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ABSTRACT

The gastrointestinal epithelium constitutes a chemosensory system for microbiota-derived metabolites
such as Short Chain Fatty Acids (SCFA). In this study, we investigated spatial distribution of OIfr78,
one of the SCFA receptors, in the mouse intestine and studied the transcriptome of colon
enteroendocrine cells expressing OIfr78. The receptor is principally detected in the enterochromaffin
and L subtypes in the proximal and distal colon, respectively. Using the OIfr78-GFP and
VilCre/OIfr78flox transgenic mouse lines, we reveal that loss of epithelial OIfr78 results in impaired
enterochromaffin cell differentiation, blocking cells in an undefined secretory lineage state. This is
accompanied by dysbiosis, characterized by an increased Firmicutes/Bacteroidetes ratio, as well as a
less efficient antioxidant system in colon crypts. Using organoid cultures, we further show that
maintenance of enterochromaffin cells involves activation of the OIfr78 receptor via the SCFA ligand
acetate. Altogether, this work provides evidence that OIfr78 contributes to colon homeostasis by

regulating enterochromaffin cell differentiation.
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INTRODUCTION

The gastrointestinal epithelium is an important contributor to endocrine physiology and metabolic
control by constituting a chemosensory system for external toxic agents, as well as diet-derived nutrients
or microbiota-derived metabolites. This “sensory” function is mainly exerted by a subset of epithelial
cells, known as enteroendocrine cells (EEC). In response to stimuli, these highly specialized cells secrete
neurotransmitters or a variety of hormones having paracrine digestive and endocrine functions (Gribble
& Reimann, 2019). Recent reports have uncovered the extraordinary complexity of this lineage,
composed of multiple subtypes, each producing a defined set of specific hormones/signaling molecules
(Basak et al., 2017; Egerod et al., 2012; Haber et al., 2017; Habib et al., 2012; Roth et al., 1992). In
addition, EEC subtypes are also differentially distributed along the digestive tract, according to both
proximal-to-distal and crypt-villus axes (Beumer et al., 2018; Haber et al., 2017; Roth et al., 1992). Two
main EEC subtypes populate the colon, the so-called L cells devoted to secretion of GLP-1 and PYY
peptides and the enterochromaffin cell subtype (EC) that secretes most of the serotonin (5-HT for 5-

hydroxytryptamine) produced by the body (Gribble & Reimann, 2019).

Till recently, not much was known about the identity of the molecules that sense the chemical stimuli
enabling signal transduction in EECs to promote hormone or neurotransmitter secretion. Accumulated
evidence revealed the key role of some G protein-coupled receptors (GPCR) in such process. These
receptors recognize as natural ligands the luminal short chain fatty acids (SCFA) generated from
microbiota-derived metabolites (Bellono et al., 2017; Pluznick, 2016). The most abundant SCFAs,
acetate, propionate and butyrate, are particularly concentrated in the colon, where they reach the
millimolar concentration range (Cong et al., 2022). The FFAR2/GPR43 and FFAR3/GPRA41 receptors,
expressed in the EEC L subtype, recognize acetate, propionate, butyrate and isovalerate as ligands
(Audouze et al., 2014; Le Poul et al., 2003; Pluznick et al., 2013; Saito et al., 2009). Whether they are
involved in hormonal secretion in these cells is still debated (Christiansen et al., 2018; Psichas et al.,
2015; Tolhurst et al., 2012). Loss of function studies in mice have demonstrated that the mouse orthologs
Ffar2/Gpr43 and Ffar3/Gpr41 receptors participate to intestinal homeostasis by regulating inflammation

in response to chemically induced colitis (Kim et al., 2013). The two other SCFA binding molecules are
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the olfactory receptors OR51E1 and OR51E2 (the human orthologs of the mouse receptors OIfr558 and
OIfr78, respectively). Although odorant receptors are mainly expressed in olfactory sensory neurons of
the olfactory epithelium, OIfr78 and OIfr558 expression is also detected in other tissues including the
digestive tract (Bellono et al., 2017; Billing et al., 2019; Fleischer et al., 2015; Lund et al., 2018). It has
been demonstrated that binding of SCFAs (isovalerate, butyrate) to the mouse OIfr558 receptor in EC
cells of the small intestine activates basolateral 5-HT release from secretory granules and thereby
stimulates afferent nerve fibers (Bellono et al., 2017). The OIfr78 receptor (human ortholog OR51E?2)
that recognizes acetate and propionate as ligands, was firstly detected in the EEC L subtype (Fleischer
etal., 2015). Moreover, transcriptome analyses have also reported its expression in EC cells in the colon
(Lund et al., 2018). Using the transgenic knockin/knockout OIfr78-GFP/LacZ mouse line, Kotlo et al.
have demonstrated that absence of OIfr78 expression is associated with higher levels of intestinal
inflammation and worse histopathological score as compared to control mice in an experimental model
of colitis (Kotlo et al., 2020). However, the role, if any, of OIfr78 in intestinal epithelium under

homeostatic conditions remains to be addressed.

In the present work, we investigated the complete expression profile of OIfr78 in gut and uncovered the
biological function of this SCFA receptor in mouse colon epithelium using transgenic mouse lines and
organoid cultures. Our findings reveal that signaling through the OIfr78 receptor regulates EC lineage

differentiation in colon epithelium and participates to tissue homeostasis.
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76  RESULTS
77  SCFA receptors exhibit unique expression profiles along the small intestine and the colon.

78  To fully dissect the distribution pattern of SCFA receptors, namely OIfr78, OIfr558, Ffar2 and Ffar3,
79  along the mouse small and large intestines, we first analyzed their gene expression on mouse control
80  tissues by gRT-PCR experiments. While Ffar2 and Ffar3 transcripts were detected at similar levels
81  along the intestine, higher levels of Olfr78 and OIfr558 transcripts were found in the colon as compared
82  to the small intestine (Figure 1A). In situ hybridization studies further showed that OIfr78, OIfr558 and
83  Ffar3 were expressed in discrete countable cells in the epithelium (Figure 1B, C and D). In the proximal
84  colon, epithelial OIfr78 and Olfr558-expressing cells were mostly located at the crypt base, while Ffar3-
85  positive (*¢) cells were mainly found at the top of the crypts, near the lumen, suggesting that Olfrs and
86  Ffar3 receptors may not be co-expressed in the same cell types (Figure 1B, D). Regarding Ffar2, this
87  receptor was more diffusely expressed and showed a decreasing gradient from the bottom to the bottom-
88  half of colon crypts (Figure 1B). In addition, OIfr78 and OIfr558 were expressed in isolated
89  mesenchymal cells and submucosal and myenteric plexuses in the colon (Figure EV1A, B). Of note,
90  expression of OIfr558 in the distal colon was only attributed to non-epithelial cells (Figures 1A-C and
91  EVIB). Finally, in agreement with a previous report (Nghr et al., 2013), Ffar3*"¢ cells were present in
92  the myenteric plexuses (from ileum to distal colon) and Ffar2 expression was detected in submucosal
93  cells (likely leukocytes) (Figure EV1C, D). Altogether, these data revealed a unique expression profile

94  of SCFA receptors along the proximal-to-distal and crypt bottom-top villus axes in the gut.
95  OIfr78 is expressed in different subtypes of enteroendocrine cells in the colon.

96  Since OIfr78 expression was particularly abundant in the colon where SCFA ligands are predominant,
97  we further explored its expression profile in colon epithelial cells using the knockin-knockout reporter
98  Olfr78™Mom moyse strain (thereafter referred as OIfr78-GFP). As depicted in Figure 2A, OIlfr78-GFP
99  mice harbor a GFP-IRES-taulLacZ cassette in place of the coding exon of Olfr78 (Bozza et al., 2009).
100  Using GFP reporter as a surrogate to identify OIfr78*¢ cells, Epcam*¢ /GFP**¢ cells were sorted from

101  the colon of 4 heterozygous (HE) OIfr78°F"* mice (two pools, each obtained from 2 individual mice)
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102 by flow cytometry (Figures 2A and EV2A). All epithelial cells (Epcam™¢) were also isolated from a
103  wild-type (WT) colon (Figure 2A). Following bulk RNA sequencing (seq) of sorted cells, we compared
104  the transcriptome of epithelial Olfr787¢ cells to that of all Epcam*V¢ cells with the Degust software to
105 identify significantly up and downregulated genes in OIfr78-expressing cells. Using a cut-off of false
106  discovery rate (FDR) < 0.001 and a log2 fold-change of > 2 or < -2, we identified 905 enriched genes
107  and 321 de-enriched genes (Figure 2B). As expected, Olfr78 expression was 60-fold enriched in GFP*™¢
108  cells (Figure 2B and 2C). Regarding other SCFA receptors, OIfr558 and Ffar2 were found enriched by
109  50- and 4-fold, respectively, whereas Ffar3 expression was not detected at significant levels in GFP*™¢
110  cells (Figure 2B, 2C). High levels of expression of general EEC (Chga, Syp), EC cells (Chgb, Tphl,
111  Tacland Ddc) and L cells (Gcg, Pyy, InsI5) marker genes were found upregulated (Figure 2C). Of note,
112 neural markers (Tnr, Nrxnl, Hapl, Lrrnl, Ntm) were observed in OIfr78-expressing cells, pointing out
113 their neuroendocrine identity. GFP*¢ cells were especially enriched in presynaptic and postsynaptic
114  markers (Syt14, Snap25, Synl and Nlgn2, DIg3, Shank2, respectively) and expressed the neurofilament
115  marker Nefm (Figure 2D). These data are coherent with the function of EC cells, reported to establish
116  interactions through neuropod processes with surrounding epithelial cells and synapses with enteric
117  nerve cells (Bellono et al., 2017; Bohdrquez et al., 2014, 2015). Moreover, since EEC differentiation
118  involves transient intermediate committed states, each coined by a particular set of transcription factors
119  (Gehart et al., 2019), we investigated the expression of these genes in Olfr78-expressing cells (Figure
120 2E). GFP*® cells did not express early EEC markers (DII1, Isx) but were enriched in key
121 early/intermediate and intermediate transcriptions factors (TF) (Pbx1, Rybp, Sox4 and Pax4, Rcor2,
122 Rfx3, respectively), indicating that OIfr78 transcription initiates in these EEC progenitors. Expression
123 of OIfr78 was also maintained in intermediate/late and late EEC cells based on enrichment of GFP*¢
124 cells in the following TFs (Insm1, Neurodl, Rfx6, Lmxla as well as Pax6, Egr3 and Emb) (Figure 2E
125 and EV2B). Altogether, these data indicated that OIfr78 is expressed in epithelial EEC progenitors

126 during their commitment towards L and EC lineages and in mature EEC subtypes.

127  We confirmed these results on colon tissues of OIfr78-GFP HE mice by immunofluorescence studies.

128  Indeed, the GFP reporter was detected in the EC and L cell lineages (in accordance with 5-HT and PYY
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129  expression, respectively) (Figure 2F, G). Interestingly, GFP was expressed in L (PYY*®) cells
130  exclusively located in the distal colon, in agreement with a previous report (Billing et al., 2019). In
131  contrast, GFP expression in EC (5-HT*¢) cells was predominant in the proximal colon (Figure 2F, G).
132 Overall, these results revealed a regional expression pattern of colon epithelial Olfr78-expressing cells

133 in EEC subtypes.

134 Loss of OIfr78 impairs terminal differentiation into enterochromaffin cells.

135  To investigate whether OIfr78 could play any role in the colon, we took advantage of the OIfr78-GFP
136 knockin/knockout mouse line. First, we confirmed that Olfr78-GFP homozygous mice were knockouts
137  (KO) in the whole colon by gRT-PCR (using primers targeting the coding exon) and by RNAscope
138  (Figure 3A and EV3A). At the histological level, loss of OIfr78 did not significantly affect Goblet cell
139  differentiation or cell proliferation in colon (Figures 3B and EV3B). After having checked that GFP*
140  cells were detectable in the colon of Olfr78-GFP KO (Figure EV3C), we sorted by flow cytometry colon
141 Epcam*¢/GFP*™¢ cells from these mice (2 pools, each obtained from 2 individual mice) (Figure 3C).
142 Then, we compared their transcriptome obtained by RNAseq to that of Epcam™¢/GFP*"¢ cells from
143  OIfr78-GFP HE mice (Figure 3D, upper panel). This resulted in a list of 364 genes up- and 1174 genes
144  downregulated in epithelial GFP KO vs HE cells. Strikingly, OIfr78 deficiency correlated with de-
145  enrichment in biological processes associated with neurogenesis, regulation of secretion and synapse
146  organization (downregulated pre-synaptic and post-synaptic associated genes are listed in Figure EV3D)
147  meanwhile cell division, DNA replication and cellular response to stress were upregulated in GFP*™¢
148 KOs vs HEs (Figure 3D, lower panel). Next, focusing on the EEC subtypes previously identified as
149  expressing the OIfr78 receptor, we observed significant downregulation in EC markers involved in
150  serotonin production and metabolism (Tph1, Ddc, Gehl), granule secretion (Chgb, Chga, Rab3c, Gsttl),
151  and lineage commitment (Lmx1a, Fev) in GFP™¢ KO cells (Figure 3E). In contrast, similar comparison
152 on L cell marker genes (Pyy, Gcg, Insl5, Etvl) did not evidence any clear differential expression pattern
153  in GFP*® KO cells (Figure 3E). These data suggested that the loss of OIfr78 expression in EEC
154  precursors was specifically interfering with the EC subtype terminal differentiation. Downregulation of

155  Chgb expression, but not Pyy, was confirmed by gRT-PCR on the whole proximal colon exclusively
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156  (Figure 3F). The observation that Tphl was not found downregulated on whole tissues might be
157  explained in part by the fact that this gene, coding for the rate-limiting enzyme in serotonin synthesis,
158 s still expressed in about 35% of the EC cells that do not express OIfr78 (Figure 2G). To our surprise,
159  expression of the cognate SCFA receptor OIfr558 dropped down to 19% residual levels in OIfr78-
160  deficient tissues (Figure 3F). Accordingly, the numbers of 5-HT*'¢ and OIfr558*"¢ cells in proximal
161  colon were significantly reduced (by 26% and 74%, respectively) in the absence of OIfr78 expression
162  (Figure 3G). To fully decipher the identity of epithelial GFP™¢ KO cells, we performed single-cell
163  RNAseq (scRNAseq) on colon cells from OIfr78-GFP WT and OIfr78-GFP KO mice. After data
164  merging using the Seurat package, we isolated and clustered EECs defined by Chga expression in
165  epithelial cells (Figure 3H). In the OIfr78 WT sample, as expected, the EEC cluster was constituted of
166 2 groups, defined as EC and L cells, based on specific marker genes expression (Figure 31, J). In the
167  OIfr78 KO sample, the L cell group was also present and exhibited a transcriptome similar to that of
168  WT L cells. In contrast, the EC group was extremely reduced in Olfr78-deficient tissues and appeared
169  to be replaced by a third cluster of cells in an “undefined state” (Figure 3l, J). Indeed, this later group of
170  cells expressed low levels of EC marker genes (such as Tph1, Chgb or Ddc) and higher levels of non-
171  EEC genes, such as Sycn involved in pancreatic acinar cell exocytosis, Mfsd4a an atypical solute carrier
172  transporter expressed in several brain areas and Tfdp2 a transcription factor involved in cell cycle control
173 (Asle et al., 2005; Chen & Lodish, 2014; Perland et al., 2017). In addition, Agr2 and Muc2, two early
174  goblet cell differentiation markers, were also enriched in OIfr78 KO cells. Altogether, these scRNAseq
175  studies further indicated that loss of OIfr78 in mouse colon results in improper EC differentiation,

176  blocking cells in an undefined state, with characteristics of secretory lineage identity.
177  Terminal differentiation into serotonin-producing cells is regulated by epithelial Olfr78 expression.

178  Since OIfr78-expressing cells were detected in epithelium and mesenchyme throughout the colon, we
179  sought to further investigate if the phenotype observed in full Olfr78-GFP KO mice was related to loss
180  of expression in the epithelium, mesenchyme or both compartments. For this purpose, we generated a
181  new mouse line harboring an OIfr78 floxed allele targeting the coding exon, thereafter referred to as

182  OIfr78™ (Figure 4A). To study the impact of epithelial ablation of OIfr78 on EEC differentiation,
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183  OIfr78™ mice were crossed with Vil1¢* mice (where Cre recombinase is expressed under the control
184  of the Villin promoter, active in epithelial cells) to generate Vil1¢®*-Olfr78%™ mice, referred to as
185  OIfr78 eKO (eKO, for KO in epithelium). First, we validated the efficient deletion of the targeted region
186  on DNA isolated from colon biopsies of Vil1¢®*-OIfr78™™ (Figure EV4A). We also confirmed by
187  RNAscope that loss of OIfr78 was restricted to the epithelium, with non-epithelial expression being
188  preserved and representing 12% residual OIlfr78 expression in proximal colon by gRT-PCR analysis
189  (Figure 4B, C). Then, we investigated colon histology and mucus production by Alcian Blue staining
190 and did not notice any significant altered Goblet cell differentiation or change in epithelial cell
191  proliferation (Figures 4D and EV4B). Next, EEC cell differentiation was studied by gRT-PCR using EC
192 and L cell marker genes. As observed in Olfr78-GFP KO mice, OIfr78 eKO mice exhibited a consistent
193  reduction in the EC markers Chgb and OIfr558 (by 35% and 48%, respectively) in proximal, but not
194  distal, colon (Figure 4E). Instead, expression levels of the L cell marker Pyy were not different between
195  the genotypes (Figure 4E). Moreover, in agreement with gRT-PCR analyses, the density in EC cells was
196  decreased by 32% in the proximal colon of eKO mice as compared to littermate controls whereas no
197 change in EC and L cells density was observed in distal colon (Figure 4F). Altogether, these findings
198  further demonstrated that epithelial expression of OIfr78 in EECs is necessary to generate mature EC
199  cells in proximal colon. To determine whether OIfr78 loss could alter colon 5-HT levels, we performed
200  dosage of this hormone in stools collected from controls and eKO mice. Consistent with the overall
201  decrease in EC density observed in eKO mice, 5-HT concentration was found tendentially reduced by
202 25% in the absence of this SCFA receptor (p-value = 0.0775) (Figure 4G). Finally, to investigate the
203  molecular mechanisms by which OIfr78 can contribute to EC differentiation, we used a 3D organoid
204  culture model (Sato et al., 2011). Following 7 days of culture after replating, OIfr78-GFP WT or OIfr78-
205  GFP KO colon organoid lines (generated from individual mice) were stimulated for 48 hours with
206  acetate at a concentration of 20 mM. As shown in Figure 4H, expression of Chgb, used as one of the
207  most specific markers of EC maturation, but not the L cell marker Pyy, was upregulated by 40% in WT
208  organoids upon acetate challenge, showing that this SCFA stimulates EC differentiation. In contrast,

209  expression of Chgb was downregulated by 20% in OIfr78-GFP KOs following acetate challenge as
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210  compared to untreated conditions (Figure 4H). Together, these data indicated that maintenance of EC

211  maturation involves activation of the epithelial Olfr78 receptor via its ligand acetate in the mouse colon.

212 Loss of OIfr78 expression alters colon homeostasis.

213 Having provided evidence that epithelial OIfr78 regulates the production of functional EC cells known
214  to contribute to colon physiology, we investigated whether absence of OIfr78 could affect global colon
215  homeostasis. First, we analyzed the whole epithelium by studying the transcriptome of isolated crypts
216 from OIfr78-GFP WT and OIfr78-GFP KO mice (n = 2 and 5, respectively) by bulk RNA seq. Analysis
217  of differentially expressed genes with a FDR < 0.01 resulted in a list of 261 up- and 560 downregulated
218  genes in OIfr78-GFP KO vs WT crypts (Figure 5A). MDS plots showed separate clustering of both
219  genotypes (Figure 5A). In silico studies on modulated biological processes and C8 cell type signature
220  gene sets (GSEA) revealed upregulation of genes involved in cytoskeleton organization, intracellular
221  transport, or cell morphogenesis processes. Moreover, genes associated with aerobic cellular respiration,
222 response to oxidative stress or monocarboxylic acid metabolic processes were downregulated (Figure
223 5B). Indeed, genes involved in mitochondrial function and genes belonging to several antioxidant
224  families (such as peroxiredoxins, glutathione-S-transferases and glutathione peroxidases) as well as
225 Nfe2l2, a major transcription factor regulating expression of some of these genes, were found
226  downregulated in OIfr78-GFP KO crypts as compared to controls (Figure 5C). In contrast, expression
227  of Duox2, which allows production of the oxidative molecule H,O,, was increased in Olfr78-GFP KO
228  crypts (Figure 5C). RNAseq data also suggested that absence of Olfr78 expression had altered cell fate
229  in the epithelium, with an increased proportion of cells being engaged into the neuroendocrine fate at
230  the expense of the other cell types (Figure EV5A). The significant increase in density of GFP™¢ cells
231  observed in Olfr78-GFP KO vs OIfr78-GFP HE colons, secretory in their identity, further sustained this
232 idea (Figure 5D). Regarding the surrounding non-epithelial cells present in colon, analysis of SCRNAseq
233 data from OIfr78-GFP WT and OIfr78-GFP KO mice indicated that they were clustered into 11 distinct
234 populations in both genotypes, without major quantitative differences detected in immune CD45*"¢ cells
235  or stromal Pdgfra™e cells in the absence of OIfr78 (Figure EV5B-D). Next, since 5-HT production and

236 its luminal release is associated with microbiome homeostasis, we studied the impact of OIfr78 loss on

10
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237  fecal microbiota by performing a metagenome analysis on colon stools from 7 OIfr78-GFP WT and 4
238  OIfr78-GFP KO mice (Figure 5E). Interestingly, the Firmicutes/Bacteroidetes ratio, proposed as marker
239  of dyshiosis when dysregulated, was significantly increased in Olfr78-GFP KO vs WT samples, despite
240  no significant difference in total body weight between genotypes (Figures 5F and EV5E). We also
241  noticed the virtual absence of Turicibacter sanguinis in Olfr78-GFP KO samples (Figures 5G and
242 EV5F), a species reported to take advantage of luminal 5-HT released by ECs to increase its fitness and
243 colonization ability in the colon (Fung et al., 2019). Knowing that microbiota are the main producers of
244  SCFA:s in the colon and having found that OIfr78-deficient mice had signs of dysbiosis, we analyzed
245  the concentration of various SCFA compounds (from C2 to C6) in the stools of OIfr78-GFP WT and
246 KO mice. No significant differences were detected between genotypes for any of the SCFAs analyzed,
247  including acetate and propionate, the two reported ligands of OIfr78 (Figure EV5G). In summary, our
248  results indicate that the loss of OIfr78 receptor alters colon homeostasis, characterized by deficient

249  epithelial detoxification potential and mild dysbiosis under chow diet.

250

11
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251  DISCUSSION

252 Since their discovery in the olfactory epithelium in 1991 (Buck & Axel, 1991), several olfactory
253  receptors have been reported to be ectopically expressed (Lee et al., 2019). Among these receptors,
254  OIfr78/OR51E2 expression was detected in the gut at significant levels (Billing et al., 2019; Fleischer
255 et al., 2015; Kaotlo et al., 2020; Lund et al., 2018). In the present study, we have investigated the
256  biological function of OIfr78 in the colon and revealed that this receptor regulates enterochromaffin cell

257 maturation under homeostatic conditions.

258 In line with previous studies, using the reporter OIfr78-GFP mouse line, transcriptomic and
259  immunostaining methods, our work confirmed that OIfr78 is mainly present in two epithelial
260  enteroendocrine cell subtypes in colon: EC and L cells, characterized by the expression of the marker
261  genes Tphl, Ddc, Tacl and Pyy, Insl5, respectively (Billing et al., 2019; Lund et al., 2018). OIfr78
262 expression was detected in the majority in EC cells (80%) of the proximal colon and was identified in
263  both EC and L cells in the distal colon. By using the resource generated by Gehart et al (2019) on time-
264  resolved single-cell transcriptional mapping of enteroendocrine differentiation in the small intestine, we
265  further determined by bulk and single cell RNA seq methods that expression of OIfr78 starts in
266  early/intermediate EEC precursors (Rybp, Sox4) and is maintained throughout differentiation in
267  intermediate/late (Lmxla, Rfx6) and late (Pax6) stages. Analysis of Olfr78-deficient cells revealed that
268  the absence of this receptor leads to markedly reduced EC cell differentiation, characterized by
269  downregulation of the Lmxla and Fev transcription factors (Wang et al., 2010) while no significant
270  decrease in the expression of the transcription factor Rfx6, promoting differentiation into L cells, was
271  observed (Piccand et al., 2019). More globally, dysregulated EC differentiation in Olfr78-deficient cells
272 leads to downregulation of neuronal genes, as represented by genes encoding pre-synaptic and secretion
273 granule components. In this regard, the human ortholog OR51E2, sharing 93% identity with OIfr78, was
274 recently detected in human pulmonary neuroendocrine cells and reported to activate a neuroendocrine
275  phenotype in prostate cancer cells (Abaffy et al., 2018; Kuo et al., 2022). Taken together with our results,
276  these data suggest that, in response to its ligands, the OIfr78/OR51E2 receptor can promote a neuronal-

277  like phenotype outside the olfactory epithelium. Interestingly, a study recently revealed that SCFA
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278  ligands (acetate or propionate), used at concentrations like those found in the colon (10mM), promote
279  EC cell differentiation in colon organoid cultures, although the identity of the transducing receptor(s)
280  was not investigated (Tsuruta et al., 2016). In the present work, we provide further evidence that EC cell
281  maturation involves, at least in part, the OIfr78 receptor, through the activation by acetate, one of its
282  ligands. Regarding the L cell subtype, their density and the expression levels of the anorexigenic PYY
283 peptide inthe colon did not appear modified in absence of OIfr78 expression. However, it is not excluded

284  that this receptor could regulate secretion of this hormone in L cells as proposed by Nishida et al. (2021)

285  Despite substantial altered EC identity detected in OIfr78-deficient cells in both transgenic lines, this
286  resulted in a consistent but modest reduction (by 30%) in the number of serotonin-producing EC cells
287  inthe proximal colon and a 25% reduction in fecal 5-HT levels. Moreover, expression of the Tph1l gene,
288  coding for the rate-limiting enzyme in 5-HT synthesis, did not appear downregulated at the whole tissue
289  level. Several hypotheses, not mutually exclusive, could be proposed to explain these observations.
290  Firstly, 35% of EC cells do not express OIfr78 in the proximal colon, and can a priori differentiate
291  normally, being able to produce some 5-HT. Secondly, in the small intestine, Haber et al. (2017) reported
292  some expression of Tphl in early EEC precursors. In colon EEC precursors, a similar event may
293  contribute to dampen the observed reduction of Tphl expression in Olfr78-deficient EC cells. The major
294  impact of OIfr78 loss detected at the whole tissue level was on chromogranin’s expression, especially
295  chromogranin B. This later is a component of secretory granules recently reported to form a chloride
296  channel involved in the secretion of neurotransmitters (Yadav et al., 2018). It is expected that the

297  reduction in chromogranin B levels in Olfr78-deficient cells would also alter the 5-HT secretion process.

298  The present study also sheds light on the complex expression profile of SCFA receptors in colon where
299 the concentration of their ligands is the highest. Indeed, OIfr558 and Ffar2 receptors were found enriched
300 in Olfr78-expressing cells. This suggests different genetic and/or epigenetic regulatory mechanisms of
301  olfactory receptors’ expression in EC as compared to olfactory sensory neurons where one neuron
302  expresses only one receptor (Serizawa et al., 2004). Moreover, we unexpectedly found that the loss of
303  OIfr78 induced a decrease in OIfr558 expression in EC cells. Although not formally excluded, the

304 likelihood that this would result from an artifact of the transgenic strategy, affecting the genetic locus
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305 that bears the two genes, remains low since the effect was observed in both mouse lines. Regarding the
306  hypothetical function of OIfr558 in colon EC cells, one possibility could be that this receptor exhibits in
307 colon, similar functions as those described in the small intestine (Bellono et al., 2017). Stimulation of
308  OIfr558 with the butyrate and isovalerate ligands also present in colon would promote 5-HT basolateral
309 release from EC cells to activate neuronal circuitries. Further experiments will be needed to investigate
310 this hypothesis. Besides, our study also revealed that OIfr78-expressing EC cells express the Ffar2
311  receptor. Contrary to OIfr78 and OIfr558, this receptor was also detected in other cells in the bottom of
312  colon crypts, suggesting that it would exert a more general function in epithelial cells than odorant
313  receptors. Previous studies have demonstrated that Ffar2 regulates inflammation in colon (Kim et al.,
314  2013). However, the potential role of Ffar2 in colon EC cells remains to be determined; especially
315  considering that this receptor, like OIfr78, recognizes acetate and propionate as ligands, but that these
316  two receptors induce signaling through opposite cascades involving Gg/Gi and Gs proteins for Ffar2
317  and OIfr78, respectively (Brown et al., 1989; Saito et al., 2009). Interestingly, it was previously
318  demonstrated that OIfr78 and Ffar3 coordinate their activity to regulate blood pressure (Pluznick et al.,
319  2013), raising the possibility of a similar mechanism involving OIfr78 and Ffar2 in EC cells. Additional
320  studies are needed to explore this hypothesis and to further decipher the complex interplay between both

321  receptors in the regulation of EC cell maturation.

322 At the global tissue level, we detected that OIfr78-deficient mice had a modified microbiota, an
323  observation also made by Kotlo et al. (2020). Indeed, OIfr78 KO mice exhibit an increased
324  Firmicutes/Bacteroidetes ratio as compared to WT littermates. In addition, despite the modest reduction
325 in luminal 5-HT levels in OIfr78-deficient mice, Turicibacter sanguinis, a bacterium reported to need
326  serotonin to increase its fitness, was virtually absent in OIfr78-GFP KO stools, showing that alteration
327 in the epithelium significantly impacted the microbiota (Fung et al., 2019). Since the
328  Firmicutes/Bacteroidetes ratio is increased in obesity, it would be interesting to further investigate the
329 impact of OIfr78 loss on the global metabolic status under high fat diet conditions. Finally, our
330 transcriptomic data on colon crypts showed that loss of OIfr78 expression impairs colon epithelium

331  homeostasis by reducing the expression of antioxidant genes as well as genes linked to mitochondrial
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332 activity, but without any major impact on the non-epithelial compartments. Of interest, in inflammatory
333  conditions experimentally induced by dextran sodium sulfate treatment, complete absence of OIfr78
334  expression increases inflammation and impairs efficient tissue regeneration (Kotlo et al., 2020).
335  Knowing that OIfr78 is also expressed in mesenchymal cells in colon, it will be worth addressing the

336  putative role of these cells in tissue homeostasis during regeneration.

337 In summary, in the present work, we provide evidence that the OIfr78 receptor is expressed in colon
338  enteroendocrine precursors and is required for proper maturation into the EC cell subtype, devoted to
339  serotonin release. Loss of OIfr78 leads to altered 5-HT levels, dysbiosis and modifies the response to
340  oxidative stress in colon crypts. Given that 5-HT represents a major potential pharmacological target in
341  metabolic disorders and inflammatory bowel diseases, further exploration of the role of OIfr78 in
342  epithelial and stromal compartments under pathological conditions will help to fully elucidate the

343  complex mechanisms regulating SCFA receptors, 5-HT secretion, and colon homeostasis.
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344 MATERIAL AND METHODS

345  Experimental animals

346  Animal procedures complied with the guidelines of the European Union and were approved by the local
347  ethics committee (CEBEA from the faculty of Medicine, ULB) under the accepted protocol 720N. Mice
348  were bred and maintained under a standard 12 hours-light-dark cycle, with water and rodent chow ad
349  libitum. Mice strains were B6;129P2-Or51e2tm1Mom/MomJ, (referred as OIfr78-GFP) and B6.Cg-
350  Tg(Vill-cre)997Gum/J (VillCre) obtained from The Jackson Laboratory, and B6-OIfr78 Tm1Mig
351  (referred as OIfr78Fx) generated by Applied StemCell. Primer used for mouse genotyping are listed in
352  Table 1.

353  Tissue processing and immunohistochemical analysis

354  Intestine samples were immediately fixed with 10% formalin solution, neutral buffered (Sigma-Aldrich)
355  overnight at +4°C and then sedimented through 20% and 30% sucrose solution sequentially (minimum
356 24 hours each) before OCT (Leica) embedding. Histological and staining protocols as well as immuno-
357  fluorescence/histochemistry experiments were performed on 6 pum sections. Sodium citrate 10 mM, pH
358 6 was used as epitope retrieval solution. The primary antibodies were incubated overnight at 4°C. The
359  secondary anti-species biotin- or fluorochrome-coupled antibodies were incubated 1 hour at room
360 temperature. The ABC Kits (Vector Labs) and substrate Kits (Vector Labs) were used for
361  immunohistochemistry revelation. DAPI or hematoxylin were used for nuclei staining. The primary and
362  secondary antibodies used for staining are listed in Table 1. For the Alcian Blue/Nuclear fast red
363  staining, OCT sections were dried for 20 minutes at room temperature and washed 2 times in PBS for 5
364  minutes. Slides were incubated for 3 minutes in 3% acetic acid and then for 20 minutes in Alcian blue
365  solution (Sigma Aldrich) at room temperature. Slides were rinsed in 3% acetic acid, running tap water
366  for 2 minutes, followed by distilled water. They were then incubated for 3 minutes in Nuclear Fast Red
367  (Sigma Aldrich) at room temperature and rinsed in running tap water. Slides were mounted in a xylene-
368  based medium (Coverquick 4000, VWR Chemicals) after dehydration or in FluorSave Reagent (Merck).
369  Nanozoomer digital scanner (Hamamatsu) and Zeiss Axio Observer inverted microscope
370  (immunofluorescence) were used for image acquisition. Quantification of epithelial SCFA receptors
371  positive cells along the gut were performed on a minimum of 130 crypt/villus units per sample. Their
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372 localization within the colon crypts were quantified on a minimum of 30 cells for each receptor.
373  Colocalization of GFP with 5HT or PYY colon cells was determined on a mean of 50 * 20 cells per
374  sample and quantification of Ki67*v¢ cells per crypt was performed on a mean of 27 £ 5 crypts per
375  sample. Cell density for 5-HT/PYY/OIfr558 or GFP+ve cells per mm? was analyzed on a mean surface
376  of 1.17 £ 0.15 mm? of epithelium delimited by hand on NDP viewer. The number of biological samples
377  (animals) used for each experiment is reported in Figures and Figure legends.

378  Cryptisolation and ex vivo culture

379  The colon was cut in small pieces and put in 20 mM EDTA (Invitrogen) in DPBS (Gibco) for 30 min
380 on ice and shaked at 80 rpm for crypts dissociation. A mechanical dissociation was then performed by
381  ups-and-downs in a FBS pre-coated 10 ml pipette. The mix was passed through a 70 pum filter (Corning)
382  and centrifuged at 300 g for 5 min. At this step, purified crypts were either collected for organoid culture
383  or RNA seq. The organoid culture was performed as described (Sato et al., 2011). Briefly, the medium
384  used consisted in Advanced-DMEM/F12 medium (Gibco) supplemented with 1X GlutaMAX (Gibco),
385 N2 (Gibco) and B27 wio vit.A (Gibco), gentamycin, penicillin-streptomycin cocktail, amphotericin, 10
386 mM HEPES (all from Thermofisher scientific), 1 mM N-acetyl cysteine (Sigma Aldrich), 50 ng/ml
387  EGF, 100 ng/ml Rspondin 1 (R&D systems), 100 ng/ml noggin (both from Peprotech), and 10 mM
388  nicotinamide (Sigma Aldrich) and 50% Wnt3a conditioned medium produced by L Wnt-3A cells
389  (ATCC CRL-2647) following manufacturer’s instructions. Culture medium was changed every other
390 day and after 8-9 days in culture, organoids were harvested and digested with TryplExpress (Thermo
391  Fisher Scientific) for 5 min at 37°C. Cells were further mechanically dissociated by ups-and-downs
392  usinga 200 pl tips and PBS was added (5-times TrypleExpress volume). Cells were centrifuged at 1,300
393  rpm for 5 min were (re)plated in Basement membrane matrix, LDEV free Matrigel (Corning). Culture
394  media were supplemented with 10-uM Y-27632 (Sigma Aldrich) in all initial seeding and replating
395  experiments, for 48 hours. Pictures were acquired with a Moticam Pro camera connected to Motic AE31
396  microscope.

397  Gene expression analysis by qPCR and RNAscope

398 gRT-PCR was performed on total RNA extracted from adult mouse tissues or organoid cultures using
399 the RNeasy Mini Kit (Qiagen). A DNAse | treatment (Invitrogen) was used to remove potential
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400  contaminant DNA. cDNA was prepared using RnaseOUT and Superscript Il according to the
401  manufacturer’s protocol (Invitrogen). qPCRs were performed on the gTower 3 from Analytik Jena. Gene
402  expression levels were normalized to that of reference genes (Rpl13, Ywhaz) and quantified using the
403 gBase Software (Biogazelle). Primer sequences are reported in Table 1. In situ hybridization
404  experiments were performed according to manufacturer instructions with the RNAscope kit (ACD-
405  Biotechne) (probes listed in Table 1).

406  Fluorescence-activated cell sorting (FACS) of OIfr78-GFP™"* cells

407  Colon crypts from 4 to 7 months old mice were isolated as described above and then resuspended in 4
408  ml of TryplExpress (ThermoFisher Scientific) for 15 min at 37°C under agitation at 75 rpm. Ups-and-
409  downs were performed with a P1000 pipette and incubated for a further 25 min at 37°C and 75 rpm.
410  After a second round of ups-and-downs, 8 ml of binding buffer [PBS-2 mM EDTA-2% BSA (Sigma
411  Aldrich) (w/v)] were added and the mix was passed through a 40 um filter (Avantor). Cells were
412 centrifuged at 1,300 rpm for 10 min and the pellet was washed with 4 ml of binding buffer. After
413  centrifugation at 1,300 rpm for 3 min, cells were incubated with an Phycoerythrin-coupled anti-Epcam
414  antibody (BD Biosciences) at 1/100 (v:v) in binding buffer for 30 min on ice. After 3 washes with
415  binding buffer, cells were sorted using a FACS Aria | cytometer (BD Biosciences). FSC and SSC
416  intensities were used for debris and doublets’ exclusion. GFP*¢ cells were identified using the FITC
417  channel (Olfr78-GFP line) and Epcam through the PE channel. Epcam™¢/GFP*"¢ cells were sorted from
418 2 pools of 2 HE (1028 and 2511 cells for each pool) and 2 KO mice (1123 and 1506 cells for each pool).
419  Five thousand Epcam™¢/GFP¢ cells were collected from a WT mouse as 2 individual samples. The
420  cells were collected in QIAzol lysis reagent (Qiagen).

421 Bulk RNA sequencing and Gene Set Enrichment Analysis (GSEA)

422  RNA was extracted using Rneasy mini kit or miRNeasy microkit (Qiagen) for crypts and sorted cells,
423  respectively, following manufacturer's instructions, including the on-column DNAse step. RNA quality
424  was checked using a Fragment Analyzer 5200 (Agilent technologies). Indexed cDNA libraries were
425  obtained using the Ovation Solo RNAseq systems (Tecan) following manufacturer recommendations.
426  The multiplexed libraries were loaded on a NovaSeq 6000 (lllumina) and sequences were produced
427  using a 200 Cycles Kit. Paired-end reads were mapped against the mouse reference genome GRCm38
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428 using STAR software to generate read alignments for each sample. The annotation files
429  Mus_musculus.GRCm38.90.gtf was obtained from ftp.Ensembl.org. After transcripts assembly, gene
430 level counts were obtained using HTSeq. For the RNAseq performed on purified colon crypts,
431  differentially expressed genes with minimum 2 CPM (count per million) in minimum 2 samples were
432  identified with EdgeR method (FDR < 0.01) and further analyzed using GSEA MolSig (Broad Institute)
433 (Subramanian et al., 2005). For the RNAseq performed on FACS-sorted cells (Figure 2), differentially
434  expressed genes with minimum 2 CPM in minimum 2 samples and log. fold change > 2 or < -2 were
435  identified with EdgeR method (FDR < 0.001). For the RNAseq performed on FACS-sorted cells (Figure
436 3), differentially expressed genes with more than 2 CPM in all the samples were analyzed as (KO mean
437 - WT mean)/[(KO SD + WT SD)/2] is < -2 or > 2 and log2-fold change > 0.585 or < -0.585. GSEA
438  analysis on these samples was performed using the identified DEGs.

439  Single cell RNAseq (scRNAseq)

440  Colon tissues from one wild type and one OIfr78-GFP KO mice (respectively 8 and 6 months-old) were
441  cutinsmall pieces and digested with 0.5 mg/ml Collagenase | (Sigma Aldrich) for 25 min at 37°C under
442  agitation at 75 rpm. Ups-and-downs were performed with a 10 ml pipette and the samples were
443 incubated for a further 20 min at 37°C and 75 rpm. An equal volume of PBS-5 mM EDTA was added,
444 and cells were centrifuged for 10 min at 50 g. Pelleted cells were digested with 5 ml of Trypsin 0.25%
445  (Gibco) for 25 min at 37°C and 75 rpm. Cells were pipetted up and down, passed through a 40 pum filter
446  and pelleted at 50 g for 10 min. The pellet was washed 3 times with PBS-BSA 0.04% (w/v). Cell viability
447  was evaluated by propidium iodide/Acridine Orange staining (85.9% and 90.3% viability in the WT and
448  the KO, respectively) before processing through the Chromium Next GEM Single Cell 3’ Reagent Kits
449 V3.1 (10X Genomics) and sequenced on a Novaseq 6000 (lllumina).

450  Data were analyzed through the Seurat Package in R (Stuart et al., 2019) keeping only cells having
451  between 1,500 and 30,000 counts and less than 30% of genes coming from the mitochondrial genome.
452  SCTransform was used as the scaling method (Hafemeister & Satija, 2019). The UMAPs were made
453  using 20 dimensions and the clustering resolution was 0.3 for epithelial cells and 1 for enteroendocrine
454  cells.

455
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456  Microbiota analysis

457  Mice were randomly allocated to cages at weaning. Stools were collected either at different time points
458  during mouse lifetime or at sacrifice and stored at -80°C. Metagenome analysis was performed by
459  Eurofins Genomics and SCFA concentration quantification was performed by Creative Proteomics
460  using gas chromatography. To analyze the relative prevalence of Turicibacter sanguinis by gPCR in the
461  fecal microbiota, DNA was extracted from the stool after digestion with proteinase K (Sigma Aldrich),
462  followed by isopropanol and ethanol precipitation. 25 ng of DNA were used to perform gPCR to
463  quantify the relative amount of Turicibacter sanguinis compared to universal 16S rDNA levels.

464  Statistical analysis

465  Statistical analyses were performed with Graph Pad Prism version 9. All experimental data are expressed
466 as mean £ SEM. The significance of differences between groups was determined by appropriate
467  parametric or non-parametric tests as described in Figure legends.

468  Data availability

469  The datasets produced in this study are available at GSE229812, GSE229813 and GSE229814.
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663  Figure Legends

664  Figure 1. SCFA receptors exhibit unique expression profiles along the small intestine and colon.
665  A. The expression profile of SCFA receptors was analyzed by gRT-PCR on wild-type (WT) mouse
666 intestinal biopsies from duodenum (Duo), jejunum (Jej), ileum (lle), proximal colon (Pr Co) and distal
667  colon (Di Co). Relative expression levels were arbitrary set to 1 in Pr Co samples. Each symbol indicates
668  the value for a given mouse (n=6).

669  B. The expression profile of SCFA receptors was analyzed on WT mouse tissues by RNAscope. Arrows
670  and arrowheads point to epithelial and non-epithelial expressing cells, respectively.

671  C. Quantification of the number of cells expressing the OIfr78, OIfr558 and Ffar3 SCFA receptors per
672 100 crypt/villus sections from pictures obtained with RNAscope. Each symbol indicates the value of a
673  given mouse (n=3 to 6).

674  D. Distribution of OIfr78, OIfr558 and Ffar3 positive cells along proximal colon crypts (blue: bottom,
675  red: middle, green: top of the crypt, n=3 mice).

676  Data information: Scale bars = 50 pm (B).

677  Data are represented as mean = SEM. (A) Kruskal-Wallis tests: *** P=0.002 (OIfr78), *** P=0.002
678  (OIfr558) and n.s = not significant (Ffar3) with Dunn’s multiple comparison tests: * P=0.0370 Duo vs
679  Pr Coand Duo vs Di Co, ** P=0.045 Jej vs Pr Co and Jej vs Di Co (OIfr78); ** P=0.027 Duo vs Pr Co,
680  ** P=0.0016 Duo vs Di Co, * P=0.0351 Jej vs Di Co (OIfr558).

681  (C) Kruskal-Wallis tests: *** P=0.001 (OIfr78), ** P=0.0013 (OIfr558) and n.s = not significant (Ffar3)
682  with Dunn’s multiple comparison tests: * P=0.0370 Duo vs Pr Co and Duo vs Di Co, ** P=0.045 Jej vs
683  Pr Coand Jej vs Di Co (OIfr78); ** P=0.027 Duo vs Pr Co, ** P=0.0016 Duo vs Di Co, * P=0.0351 Jej
684  vs Di Co (OIfr558).

685  (D)Two-way ANOVA test (interaction *** p=0.008) with Tukey’s multiple comparison tests: bottom
686  crypts: ** p=0.0067 for OIfr558 vs Ffar3; top crypts: * p=0.017 for OIfr78 vs Ffar3 and ** p=0.0031
687  for OIfr558 vs Ffar3.

688

689

690
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691  Figure 2. OIfr78 is expressed in different subtypes of enteroendocrine cells in the colon.

692  A. Top: Schematic representation of the OIfr78-GFP knockin/knockout mouse line. Bottom: strategy of
693  isolation and sorting by flow cytometry of Epcam*™¢/GFP* cells. Graphs show 10,000 cells and 90,000
694  cellsin OIfr78** (WT) and OIfr78°F""* (heterozygous, HE) samples, respectively.

695  B. Heatmap of differentially regulated genes in colon Epcam™¢/GFP**¢ cells (each pool obtained from
696 2 OIfr78°""* mice) versus Epcam*ecells (2 biological replicates from a single WT mouse) showing log.
697  fold change < -2 or > 2 and false discovery rate < 0.001.

698  C. Histogram showing fold change of expression of relevant marker genes in Epcam™¢/GFP™¢ cells vs
699  Epcam™:e cells.

700 D. Heatmap of differentially regulated pre-synaptic, synaptic and neuropod-associated genes in
701  Epcam™¢/GFP*¢ cells vs Epcam™*¢ cells.

702  E. Heatmap of differentially expressed transcription factors involved in EEC differentiation in
703  Epcam™¢/GFP*¢ cells vs Epcam™* cells.

704  F. Immunofluorescence showing 5-HT or PYY production in GFP*'¢ cells in proximal and distal colon
705  of Olfr78°™* mice. Crypts are delineated in white. Red and green arrows point to cells expressing only
706  hormones or GFP, respectively. Yellow arrows indicate GFP*¢ cells colocalizing with 5-HT or PYY.
707  Nuclei were counterstained with DAPI.

708  G. Quantification of GFP*'¢ cells expressing 5-HT or PYY in proximal and distal colon (Pr Co and Di
709  Co, respectively) or 5-HT™¢ and PYY* cells expressing GFP. Each symbol indicates the value of a
710  given mouse.

711  Data information: Scale bars = 20 um (F). Data are represented as mean = SEM. ** P <0.01, Mann
712 Whitney test (G).

713

714 Figure 3. Loss of OIfr78 impairs terminal differentiation into enterochromaffin cells.

715 A Analysis of OIfr78 expression by gRT-PCR in proximal and distal colon from WT and OIfr78-GFP
716 KO mice. Relative expression levels were arbitrary set to 1 in WT samples. Each symbol indicates the

717  value of a given mouse (n = 8 WT, 5 KO).
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718  B. Representative images showing Alcian Blue-Nuclear Fast Red staining to evidence Goblet cell
719  differentiation (left) and immunohistochemistry for Ki67 staining (right) on proximal and distal colon
720  in OIfr78-GFP WT and OIfr78-GFP KO mice.

721  C. Bottom: strategy of isolation and sorting by flow cytometry of Epcam™¢/GFP**¢ cells. Graphs show
722 90,000 cells in OIfr78°FP* (HE) and OIfr78%""/¢"? (homozygous/knockout, KO) samples, respectively.
723 D. Transcriptome comparison between colon epithelial Olfr78-GFP KO vs Olfr78-GFP HE GFP*™ cells.
724  Upper panel: heatmap of differentially expressed genes between Epcam*™¢/GFP*V¢ cells coming from 2
725  pools of 2 different OIfr78-GFP HE or KO mice. The number of genes differentially modulated is
726  indicated. Lower panel: GSEA-Biological processes for upregulated (red) and downregulated (blue)
727  gene lists in Olfr78-GFP KO vs OIfr78-GFP HE GFP**¢ cells.

728  E. Heatmaps showing expression levels of EEC markers in Olfr78-GFP HE and OIfr78-GFP KO GFP*v¢
729  pools.

730  F. Expression of EEC markers analyzed by gRT-PCR on OIfr78-GFP WT and OIfr78-GFP KO proximal
731  and distal colon biopsies. Relative expression levels were setto 1 in WT samples. Each symbol indicates
732 the value for a given mouse (n = 10 WT, 10 KO).

733  G. Quantification of 5-HT, PYY and OIfr558 expressing cells in proximal and distal colon of OIfr78-
734  GFP WT and OIfr78-GFP KO mice performed based on IHC staining (5-HT and PYY) or RNAscope
735  (Olfr558). Each symbol indicates the value of a given mouse (n = 3 WT, 4 KO).

736 H. UMAP of merged epithelial cells from WT (n= 1,764 cells) and KO (n= 1,500 cells) mice after
737  scRNAseq. The cell cluster showing Chga expression is circled.

738  |. UMAPs of WT and KO Chga-expressing EEC cells showing clustering into 3 cell populations.

739  J. Heatmap showing the expression of various genes in the 3 EEC-associated groups identified in ..
740  Data information: Scale bars = 100 pum (Alcian Blue) or 50 um (Ki67) (B).

741  Data are represented as mean + SEM.

742 (A) Mann-Whitney tests: ** P=0.0016 (Pr Co and Di Co).

743  (F) Unpaired t-tests (Tphl in Pr Co; Chgb, Tphl and Pyy in Di Co), unpaired t-tests with Welch’s
744  correction (Chgb,and OIfr558 in Pr Co and OIfr558 in Di Co), Mann-Whitney test (Pyy in Pr Co). n.s =
745 not significant; ** P <0.01; *** P <0.001
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746  (G) Unpaired t-tests (5-HT and PYY in Pr Co), Mann-Whitney test (OIfr558 in Pr Co and 5-HT, PYY
747  and OIfr558 in Di Co). n.s = not significant; * P <0.05.

748

749  Figure 4 Terminal differentiation into serotonin-producing cells is regulated by epithelial Olfr78
750  expression.

751  A. Genomic construction of the OIfr78™ line. The LoxP sites flanking the exon 3 coding for OIfr78 are
752  evidenced. The coding sequence is labeled in blue.

753  B. Representative pictures of RNAscope staining showing specific epithelial ablation of OIfr78
754  expression in Vil1¢®*-Olfr78™™ (eKO) mice but not in Vil1¢®*-OIfr78** mice. Arrowheads show non-
755  epithelial expression of Olfr78.

756  C. Analysis of residual OIfr78 expression by gRT-PCR in control or eKO colon biopsies. Relative
757  expression levels were arbitrary set to 1 in control samples. Each symbol indicates the value of a given
758  mouse (n= 12 controls and 11 eKO). Controls corresponded to Vil1**-Olfr78™™and Vil1°®*-Olfr78**
759  mice.

760  D. Representative pictures of Alcian Blue-Nuclear Fast Red staining on proximal and distal colon from
761 Vil1°®*-OIfr78** or Vil1¢*-Olfr78™™,

762  E. Expression of EEC markers was analyzed by gRT-PCR on colon biopsies from controls or eKO mice.
763  Relative expression levels were arbitrary set to 1 in controls. Each symbol indicates the value for a given
764 mouse (n= 12-14 controls, 11 eKO).

765  F. Quantification of 5-HT and PY'Y-expressing cells in proximal and distal colon tissues from controls
766  or eKO mice performed based on IHC staining. Each symbol indicates the value of a given mouse (n =
767 7 controls, 5 eKO).

768  G. Serotonin dosage in stools collected from controls and eKO colon (mice age: between 8 and 27
769  weeks-old). Each symbol indicates the value of a given mouse (n = 17 controls, 10 eKO).

770  H. Left panel: Representative pictures of OIfr78-GFP WT and OIfr78-GFP KO colon organoid cultures
771  after 48hours of treatment (acetate 20 mM) or in untreated conditions. Right panel: expression levels of
772 EEC markers analyzed by gRT-PCR on colon organoids after 48 hours of treatment. Data are reported
773  as the fold-change of expression in treated vs control conditions in paired samples. Each symbol
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774  indicates the mean value of three independent experiments performed on organoids, each line being
775  generated from a given mouse (n= 6 WT and 6 KO).

776  Data information: Scale bars: 50 um (B, large view) or 25 pm (B, inset), 100 pm (D), 1 mm (H).

777  Data are represented as mean = SEM. (C) Unpaired t-tests with Welch’s correction, **** P <0.0001.
778  (E) Unpaired t-tests (Pr Co), Mann-Whitney test (Di Co). n.s = not significant; *** P <0.001; **** P
779  <0.0001. (F) Mann-Whitney tests, n.s = not significant, ** P <0.01. (G) Unpaired t-test (p=0.075). (H)
780  Mann-Whitney test, n.s = not significant, ** P <0.01.

781

782  Figure 5: Loss of OIfr78 expression alters colon homeostasis.

783 A Left: Heatmap of differentially expressed genes identified by RNAseq on colon crypts isolated from
784  OIfr78-GFP WT and KO mice (n = 2 and 5, respectively) (FDR < 0.01 from Degust). Right: Multi-
785  dimensional scaling (MDS) plot of RNA-seq datasets on genes expressed at least on 2 samples and
786  minimum 40 reads per 20 million reads.

787  B. Left: Modulated Mol-Sig GSEA Biological processes in the transcriptome of OIfr78-GFP KO vs
788  OIfr78-GFP WT crypts. Right: GSEA showing de-enrichment of the Antioxidant activity and Aerobic
789  respiration datasets in OIfr78-GFP KO vs OIfr78-GFP WT crypts. NES: Normalized Enrichment Score.
790  C. Graphs showing expression levels in RP20M (Reads per 20 million mapped reads) of some target
791  genes associated with the pathways identified in B.

792  D. Quantification of GFP* cell density in proximal (Pr Co) and distal colon (Di Co) from OIfr78-GFP
793  HE and OIfr78-GFP KO mice performed based on IHC staining. Each symbol indicates the value of a
794  given mouse (n =7 HE, 4 KO).

795  E. Histograms showing the relative microbial abundance at the Phyla and Genus levels in OIfr78-GFP
796  mice (n =7 WT and 4 KO) by metagenome sequencing.

797  F. Ratio of the prevalence of Firmicutes/Bacteroidetes populations obtained from the data in E. Each
798  symbol indicates the value of a given mouse (n =7 WT, 4 KO).

799  G. Percentage of prevalence of Turicibacter sanguinis obtained from the data in E. Each symbol
800 indicates the value of a given mouse (n =7 WT, 4 KO).

801  Data information: Data are represented as mean + SEM.
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802 (C) * FDR <0.05; *** FDR <0.001; **** FDR <0.0001, EdgeR method from Degust.

803 (D, F, G) Mann-Whitney tests, n.s = not significant; *P <0.05; ** P <0.01.
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Figure EV1. SCFA receptors exhibit unique expression profiles along the small intestine and
colon.

A. Representative RNAscope pictures of OIfr78 expression in myenteric and submucosal plexuses in
the gut.

B. Representative RNAscope pictures of OIfr558 expression myenteric and submucosal plexuses in
the colon.

C. Representative RNAscope pictures of Ffar3 expression in myenteric plexuses in the gut.

D. Representative RNAscope pictures of mesenchymal expression of Ffar2 in the lleum.

Data information; scale bars = 25 um (inset) or 100 um (low view).

Figure EV2. OIfr78 is expressed in different subtypes of enteroendocrine cells in the colon.

A. FACS strategy for initial population selection and doublets exclusion.

B. Left panel: list of the 20 most up- or downregulated genes in Epcam™¢/GFP*¢ cells compared to
Epcam*"¢ cells, ranked by FDR. Right panel: list of significantly up and downregulated transcription
factors in Epcam*™¢/GFP*"¢ cells compared to Epcam™¢ cells.

Figure EV3. Loss of Olfr78 impairs terminal differentiation into enterochromaffin cells.

A. OIfr78 expression in proximal colon of WT, HE and OIfr78-GFP KO mice analyzed by
RNAscope. Arrows indicate epithelial cells; arrowheads indicate mesenchymal cells.

B. Quantification of Ki67+ve cells in proximal colon of WT and KO mice. Each symbol indicates the
value for a given mouse.

C. GFP expression in proximal colon of WT, HE and OIfr78-GFP KO mice analyzed by
Immunohistochemistry. Arrows indicate epithelial cells.

D. List of downregulated genes in KO Epcam*¢/GFP*¢ cells related to GSEA pre- or post-synapse
gene lists, ranked by Logz(Fold Change).

Data information: scale bars = 25 um (inset) or 50 um (low view). Data are represented as mean + SEM.;
n.s = not significant; Mann Whitney (B).

Figure EV4. Terminal differentiation into serotonin-producing cells is regulated by epithelial
OlIfr78 expression.

A. Left: PCR strategy for loxP sites recombination verification in Olfr78™/™-V/il1¢*WT Right: Gel
electrophoresis showing WT and recombinant bands in OIfr78™/™-Vil1**. nt = nucleotide.

B. Quantification of Ki67+ve cells in proximal colon of WT and KO mice. Each symbol indicates the
value for a given mouse.

Data information: Data are represented as mean = SEM.; n.s = not significant; Mann Whitney (B).

Figure EV5. Loss of Olfr78 expression alters colon homeostasis.

A. Modulated Mol-Sig GSEA C8 cell signature in the transcriptome of OIfr78-GFP KO vs OIfr78-
GFP WT crypts.

B. ScRNAsequencing-based UMAP of mesenchymal cells from one WT and one OIfr78-GFP KO
mice after merging (n= 1,505 for the WT, n= 1,514 for the KO).

C. Top 5 markers of each cluster of the UMAP in B.
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Expression of Cd45 and Pdgfra in WT and KO cells split from the UMAP in B.

Weight of adult OIfr78-GFP mice. Each symbol indicates the value for a given mouse.

Analysis of Turicibacter sanguinis prevalence by gPCR in the fecal microbiota of OIfr78-GFP
mice at different ages. Each symbol indicates the value for a given mouse.

Quantification of fecal SCFA concentrations. Each symbol indicates the value for a given mouse.

Data information: Data are represented as mean + SEM.; n.s = not significant; * P <0.05, Mann
whitney (E, F, G).
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Table 1

Cell lines
L-Wnt3a cells from Mus musculus

Resource Reference/source Identifier or catalog number
ATCC / CRL-2647

Mouse transgenic lines

B6:;129P2-Or51e2tm1Mom/MomJ, (referred as OIfr78-GFP)
B6.Ca-Ta(Vill-cre)997Gum/J (Vil1Cre)

| B6-Olfr78Tm1Mig (referred as OIfr78Fx)

Resource Reference/source Identifier or catalog number
Jax mice/ Strain #006722

Jax mice/ Strain #004586

Anplied Stem Cell

Mouse colon organoid lines

Passage at which experiments were done

Rnascope probes
mouse OIfr78

Resource Reference/source Identifier or catalog number
ACD-Biotechne/ 436601

mouse OIfr558 ACD-Biotechne/ 316131
mouse Ffar2 ACD-Biotechne/ 433711
mouse Ffar3 ACD-Biotechne/ 447011

Chemicals, enzymes and other reagents
10% Formalin solution, buffered
Sucrose

Tissue freezing medium

Citrate sodium

ABC kit

DAB substrate kit

Vector blue substrate kit
Mavers' hemalun solution
Alcian blue 8GX

Nuclear fast red

Coverquick 4000

Rneasy mini kit

Rneasy micro kit

RNAse OUT

Superscript Il

DNAse |

RNAscope kit

OIAzol Lysis Readent

Ovation Solo RNAseq systems

Resource Reference/source Identifier or catalog number
Vwr 11699408

Millipore/ 1076511000
Leica/ 14020108926

AnalaR Normapur/ 27833294
Vector laboratories

Vector laboratories/ SK-4100
Vector laboratories/ SK-5300
Millipore/ 1092492500
Sigma Aldrich/ A3157

Siama Aldrich/ 229113
VWR Chemicals/ 5547539
Qiagen 74106

Qiagen 1071023

Invitrogen 10777019
Invitrogen 18064-014
Invitrogen 18068-015
ACD-Biotechne 322300
Oiagen

Tecan

Cell culture reagents
Advanced-DMEM/F12 medium
Whnt3a-conditioned medium
L-Glutamine

N2

B27 wlo vit.A

Amphoter
Gentamycin

penicillin-streptomycin cocktail 100 X
UltraPure EDTA 0.5mM, pH = 8
HEPES

N acetvl cysteine

mouse EGF

mouse Nogain

mouse Rspondin 1

TryplExpress

Trypsin 2.5%

DPBS

Basement membrane matrix, LDEV free Matrigel
Y-27632

40 pm cell strainer

70 pm cell strainer

Fetal bovine serum (FBS)

Collagenase |

Propidium iodide / Acridine Orange Stain
Chromium Next GEM Single Cell 3° Reagent Kits 3.1

Resource Reference/source Identifier or catalog number
Thermo fisher scientific/ 12634028
ATCC L-Wnt3a CRL2647

Thermo fisher scientific/ 25030024
Thermo fischer scientific/ 17502048
Thermo fisher scientific/ 12587010
Thermo fisher scientific/ 152900026
Thermo fisher scientific/ 152900026
Thermo fisher scientific/ 15070063
Invitrogen 15575-038

Thermo fisher scientific/ 15630080
Siama Aldrich/ A9165

Peprotech/ 315-09

Peprotech/ 250-38

R&D systems/ 7150-RS-250

Siama Aldrich/ N0636

Thermo fisher scientific/ 12605028
Gibco 15090-046

Thermo fisher scientific/14190094
Cornina/ 354234

Siama Aldrich

Avantor/VWR 7322757

VWR 7322758

ThermoFisher 10270106

Siama Aldrich C9407

Logos Biosystems F23001

10X Genomics

Final concentration
1X

50%
2mMm
1X

1X

2.5 pa/ml
40 a/ml
1X
5-20mM
10mm
imM

50 na/ml
100 na/ml
100 na/ml
10mm

!

0.25%
1X
100%
10uM

!

!

!

0.5 ma/ml
10 times dilution
/

Nanozoomer digital scanner

/Axio Observer inverted microscope
'AE31 microscope/Moticam Pro camera
qTower 3

FACS Aria | cytometer

Fragment Analyzer 5200

Chromium controller-10X Genomics
NovaSeq 6000

Softwares Resource Reference/source Identifier or catalog number
GraphPad Prism 9.0c https://www.araphpad.com

aPCR4.0 Analvtik Jena

qBase Biogazelle

GSEA MolSig Broad Institute

Deaqust Monash Institute

ZEN Blue 3.5 Zeiss

Seurat Package in R Stuart et al., 2019

SCTransform Hafemeister & Satiia, 2019

Rstudio

NDP.view2 Hamamatsu

QuPath https://qupath.github.io/

Other Resource Reference/source Identifier or catalog number

Hamamatsu

Zeiss

Motic

Analytik Jena

BD Biosciences
Auilent technologies
10X Genomics
Illumina

male M3x1 OIfr78-GFP WT organoid line This study passage 13-19

male M4x1 OIfr78-GFP WT organoid line This study passage 13-19

male M4x8 OIfr78-GFP WT organoid line This study passage 13-19

male M10x8 Olfr78-GFP WT organoid line This study passage 13-19

male M3t2 WT organoid line This study passage 3-9

male M10t2 WT organoid line This study passage 3-9

male M10x4 Olfr78-GFP KO organoid line This study passage 9-15

male M11x4 Olfr78-GFP KO organoid line This study passage 9-15

male M13x4 Olfr78-GFP KO organoid line This study passage 9-15

male f1.17 OIfr78-GFP KO organoid line This study passage 9-15

male M3x3 OIfr78-GFP KO organoid line This study passage 6-12

|male M4x3 OIfr78-GFP KO organoid line This study passage 6-12

Antibodies Resource Reference/source Identifier or catalog number ~ Dilution

Mouse anti-5HT Dako/M0758 1/100

Mouse anti-PYY Abcam/ ab112474 1/200

Rabbit anti-GFP Invitrogen/ A6455 1/500

Rat anti-PE-Epcam BD Biosciences/ 563477 1/100

Rabbit anti-KI67 Abcam/ ab 1/100

Donkey anti-mouse-Cy3 Jackson Immunoresearch / 715-165-150 1/500

Donkey anti-rabbit-AF488 Jackson Immunoresearch / 711-545-152 1/500

Donkey anti-rabbit-biotinylated Jackson Immunoresearch / 711-065-152 1/500

Dapi Siama 1/2,000

Genotyping primers Forward 5>3" Reverse 5">3" Mutant Forward 5>3"
B6:129P2-Or51e2tm1Mom/MomJ, (referred as OIfr78-GFP) CCTGTGATCAATCCCATCATC GGGTCTCATTTTACAGCAGAATC CTACCATTACCAGTTGGTCTGGTG
B6.Ca-Ta(Vill-cre)997Gum/J (Vil1Cre) GTGTGGGACAGAACAAACC ACATCTTCAGGTTCTGCGGG !
| B6-OIfr78 Tm1Mig (referred as OIfr78Fx) GAACTTTTCTCTCGTAGCTTGTACAGGA GACTGGAAGAGGGAGAGGCCAC !
qPCR primers Forward 5>3" Reverse 5">3"

mouse Chab CTAAGAGACCCAGCCGATGC CCTACCTTCGTCTGGCCTTG

mouse Ffar2 TATGGAGTGATCGCTGCTCTG AGGTTATTTGGTTCTCAGTGCC

mouse Ffar3 TCCTCAGCACCCTCAACTCT TGGATGGCTCTTCTCCATTC

mouse OIfr78 CGCTGCTGTCCTCAACAATA GTGGGAGAGCACATTGGAGT

mouse OIfr558 CCTGCCTGTCATTATGGCTAAC TGGTCACGAGGAAAAGACGAA

mouse Pvy TCAGTAGCTGTCGAGCCTTC ACAGGCGAGCAGGATTAGC

mouse Rpl13 CCCGTGGCGATTGTGAA TCATTGTCCTTCTGTGCAGGTT

mouse Tphl CAAACTCTACCCGACCCACG CAGGACGGATGGAAAACCCA

T. sanquinis CAGACGGGGACAACGATTGCA TACGCATCGTCGCCTTGGTA

Universal 16s IDNA GTGSTGCAYGGYYGTCGTCA ACGTCRTCCMCNCCTTCCTC
|mouse Ywhaz TGCAACGATCTACTGTCTCTT CGGTAGTAGTCACCCTTCATTTTCA
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