to rapid
changes in gene ontology functions associated with inflam-
mation, cell migration, and lipid metabolic processes. These
functions were altered in Hnf4aDIEC mice exposed to radia-
tion,30 inflammatory stress,29,48 or a high-fat diet.49 Collec-
tively, these observations indicate that the study of HNF4a
function in enteroids could be an asset in dissecting the
contribution of the epithelial versus mesenchymal niche
contribution to intestinal homeostasis, particularly in condi-
tions that mimic pathologic situations.
Although the role of Paneth cells in maintaining ISC
function overlaps with that of mesenchymal cells in the in-
testine, it is still unclear how these cellular entities interact
with this end under intestinal injury and pathologic condi-
tions. One important aspect of our findings is the potential
of jejunal enteroids to stimulate subepithelial mesenchymal
cells to become telocyte-like cells. This observation implies
the existence of specific crosstalk between epithelial cells
and neighboring mesenchymal cells. Elucidating the specific
nature of the molecules involved in this process represents
an exciting future direction.

It is now well-established that telocytes constitute the
intestinal stem cell niche under normal physiological
conditions. However, their function during intestinal pa-
thologies requires careful investigation. Paneth cell
dysfunction can initiate intestinal inflammation,50 and
Wnt factors play a central role in epithelial regeneration
during intestinal inflammation51 and cancer.52 Because of
the well-documented HNF4A alterations in gut dis-
eases,27,53 our findings shed light on a novel molecular
cascade of physiological importance in gut biology and
diseases.

HNF4 paralogs are crucial for the regulation of intestinal
epithelial genes during fetal54 and adult life.23 One impor-
tant conclusion from these reports is that both HNF4a and
HNF4g are redundant for gene transcription. Although we
observed profound transcriptomic changes after Hnf4a
deletion in enteroids, our data support that a large



Figure 12. HNF4a acts as an upstream regulator of Wnt3. (A) ChIP-seq tracks of HNF4a occupancy on Wnt3 from isolated
mouse jejunal epithelial cells. Upstream HNF4a binding site overlaps with an H3K27Ac mark (dashed rectangle). (B) WNT3
gene transcript expression obtained by RNA-seq in HCT116 cells overexpressing or not HNF4a2 (n ¼ 3 technical replicates
performed in independent experiments). (C) ChIP-seq tracks of HNF4a occupancy on WNT3 in HCT116 cells. HNF4a binding
overlaps regions enriched for the H3K27Ac mark in different cell lines (dashed rectangles). (D) Distribution of HNF4a binding
sites from HNF4a ChIP-seq peaks in introns 1 (chr17:46 792 000-46 798 000) and 4 (chr17:46 763 000-46 768 000) of theWnt3
gene. (**P � .01).
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proportion of these genes are not direct targets of HNF4a.
Consistent with this finding, Wnt3a supplementation
restored the expression of a multitude of transcripts that
were altered in HNF4a-depleted enteroids. Wnt signaling
transduces gene expression via nuclear translocation of the
b-catenin effector, which in turn forms a complex with
members of the TCF/LEF family to modulate gene tran-
scription.55 HNF4a functionally interacts with both b-cat-
enin and TCF4 in the liver, an interaction that antagonizes
the transcription of their respective gene target
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repertoire.56 A study conducted in a human colon cancer
cell line showed that HNF4a isoforms can either recruit
TCF4 to the chromatin or compete with it for chromatin
binding, depending on the structure of the targeted gene
promoters and the specificity of HNF4a P1 or P2 isoforms.42

Negative regulatory feedback also exists between b-catenin
and HNF4a P1 isoforms in colon cancer cell lines.57 It is thus
possible that HNF4a interacts with b-catenin to influence
the expression of some of these transcripts in an indirect
manner. Nevertheless, our data strongly support that Wnt3
is a direct transcriptional target of HNF4a. Reports identi-
fying specific transcription factors regulating Wnt3 expres-
sion are scarce. A recent study performed in the Hydra
polyps convincingly highlighted b-catenin and Sp5 to regu-
lation of the HyWnt3 promoter.58 To our knowledge, HNF4a
is the first transcription factor discovered that regulates
Wnt3 in the intestinal epithelium.

The analysis of our transcriptomic data suggests a
crucial role for HNF4a in determining IEC fate in the
absence of a compensatory source of mesenchymal Wnts.
Our observations are consistent with previous findings that
Wnt signaling is required for both differentiation of Paneth
cells and maintenance of Lgr5þ stem cells, while blocking
goblet cell and mature enterocyte differentiation.34 We did
not find evidence of an overall modulation in Notch
signaling in jejunal enteroids deleted for Hnf4a, conditions
that are normally required for goblet cell differentiation but
that impede enterocyte maturation.34 On the other hand,
Notch activation can force Paneth cells to dedifferentiate
into multipotent stem cells to replenish the epithelium.11,13

Interestingly, tuft cells have been reported to act as an
alternative source of Notch signaling in the crypts of mice in
which Paneth cells were depleted.59 We cannot exclude the
possibility that a specific subclass of progenitors harbored a
change in Notch signaling in the absence of HNF4a, thus
affecting goblet and tuft cell fates.

In summary, our data indicated that although HNF4
paralogs are redundant for the transcription of intestinal
epithelial genes, HNF4a alone is crucial to sustain Wnt3
expression that is specific to Paneth cells of the intestinal
epithelium. Disruption of this regulatory loop is important
for maintaining the ISC niche in the absence of compensa-
tory mesenchymal signals. Because of the documented
importance of Paneth cells, Wnt signaling, and HNF4A
integrity in gut diseases, our findings provide new per-
spectives for further exploration of therapeutic strategies
for intestinal epithelial disorders.
Methods
Mice

C57BL/6 12.4KbVilCre60 and VilCreERT261 transgenic
mice were bred with Hnf4atm1Gonz (Jackson Laboratories,
Bar Harbor, ME; stock number 004665) to obtain
12.4KbVilCre/Hnf4afx/fx and VilCreERT2/Hnf4afx/fx as pre-
viously described.18 Lgr5-EGFP-ires-CreERT2 mice were
purchased from The Jackson Laboratory (stock no. 000664).
Breeders and experimental mice were genotyped using
polymerase chain reaction. Animals were anesthetized with
ketamine/xylazine (300 mg/kg; 40 mg/kg) before eutha-
nasia. All experiments were performed in accordance with
protocols approved by the Animal Research Committee of
the Faculty of Medicine and Health Sciences of the Uni-
versité de Sherbrooke (approval ID number 102-18), in
accordance with the Canadian Council on Animal Care.

Crypt Isolation
Crypts were isolated from the jejunum by using EDTA.

Briefly, intestines from VilCre/Hnf4afx/fx (Hnf4aDIEC) and
Hnf4afx/fx (control) were dissected longitudinally, washed
thoroughly in phosphate-buffered saline (PBS) once, and cut
into 5 mm pieces. Jejunal pieces were then incubated for 20
minutes in 30 mmol/L EDTA on ice. EDTA was replaced
with ice-cold PBS, and the tissues were vigorously shaken.
Supernatants were then passed through a 70 mm cell
strainer to reserve only the flow-through containing the
crypts. The RNA and proteins were extracted after crypt
enrichment.

Jejunal Enteroid Culture
Jejunal crypts from Hnf4aDIEC, control, and VilCreERT2/

Hnf4afx/fx mice were isolated using EDTA and placed in
Matrigel (BD Bioscience, Franklin Lake, NJ) to form jejunal
enteroids as described previously.62 For passaging, jejunal
enteroids were removed from the Matrigel and mechani-
cally dissociated using a P200 pipette tip fixed on a 5 mL
serologic pipette. To induce deletion of Hnf4a, 4OHT-
inducible jejunal enteroids (VilCreERT2/Hnf4afx/fx ) were
treated with 0.5 mmol/L 4OHT (Cayman Chemical Company,
Ann Arbor, MI) for 24 hours and then split. The jejunal
enteroids were harvested on days 2 and 4 after the last
passage, and the total RNA was isolated. Induction of dif-
ferentiation into Paneth-like jejunal enteroids was achieved
using a method described previously by Yin et al.34 Briefly,
4OHT-inducible enteroids were split, and CHIR 99021 (3
mmol/L; Axon Medchem, Reston, VA) and VPA (1 mmol/L;
MilliporeSigma, Burlington, MA) were added to the culture
medium for 6 days. After 5 days of treatment, 4OHT was
added for 24 hours to induce HNF4a loss. The jejunal
enteroids were then passaged, and the culture medium was
further supplemented with CHIR (3 mmol/L) and DAPT (10
mmol/L; MilliporeSigma). Total RNA was isolated 2 and 4
days after the passage. For Wnt3 rescue experiments, 200
ng/mL of recombinant mouse Wnt3A protein (Abcam,
Waltham, MA) was added to the culture medium. The cul-
ture media were changed every 3 days, and jejunal enter-
oids were cultured for 5 days. Live images of enteroids were
acquired using a Zeiss Axiovert 200M microscope (Carl
Zeiss Canada, Toronto, Canada) or a Zeiss Celldiscoverer 7
instrument. Before the enteroids underwent total RNA
isolation, Matrigel domes were dissolved in Cell Recovery
Solution (Millipore Sigma).

Co-cultures of Mesenchymal Cells and Enteroids
The primary culture of mesenchymal cells was estab-

lished as previously described.37 To allow visualization
during co-culture, mesenchymal cells were infected with the
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pLKO.1-puro-CMV-TurboGFP plasmid (Sigma Aldrich, Saint-
Louis, MO). Viruses were produced in 293T cells using the
ViraPower Lentiviral Packaging Mix (Invitrogen). The
isolation of jejunal crypts to form enteroids was performed
as previously described.62 After isolating intestinal crypts
from Hnf4aDIEC and control mice, TurboGFP-positive
mesenchymal cells were recovered using trypsin-EDTA
and enumerated. A total of 10,000 mesenchymal cells per
well were mixed gently and seeded. Crypts and mesen-
chymal cell mixes were then washed to remove any residual
trypsin and centrifuged, and the pellet was resuspended in
Matrigel. Culture media were added and refreshed every
2–3 days. Photographs were taken every day for 5 days
using a Zeiss Celldiscoverer 7.

Co-culture of Sorted Paneth and Lgr5þ Stem
Cells

The co-culture method was adapted from previous
studies.63,64 Small intestinal crypts from Hnf4aDIEC, control,
and Lgr5-EGFP-ires-creERT2 mice were isolated as
described above. Single cells were obtained from crypts
using TrypLE Express solution (Gibco, Thermo Fisher,
Waltham, MA). After dissociation, cells were filtered using a
40-mm cell strainer, centrifuged, and washed using PBS.
Cells were put in FACS buffer (PBS 1% BSA), and suspen-
sions from Hnf4aDIEC and control mice were labeled using a
PE-conjugated anti-CD24 antibody (eBioscience, San Diego,
CA). Cells from each condition were then washed 2 times
using FACS buffer, resuspended in an appropriate volume of
the same buffer, and filtered again using a 40-mm strainer.
Cells were analyzed with BD FACSJazz cell sorter (BD Bio-
sciences). Single cells were gated by forward scatter and
side scatter. Lgr5-GFPHi stem cells, Hnf4aDIEC-CD24Hi Paneth
cells, and control CD24Hi Paneth cells were sorted. For 1
well, 2,500 stem cells were mixed with 2,500 control or
Hnf4aDIEC Paneth cells to obtain 2 independent co-cultures.
Cells were centrifuged, and pellets were resuspended in 100
mL/well of enteroids medium containing Y-27632. Suspen-
sions were then seeded in a round bottom ultra-low
attachment 96-well plate (Corning, Corning, NY) and left
on ice for 15 minutes. The plate was centrifuged at 300g for
5 minutes at 4�C, and 10 mL of Matrigel (BD Biosciences)
was added on top of the cells. Cultures were kept at 37�C for
12 days, and medium was partially changed every 3 days. At
day 12, organoids and their ramifications were counted, and
areas were measured using ImageJ.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction

Total RNA from crypts, jejunal enteroids, or co-cultures was
isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany),
according to the manufacturer’s recommendations.

One microgram of total RNA was used for cDNA syn-
thesis (20 mL per reaction). The reaction was performed at
50�C for 1 hour with 35 units of Superscript IV Reverse
Transcriptase (Invitrogen, Thermo Fisher Scientific), 1
mmol/L dNTPs (Bio Basic, Markham, Canada), and 40 mU
oligo(dT)12-18. cDNA samples were diluted 10-fold before
quantitative polymerase chain reaction analysis was per-
formed. Quantitative real-time polymerase chain reactions
(RT-qPCRs) were performed using 2 mL of diluted cDNA and
FastStart Essential DNA Green Master (Roche, Indianapolis,
MN). RT-qPCR was performed using a LightCycler 96 system
(Roche). Gene expression was normalized relative to the
mRNA expression of the TATA-box binding protein (TBP).

Protein Extraction and Western Blot Analysis
Total protein extraction from epithelial crypts was per-

formed as previously described.65 A BCA protein assay was
performed to quantify the proteins. Fresh extracts (35 mg)
were loaded onto a Nupage 4-12% Bis-Tris gel (Invitrogen).
Proteins were then transferred onto a polyvinylidene fluo-
ride membrane (Roche), which was blocked in 10% non-fat
milk diluted in PBS/0.1% Tween20. To monitor the
expression of WNT3, HNF4a, and actin in the crypt extracts,
the following antibodies were used: anti-WNT3 antibody
(Abcam; ab32249), anti-HNF4a antibody C-19 (Santa Cruz
Biotechnology, Dallas, TX; SC-6556), and anti-actin antibody
clone C4 (MilliporeSigma; MAB1501R). Horseradish
peroxidase–linked secondary antibodies were used in
combination with ECL-Prime Western blotting Detection
Reagent (GE Healthcare, Chicago, IL) to detect the signals.

EdU Incorporation Assays
EdU-incorporation assays were performed to assess

proliferation in dimethyl sulfoxide (DMSO)- or 4OHT-
treated inducible jejunal enteroids. Imaging and flow
cytometry kits (Invitrogen) were used for analysis.

For imaging experiments, enteroids were harvested 4
days after the last passage (see the deletion protocol in Je-
junal Enteroid Culture section). A Click-iT EdU Cell Prolif-
eration Kit for Imaging (Alexa Fluor 555; Invitrogen) was
used according to the manufacturer’s recommendations.
EdU was incubated with the jejunal enteroids for 60 mi-
nutes before fixation. Images were taken using an Olympus
FluoView FV1000 confocal microscope (Olympus, Shinjuku,
Tokyo, Japan). For flow cytometry experiments, jejunal
enteroids were collected 2 and 4 days after passage and
mechanically dissociated as single cells. A Click-iT EdU Alexa
Fluor 647 Flow Cytometry Assay Kit (Invitrogen) was used
according to the manufacturer’s recommendations. Cells
were analyzed using a Becton Dickinson LSRFortessa flow
cytometer (BD Biosciences).

RNA-Seq
Total RNA from inducible jejunal enteroids (DMSO and

4OHT), Wnt3a-treated enteroids (DMSO þ Wnt3a and
4OHT þ Wnt3a), or co-cultures were isolated as described
above. Total RNA was quantified using a NanoDrop Spec-
trophotometer ND-1000 (NanoDrop Technologies, Thermo
Fisher Scientific), and RNA integrity was assessed using a
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
Libraries were generated from 250 ng of total RNA as fol-
lows: mRNA enrichment was performed using the NEBNext
Poly(A) Magnetic Isolation Module (New England BioLabs,
Ipswich, MA). cDNA synthesis was achieved using the
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NEBNext RNA First Strand Synthesis and NEBNext Ultra
Directional RNA Second Strand Synthesis Module (New
England BioLabs). The remaining library preparation steps
were performed using the NEBNext Ultra II DNA Library
Prep Kit for Illumina (New England BioLabs). Adapters and
polymerase chain reaction primers were purchased from
New England BioLabs. Libraries were quantified using the
Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies,
Thermo Fisher Scientific) and the Kapa Illumina GA with the
Revised Primers-SYBR Fast Universal kit (Kapa Biosystems,
MilliporeSigma). Average fragment sizes were determined
using a LabChip GX instrument (PerkinElmer). The libraries
were normalized, denatured in 0.05 mol/L NaOH, diluted to
200 pmol/L, and neutralized using HT1 buffer. Clustering
was performed on an Illumina cBot (Illumina, San Diego,
CA), and the flow cell was run on a HiSeq 4000 for 2 � 100
cycles (paired-end mode) following the manufacturer’s in-
structions. A phiX library was used as a control and was
mixed with the libraries at the 1% level. The Illumina con-
trol software used was HCS HD 3.4.0.38, and the real-time
analysis program was RTA v. 2.7.7. The bcl2fastq v2.20
program was then used to demultiplex samples and
generate fastq reads. Cell culture, total RNA extraction, and
RNA-seq analysis of HCT116 cells overexpressing HNF4A2
have been described previously.45

Immunofluorescence
Paneth cells in DMSO- or 4OHT-treated jejunal enteroids

were visualized by lysozyme-targeting immunofluorescence.
After Hnf4a deletion, enteroids were split, and Matrigel
domes were placed on glass coverslips in 24-well plates.
Three days after passage, the cells were fixed using 4%
paraformaldehyde, directly on Matrigel domes, for 30 mi-
nutes. The enteroids were then permeabilized with 0.1%
Triton X-100 and blocked with 2% bovine serum albumin.
Anti-lysozyme antibody (Agilent Dako) and anti-rabbit Alexa
Fluor 488 secondary antibody (Invitrogen) were used to
stain the Paneth cells. Nuclei were stained with DAPI, and
coverslips were mounted on microscope slides using
Thermo Scientific Shandon Immu-Mount (Thermo Fisher).
The stained enteroids were visualized using an Olympus
FluoView FV1000 confocal microscope.

Bioinformatics
Bioinformatics analysis of differential gene expression

obtained from RNA-seq was performed using the Bio-
informatic platform at the University of Sherbrooke,
Department of Biochemistry and Functional Genomics.
Quality control, pre- and post-trimming was performed with
R package fastqcr v0.1.2 (https://github.com/kassambara/
fastqcr).66 Quality and adapter trimming of RNA-seq li-
braries were performed with Trim Galore version 0.6.4_dev
(https://www.bioinformatics.babraham.ac.uk/projects/trim_
galore/). Co-cultures raw RNA-seq reads were attributed to
the genomes of relevant mouse (version GRCm38) and hu-
man (version GRCh38) species using the Sargasso tool
(module species_separator rnaseq in a conservative strategy
(http://statbio.github.io/Sargasso) and following the bio-
informatic procedure from Qiu et al.39 Library normalization
and quality control was performed with R package edgeR
version 3.34.0,67 and differential expression analysis was
performed with R package limma v.3.50.1.68 In the design
matrix, batch effect was accounted because replicates from
every condition were coming from 2 different temporal ex-
periments. Geneswere retainedwhen their FDRwas less than
0.05 and absolute log fold change greater than 1 (just for the
co-culture RNA-seq analysis). They were then passed to DA-
VID version 6.869 for search of enriched GO, which also
resulted in a list of GO that passed FDR threshold of 0.05.

Small intestinal epithelial cell lineages were assessed us-
ing the GSEA70 of signature gene sets previously obtained
using plate-based single-cell RNA-sequencing (GEO accession
number GSE92332).33 Gene ontology analysis was performed
using ShinyGO V0.76.71 ChIP-seq analyses of the Wnt3 gene
were performed using the Cistrome Data Browser tool.72,73

HNF4A binding sites on the Wnt3 gene have been identified
using ConTra V3.74 Venn diagrams were generated using
GeneVenn (http://genevenn.sourceforge.net/).

Three-Dimensional Imaging of Co-cultures
To preserve the three-dimensional structure of jejunal

enteroid-mesenchymal cell interactions, live co-culture im-
aging was performed. Hnf4afx/fx jejunal enteroids co-
cultured with mesenchymal cells were plated in a 60 mm
Petri dish to allow the use of a water-dipping Plan-APO-
CHROMAT 40x/1.4 objective lens (Zeiss). First, 5-day-old
co-cultures were labeled with Hoechst 33342 (Cell Signaling
Technology, New England Biolabs) for 15 minutes at 37�C,
followed by incubation with CellMask Deep Red Plasma
Membrane Stain (Invitrogen) for 10 minutes at 37�C. This
staining allowed the visualization of cell membranes. After
several washes, the culture medium was replaced in the
Petri dish, and Prolong Live Antifade Reagent (Invitrogen)
was added and incubated for 1 hour at 37�C to minimize
photobleaching during live cell imaging. All images were
captured using a Zeiss LSM 880 laser scanning microscope.

Statistical Analysis
Data were analyzed using the GraphPad Prism version 7.

For all RT-qPCR and RNA-seq results, statistical analysis was
performed using an unpaired Student t test with Welch’s
correction. EdU-positive cell counts determined by flow
cytometry were analyzed using the paired Student t test. Data
were expressed as mean ± standard deviation, and differ-
ences were considered significant at P < .05. Bioinformatic
statistical analyses were performed using web-based
packages and were considered significant at P < .05, with
FDR < 5%.
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