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ABSTRACT

WNT/B-catenin signaling endows cancer cells with proliferative capacity and immune-evasive
functions that impair anti-cancer immunosurveillance by conventional, cytoxtoic T cells. However,
the impact of dysregulated WNT signalling on unconventional, tissue-resident T cells, specifically
in colon cancer is unknown. Here, we show that cancer cells in Apc-mutant mouse models escape
immunosurveillance from gut-resident intraepithelial lymphocytes (IELs) expressing y6 T cell
receptors (ydTCRs). Analysis of late-stage tumors from mice and humans revealed that y3IELs
are largely absent from the tumor microenvironment, and that butyrophilin-like (BTNL) molecules,
which can critically regulate y3IEL through direct ydTCR-interactions, are also downregulated. We
could attribute this to pB-catenin stabilization, which rapidly decreased expression of the
transcription factors, HNF4A and HNF4G, that we found to bind promoter regions of Btnl/ genes,
thereby driving their expression in normal gut epithelial cells. Indeed, inhibition of B-catenin
signaling restored Btnl/1 gene expression and yd T cell infiltration into tumors. These observations
highlight an immune-evasion mechanism specific to WNT-driven colon cancer cells that disrupts

yolEL immunosurveillance and furthers cancer progression.
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INTRODUCTION

The mammalian intestinal tract contains groups of tissue-resident T cells, called intraepithelial
lymphocytes (IELs), which share a symbiotic relationship with the epithelial cell layer. IELs
expressing the y6 T cell receptor (TCR) account for nearly 50% of all T cells in the mouse gut and
10-30% of all T cells in the human intestinal tract. These cells actively migrate in the space
between the enterocyte layer and the basement membrane, surveying for abnormalities. y3IELs
play instrumental roles in a multitude of physiological processes, such as homeostasis, epithelial
cell shedding, infection, maintaining gut barrier integrity, nutrient sensing, dietary metabolism and
tumor control (1-8).

Although diverse, the TCRs of most mouse y3IELs include a Vy7 chain that facilitates
critical interactions with butyrophilin-like (BTNL) molecules — specifically, heterodimers consisting
of BTNL1 with BTNL4 or BTNL6 (9-11). Vy7* cells ordinarily reside only in gut tissue, owing at
least in part to the largely restricted expression of BTNL1, BTNL4 and BTNLG6 to intestinal epithelial
cells (9-12). The BTNL1/6 or BTNL1/4 interaction drives Vy7* y8 IEL expansion and maturation
during post-natal development and is thereafter required for maintaining the signature phenotype
of Vy7* IEL (11,13). The BTNL1/6-y8 T cell axis in mice is also conserved in humans: human
BTNL3 and BTNL8 dimers bind to and regulate Vy4* IELs (11,12,14). The localization of y5 IELs
and of BTNL expression aligns with a decreasing WNT signalling gradient that runs from crypt to
villus. As such, Vy7* IELs are rarely found in the crypt regions where WNT signaling is high.

Most colorectal carcinomas exhibit mutations in members of the WNT pathway that drive
tumor initiation and progression to malignancy. These mutations are almost exclusively manifest
in the form of truncating mutations in the APC tumor suppressor gene, preventing the degradation
of B-catenin, which leads to uncontrolled proliferation (15). Like intestinal stem cells residing in
crypt regions, colon cancer cells require WNT signaling to maintain their stemness and de-
differentiated phenotype (16,17). Additionally, aberrant WNT signaling not only affects mutated
epithelial cells, but it can also counteract immune surveillance and thwart anti-tumor immunity by
dendritic cells and conventional CD8" T cells in several cancer types (18-21). However, the
relationship between dysregulated WNT signaling in cancer and local, tissue-resident IELs
remains wholly unexplored.

Here, we investigated Vy7* IEL function and the expression of BTNL molecules during
tumor initiation and growth. We found that B-catenin signaling in intestinal epithelial cells
decreases expression of Btnl genes and the transcription factors that regulate them, HNF4A and

HNF4G. This molecular rewiring promoted yd T cell exclusion from tumors. Conversely, inhibition
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80  of B-catenin signaling restored HNF4 transcription factor expression, Btnl1 gene expression and
81 intra-tumoral yd T cell infiltration. Collectively, our data suggest that aberrant WNT signaling in
82  tumors elicits disarray in the tissue-resident yd T cell compartment, disrupting natural tissue
83 immunosurveillance as cancer cells dedifferentiate and acquire stem cell-like characteristics.
84
85 RESULTS
86  VyT* cells suppress gut tumor formation
87  To test the importance of gut-resident Vy7* cells in tumor initiation and progression, we crossed
88  Villin-Cre®R™2;Apc™* (VA) mice with Btnl17—'— mice, which harbor significantly diminished Vy7* cell
89 compartments in the small intestine (SI) and colon (11). Tumors were induced in VA and
90 VA;Btnl1~"~ mice by tamoxifen, and these mice were aged to humane endpoint. We confirmed
91 that Btnl1 expression is absent from gut tissue of VA;Btn/1~— mice, while Btn/1 expression is
92  maintained in VA mice (Figure 1A). The number of yd T cells in normal, tumor-adjacent regions
93  was reduced in VA;Btn/1~— mice when compared to VA mice (Figure 1B). Overall survival of
94  tumor-bearing VA and VA;BtnlT~— mice was the same, and there was comparable tumor
95 incidence and burden in the Sl of tumor-bearing VA and VA;Btn/1~"— mice (Figure 1C, D).
96  Conversely, tumor number and particularly tumor burden were increased in the colon of VA;Btnl1~
97 ’“~mice when compared to VA mice (Figure 1D). The lack of phenotype in the S| may be explained
98 by compensation from cytotoxic TCRaB" IELs and other y8 T cell subsets (e.g. Vy1* cells), which
99 partially offset Vy7* cell deficiencies in Btnl1-deficient mice (11). Since bacterial load is higher in
100 the murine distal colon than in the Sl (22), the propensity for inflammation-driven tumors in this
101  anatomical location may be more sensitive to the lack of Vy7* cells, which are crucial infection
102  sensors and protectors from pathogens (4). In sum, the BTNL1-Vy7 axis evidently contributes to

103  immunosurveillance during tumor initiation and growth.
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105 Figure 1. Loss of Btnl1 increases adenoma formation in Apc-deficient mouse models.
106 (A) Representative images of intestinal tissue from 4 VA and VA;Btn/17~'~ mice stained for
107 Btnl1 mRNA.
108 (B) Representative images of intestinal tissue from 4 VA and VA;Btn/17~'~ mice stained for
109 Trdc mRNA. Graphic representation of y6 T cell numbers in intestinal tissue of VA and
110 VA;Btnl1—"— mice. Each dot represents one mouse (n = 3). Data presented as mean + SD
111 per 100 mm?. ***p < 0.001 as determined by unpaired t test.
112 (C) Kaplan-Meier survival analysis of VA and VA;Btn/17~~ mice (n = 15 VA, 6 VA;Btnl1—/~
113 mice).
114 (D) Graphic representation of tumor number and tumor burden in the small intestine (Sl) and
115 colon of VA and VA;Btn/1~— mice. Each dot represents one mouse (n = 15 VA, 6
116 VA;Btnl1—"— mice). Data presented as mean + SD. *p < 0.05 as determined by unpaired t
117 test.
118
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119 Mouse and human tumors exhibit a paucity of yd T cells

120  We next asked whether the prevalence of Vy7™ cells in normal gut tissue was maintained in tumors.
121 Contrary to their abundance in gut tissue of wild-type (WT) mice, yd T cells were sparse within
122 adenomas from VA mice, as well as an additional model of colon cancer, Villin-
123 CrefR"%,Apc™*;Kras®™??* (VAK) mice (Figure 2A). The cells’ frequency within tumors was
124  estimated at 7-10 fold lower than in normal tissue (Figure 2B). Because Vy7" |IELs express
125 CD8aa dimers, whereas most other intestinal y6 T cells do not (11), we used CD8a as a marker
126  to specifically quantify the Vy7™ cell representation in tumor-bearing VA and VAK mice. CD8" v T
127  cells were apparent in the Sl of WT or tumor-bearing VA and VAK mice; however, CD8" v3 T cells
128  were almost absent from tumors in either the VA or VAK model (Figure 2C). These observations
129  show that tumor-infiltrating Vy7* cells and other y8 T cell subsets are rare.

130 How quickly y5 T cells might be excluded from tumors was investigated using a short-term
131  model, wherein both alleles of Apc are simultaneously deleted in gut tissue, thereby maximally
132  activating B-catenin signaling. The mouse intestine cannot tolerate loss of Apc in this way, so mice
133 are culled 3 or 4 days after CRE recombinase induction. y5 T cells were quantified in villi of the SlI
134 of Villin-CrefR™;Apc™F (VAFF) mice and Villin-CrefR™; Apc™F;Kras®'??* (VAFFK) mice. The number
135  of y8 T cells was reduced by about 3-fold in VA and VA7FK mice when compared to WT controls
136  (Figure 2D, E), indicating that deletion of Apc in epithelial cells has a rapid impact on yd T cell
137  numbers, prior to the overt formation of a tumor.

138 To investigate whether our findings might find parallels in human colon tumors, we
139 examined samples from three human cohorts that were collected from Scotland, Norway and
140 Thailand. vy T cells were quantified in tumor tissue and normal adjacent tissue after
141  immunohistochemistry with a pan-yd T cell antibody using digital pathology software (Figure 2F).
142  In all three cohorts, y& T cell densities were higher in normal adjacent tissue than tumor tissue
143  (Figure 2G), mirroring our observations in mouse models. Moreover, levels of y6 T cells were
144  higher in the Scotland cohort when compared to Norway and Thailand cohorts (Figure 2G). We
145  performed RNAseq analysis on 82 human colon cancer samples from the Scotland cohort from
146  which immunohistochemical yd T cell density data were available to glean information on the
147  subtypes of yo T cells present in these tumors. TRGV4 transcripts were more abundant than
148  TRGV9 transcripts within the same tumor (Figure 2H), indicating that \VVy4*V31" cells, which reflect
149  colonic IEL, are on aggregate more abundant than Vy9*V52" cells which are typical of peripheral

150 blood. These data corroborate but substantially extend findings by others (23,24).
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Figure 2. y3 T cells are excluded from mouse and human gut tumors.

(A) Representative images of intestinal tissue from 4 wild-type (WT, Cre negative), tumor-
bearing Villin-Cre®R"2;Apc™ (VA) and tumor-bearing Villin-Cret~"2;Apc™*;Kras®'?" (VAK)
mice stained for Trdc mRNA.

(B) Graphic representation of y5 T cell numbers in intestinal tissue of WT mice and in tumors
of VA and VAK mice. Each dot represents one mouse (n = 11 WT, 3 VA, 3 VAK). Data
presented as mean + SD per 100 mm?. ***p < 0.001 as determined by one-way ANOVA
followed by Dunnett’s posthoc test.

(C) Representative flow cytometry plot of CD8a and ySTCR expression on total CD3" cells in
the small intestine of WT mice. Frequency of y6 T cells expressing CD8a in the small
intestine (SI) of WT mice, as well as the S| and tumor of VA and VAK mice. Each dot
represents one mouse (n =9 WT, 4 VA, 5 VAK). Data presented as mean + SD. *p < 0.05,
**p < 0.01 as determined by one-way ANOVA followed by Dunnett’s posthoc test.

(D) Representative images of Sl from 4 wild-type (WT), Villin-Cre*?™;Apc™" (VAFF) and Villin-
CrefR™2: ApcfF:Kras®'?P (VAFFK) mice stained for Trdc mRNA.

(E) Graphic representation of y& T cell numbers in intestinal tissue of WT, VAT and VATFK
mice. Each dot represents one mouse (n = 3 WT, 4 VATF, 4 VATFK). Data presented as
mean + SD per 100 mm?. ***p < 0.001 as determined by one-way ANOVA followed by
Dunnett’s posthoc test.

(F) Representative image of y6 T cell staining in tumor adjacent tissue and tumor tissue from
141 human colon cancer sections where arrows indicate positively stained cells.

(G) Density of yd T cells in human colon cancer sections in three different patient cohorts:
Scotland (n = 141), Norway (n = 71) and Thailand (n = 122). y5 T cells identified by IHC in
full sections were quantified in tumor adjacent tissue or tumor tissue using Visiopharm.

*k%k

Data presented as median = min/max. ***p < 0.001 as determined by paired t test.
(H) Expression of TRGV4 and TRGV9 mRNA in human colon cancer samples (n = 82) from
the Scotland cohort determined by TempO-Seq. ***p < 0.001 as determined by paired t

test.

Btnl molecules are downregulated in colorectal cancer
With a paucity of y3 T cells in the intestinal tumor microenvironment conserved across mouse and

humans, we next investigated the expression of Binl genes that are essential to the phenotypic
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185  maintenance of Vy7" IEL the adult gut (10,11,13). When tumor sections from VA and VAK mice
186  were stained for BtnlT mRNA, expression was apparent in epithelial cells surrounding adenomas
187  but was absent from cancer cells in both VA and VAK models (Figure 3A). This lack of Btnl1
188  expression in tumors can be viewed as a contributory factor to the dysregulation of the
189 CD8aa'Vy7* IEL compartment in the tumor microenvironment.

190 The kinetics of this loss in Btn/1 expression were examined in the short-term VA" and
191 VA"FK models. In these models, deletion of two copies of Apc with or without expression of mutant
192  KRAS resulted in a slight reduction of Btnl/1 expression (Figure 3B). To verify this reduction, gene
193  expression of Btnl1 and of Btnl2, Btnl4 and Btnl6 were analyzed in RNAseq data from the Sl of
194  WT, VA™F and VATFK mice (25,26). This analysis showed reduced RNA expression of all four Btnl
195 family members following deletion of Apc in gut tissue (Figure 3C).

196 We next interrogated two human gene expression datasets (15,27) to determine whether
197  BTNL3or BTNL8—-homologs of mouse Btn/1 and Btnl6 — expression levels were different between
198 normal gut tissue and tumor tissue. BTNL3 expression levels were higher in normal tissue than
199  tumor tissue in both the TCGA and Skrzypczak datasets, while BTNL8 expression was only higher
200 in normal tissue in the Skrzypczak dataset (Figure 3D). These findings are similar to observations
201  made by others (28). Together, our analyses demonstrate an evolutionarily conserved reduction
202  of BTNL expression in tumors across species.

203 The relationship between expression of BTNL3 and BTNL8 and y3 T cell infiltration into
204  human tumors was investigated in the Scotland cohort. Gene expression values from 77 human
205 colon cancer samples were plotted with y6 T cell density values from matched samples. Both
206 BTNL3 and BTNL8 mRNAs were positively correlated with y5 T cell density, with human tumors
207  exhibiting high expression of BTNL3 and BTNL8 containing more y5 T cells than tumors with low
208 levels of BTNL3 and BTNLS8 (Figure 3E). To more specifically address the relationship between
209  Vy4*V31' IELs, BTNL3 and BTNLS levels, we compared TRGV4 and TRDV1 expression levels
210  with BTNL3/8 expression levels. TRGV4 mRNA was positively correlated with both BTNL3 and
211 BTNL8expression (Figure 3F). TRDV1 mRNA was also positively correlated with both BTNL3 and
212 BTNLS8 expression; although, TRDV1 mRNA was not detected in 33 of 82 samples (Figure 3G).
213  These data support the notion that loss of BTNL molecules in tumors is directly associated with

214  the loss of Vy4"V81" IELs in the tumor microenvironment of human tumors.
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Figure 3. Expression of butyrophilin-like molecules is reduced in gut tumors.

(A) Representative images of intestinal tissue from 4 VA and VAK m
mMmRNA. T = tumor.
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219 (B) Representative images of intestinal tissue from 4 WT, VA" and VATFK mice stained for
220 Btnl1 mRNA.

221 (C) Butyrophilin-like mRNA expression shown by heatmap generated from RNAseq data from
222 WT, VA" and VAFFK mice (n = 3 mice/group).

223 (D) Expression of BTNL3 and BTNL8 in normal human colonic tissue and tumor tissue from
224 TCGA (n =19 normal, 101 tumor) and Skrypczak (n = 24 normal, 45 tumor) datasets. Data
225 presented as median + min/max. *p < 0.05, **p < 0.01 as determined by Mann-Whitney U
226 test.

227 (E) Correlation between BTNL3 or BTNL8 expression as determined by TempO-Seq and yo T
228 cell density determined by IHC in the Scotland cohort from 77 matched pairs. Units on
229 axes are normalized read counts x 10°. Each dot represents one tumor. P value and r
230 value determined by Pearson’s correlation.

231 (F) Correlation between BTNL3 or BTNL8 expression and TRGV4 expression as determined
232 by TempO-Seq in the Scotland cohort. Units on axes are normalized counts x 10°. Each
233 dot represents one tumor (n = 82). P value and r value determined by Pearson’s
234 correlation.

235 (G) Correlation between BTNL3 or BTNL8 expression and TRDV1 expression as determined
236 by TempO-Seq in the Scotland cohort. Units on axes are normalized counts x 10°. Each
237 dot represents one tumor (n = 82). P value and r value determined by Pearson’s
238 correlation.

239

240 B-catenin signaling negatively regulates Btnl expression

241  The data reported above suggested a relationship between WNT signaling and loss of BTNL
242 molecules in cancer cells with yd T cell exclusion from the tumors, since loss of Apc resulted in
243  rapid reduction of these molecules and cells. To explore this relationship in greater detail, we
244  asked whether there was a correlation between the WNT pathway and y& T cell density in human
245  tumors. Expression levels of CTNNB1 (which encodes B-catenin) and SOX9 — a transcriptional
246  target of the B-catenin transcription factor complex (29) — were plotted together with yd T cell
247  density values determined by immunohistochemistry from the same, matched tumor samples from
248  the Scotland cohort. This analysis revealed that higher expression levels of CTNNB1 and SOX9
249  were correlated with low numbers of yd T cells in human colon cancer (Figure 4A). Similarly,
250 TRGV4 mRNA negatively correlated with both CTNNB1 and SOX9 expression; although, this
251  correlation did not reach significance for the SOX9 comparison (Figure 4A). We did not explore

252 correlations with TRDV1 mRNA owing to the absence of detectable expression levels in many
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253  samples. In these human tumors, high CTNNB1 and SOX9 expression levels were correlated with
254  low BTNL3 and BTNL8 expression (Figure 4B). To validate these findings, we analyzed the Marisa
255  cohort, a publicly available gene expression dataset containing 258 human tumor samples (30).
256  Within this dataset, high CTNNB1 and SOX9 expression levels correlated with low BTNL3
257  expression levels, while SOX9 also negatively correlated with BTNL8 expression (Figure 4C).
258 These data support our hypothesis of a relationship between WNT signalling, Vy4*V81* IEL
259  exclusion from tumors, and a loss of BTNL genes in cancer cells.

260 To explore a mechanistic link between WNT signalling activation and the down-regulation
261  of Binl gene expression, we developed an ex vivo transformation assay using intestinal organoids
262  derived from tamoxifen-naive WT, VA™F, VK and VAFFK mice. Cells were treated with tamoxifen
263  in vitro to induce deletion of Apc or expression of mutant KRAS via Cre recombinase. Tamoxifen
264  treatment failed to influence the shape or size of organoids derived from WT mice (Figure 4D). By
265  contrast, tamoxifen altered the morphology of organoids harboring transgenic alleles, transforming
266  their normal, budding shape into large spheres typical of tumor-derived organoids (Figure 4D).
267 Gene expression was measured in these four groups of organoids over the course of one week
268  after tamoxifen treatment. We confirmed that WNT pathway target genes, including Lgr5, Sox9,
269  Axin2 and Cd44, were up-regulated in VA™F and VATFK organoids, without affecting the same
270  genes in WT and VK organoids (Supplemental Figure 1A). These results show that the organoid
271  system recapitulates cancer cell transformation in vivo by p-catenin signaling. Expression of Btnl1,
272  Btni2, Btnl4 and Btnl6 mRNA was measured in these four groups of organoids (Figure 4E).
273  Whereas expression of these genes remained constant in WT organoids, the deletion of Apc
274  resulted in reduced expression of all Binl RNAs assayed by day 4. Interestingly, activation of
275 mutant KRAS had no effect on Btnl expression. However, the combination of Apc deletion and
276  mutant KRAS expression in VA™K organoids accelerated Btn/ down-regulation with reduced
277  expression apparent by day 2 (Figure 4E). These observations demonstrate that (-catenin
278  activation via loss of Apc negatively regulates Bitnl/ gene expression.

279 As an alternative approach to genetic manipulation of WNT signaling, organoids from WT
280 mice were treated with the GSK3p inhibitor, CHIR-99021, to activate B-catenin. Expression of
281  Btnl1, Btnl2, Btnl4 and Btnl6 mRNA was measured after four days of treatment using two different
282  concentrations of CHIR-99021. Both concentrations reduced expression of all Bin/l RNAs assayed
283  when compared to controls (Figure 4F), thus supporting the hypothesis that activated -catenin
284  down-regulates Btnl gene expression. The reversibility of this effect was tested by treating WT
285 organoids with CHIR-99021 for 4 days, washing off drug, then culturing the treated organoids for
286  another 4 days without drug. On day 8 after treatment began, expression of Btnl1, Btnl2, Btnl4
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287
288

and Btnl6 mRNA was measured by qPCR. Withdrawal of CHIR-99021 restored Btnl1, Btnl2, Btnl4

and Btnl6 mRNA expression to baseline or higher levels in these organoids (Figure 4F).
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289  Figure 4. Activation of B-catenin decreases butyrophilin-like molecule expression.

290 (A) Correlation between CTNNB1 or SOX9 and yd T cell density or TRGV4 expression as
291 determined by TempO-seq and yd T cell density determined by IHC in the Scotland cohort.
292 Units on axes are normalized read counts x 10°. Each dot represents one tumor (n = 77
293 left panels, 82 right panels). P value and r value determined by Pearson’s correlation.
294 (B) Correlation between CTNNB1 or SOX9 expression and BTNL3 or BTNL8 expression as
295 determined by TempO-Seq in the Scotland cohort. Units on axes are normalized counts x
296 10°. Each dot represents one tumor (n = 82). P value and r value determined by Pearson’s
297 correlation.

298 (C) Correlation between CTNNB1 or SOX9 expression and BTNL3 or BTNL8 expression in
299 the Marisa cohort. Units on axes are normalized counts x 10°. Each dot represents one
300 tumor (n = 258). P value and r value determined by Pearson’s correlation.

301 (D) Representative images of organoids derived from WT, VA™F, VK and VAFK mice. Images
302 were taken 4 days after tamoxifen treatment.

303 (E) Fold change in expression levels of indicated genes in WT, VAT, VK and VATFK
304 organoids. Gene expression was measured at indicated days post tamoxifen treatment.
305 Each dot represents one organoid derived from one mouse. Data presented as mean +
306 SD. *p <0.05, **p < 0.01 and ***p < 0.001 as determined by one-way ANOVA followed by
307 Dunnett’s posthoc test.

308 (F) Fold change in expression levels of indicated genes in WT organoids treated with 3 or 10
309 uM CHIR-99021 for indicated days. Each dot represents one organoid derived from one
310 mouse. Data presented as mean = SD. *p < 0.05, **p < 0.01 as determined by one-way
311 ANOVA followed by Dunnett’s posthoc test.

312
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328

329 Btnl genes are regulated by HNF4 transcription factors

330 To understand how WNT signaling negatively affects Btn/ gene expression, we investigated how
331  Btnl molecules are regulated in normal tissue. Mouse BTNL1, BTNL2, BTNL4 and BTNLG6 and
332 human BTNL3 and BTNL8 are expressed by enterocytes and colonocytes in the intestinal tract
333  (10,11,13,31). We hypothesized that restriction of BTNL molecule expression to the gut is a
334  consequence of regulation by gut-specific transcription factors. To understand which transcription
335 factors are important for induction of BTNL genes, we searched for potential transcription factor
336 binding sites in the promoter regions of these genes. Using a publicly available database
337 (OregAnno), we generated a list a putative transcription factor binding sites, then narrowed down
338 the list by focusing on gut-specific transcription factors. This analysis uncovered two sets of
339 paralogs: CDX1 and CDX2; HNF4A and HNF4G. Multiple binding sites for these proteins were
340 found within 12 kb upstream of mouse and human BTNL gene start sites (Figure 5A).

341 BTNL molecules are expressed in differentiated regions of the villus, not in the stem cell
342  regions of the crypt. Therefore, we determined whether any or all of CDX1, CDX2, HNF4A or
343  HNF4G were localized specifically to the villus. The protein expression pattern of each molecule
344  was investigated in mouse intestine. CDX1 was expressed in crypt regions and lower villus, but
345  expression decreased as enterocytes moved up the villus (Figure 5B). CDX2 was expressed in

346  both crypts and villi with higher expression in the crypt. HNF4A was also expressed in both crypts
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347  and villi; staining was also observed in cells residing within the lamina propria. HNF4G expression
348  was specific to enterocytes in the villus, as no expression was observed in crypt regions (Figure
349 5B). These data suggest that HNF4G is the prime candidate for Btnl gene regulation given their
350 overlapping patterns of expression in the villus. However, all four transcription factors are
351 expressed in the villus to some extent.

352 We investigated whether CDX1 and CDX2 mediate Btnl1, Btnl2, Btnl4 and Btnl6
353 transcription. Organoids from WT mice were transduced with 5 shRNA constructs targeting Cdx1
354  or Cdx2 mRNA. Two constructs achieved good knockdown efficiency for Cdx17; although, organoid
355  morphology and expression of Btnl molecules remained unchanged (Supplemental Figure 2A, B).
356  Attempts to knockdown Cdx2 proved difficult as organoids transduced with these constructs often
357 died. In two replicate experiments where organoids survived antibiotic selection, knockdown of
358 Cdx2 was sufficiently achieved with the shRNA_Cdx2-2 construct, but this failed to impact on
359 organoid morphology or Btnl gene expression (Supplemental Figure 2C, D). These data suggest
360 that CDX2 is required for organoid survival. Indeed, conditional deletion of Cdx2 in adult intestine
361 is lethal (32). We concluded from these experiments that CDX1 and CDX2 are not required
362  specifically for Btnl1, Btnl2, Btnl4 and Btnl6 transcription.

363 HNF4A and HNF4G are paralogs that bind fatty acids and whose functions are somewhat
364 redundant (33-35). These transcription factors recognize a nearly identical consensus motif on
365 DNA, and they exhibit 98.7% commonality in DNA binding profiles (33). It should be noted that
366 HNF4A is expressed outside the gut at sites such as liver (36), where BTNL molecules are not
367 expressed (10). To determine whether HNF4A and HNF4G bind the promoter region of Btnl1,
368 Btni2, Btnl4 and Btnl6 genes, we analyzed chromosome 17 in a HNF4 ChIP-seq dataset from
369 mouse Sl (33). This analysis confirmed that HNF4A/G bind all Btn/ gene promoter regions (Figure
370 5C).
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Figure 5. HNF4A and HNF4G regulate butyrophilin-like molecule expression in normal gut
tissue.

(A) Schematic of Btnl1, Btnl2, Btnl4, Btnl6, BTNL3 and BTNL8 promoter regions. Putative
HNF4A/G binding sites are shown in green; CDX1 and CDX2 binding sites are shown in
orange.

(B) Representative images of CDX1, CDX2, HNF4A and HNF4G protein expression in small
intestine of 4 WT mice.

(C) Integrative Genomics Viewer analysis of HNFAA/HNF4G ChlP-seq data at mouse Btnl
gene loci.

(D) Fold change in expression levels of indicated genes in WT organoids transduced with
shRNA constructs targeting Hnf4g transcripts. Each dot represents one organoid from one
mouse. Data presented as mean + SD. **p < 0.01, ***p < 0.001 as determined by one-way
ANOVA followed by Tukey’s posthoc test.

(E) Butyrophilin-like molecule expression determined by RNAseq analysis of small intestine in
WT, Villin-CrefR";Hnf4a™" (Hnf4a**), HnfdgC"sP"C™Pr (Hnf4g”?), Hnf4a”*;Hnf4g** mice.
Each dot represents one mouse. Data presented as mean = SD. *p < 0.05, ***p < 0.001
as determined by one-way ANOVA followed by Tukey’s posthoc test.

(F) Representative images of organoids from WT mice treated with DMSO control or HNF4A/G
inhibitor (HNF4i). Fold change in expression levels of indicated genes Each dot represents
one organoid from one mouse. Data presented as mean £ SD. *p < 0.05, **p < 0.01 as
determined by unpaired t test.

(G) Correlation between HNF4G expression as determined by TempO-seq and yd T cell
density determined by IHC in the Scotland cohort. Units on axes are normalized counts x
10°. Each dot represents one tumor (n = 77). P value and r value determined by Pearson’s
correlation.

(H) Correlation between BTNL3 or BTNL8 expression and HNF4G expression Units on axes
are normalized counts x 10°. Each dot represents one tumor (n = 82 Scotland cohort, 258

Marisa cohort). P value and r value determined by Pearson’s correlation.
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401 Supplemental Figure 2. Knockdown of Cdx71, Cdx2 and Hnf4a fails to influence organoid

402 morphology or expression of Btnl genes.

403 (A) Representative images of organoids from WT mice transduced with shRNA constructs
404 against Cdx1.

405 (B) Fold change in expression levels of indicated genes in WT organoids transduced with
406 shRNA constructs targeting Cdx17 transcripts. Each dot represents one organoid from one
407 mouse (n = 3). Data presented as mean + SD. ***p < 0.001 as determined by one-way
408 ANOVA followed by Tukey’s posthoc test.

409 (C) Representative images of organoids from WT mice transduced with shRNA constructs
410 against Cdx2.

411 (D) Fold change in expression levels of indicated genes in WT organoids transduced with
412 shRNA constructs targeting Cdx2 transcripts. Each dot represents one organoid from one
413 mouse (n = 2-3). Data presented as mean + SD.

414 (E) Representative images of organoids from WT mice transduced with shRNA constructs
415 against Hnf4a.

416 (F) Fold change in expression levels of indicated genes in WT organoids transduced with
417 shRNA constructs targeting Hnf4a transcripts. Each dot represents one organoid from one
418 mouse (n = 2). Data presented as mean £ SD.

419 (G) Representative RT-PCR product bands for MODE-K cells transduced with transcription
420 factor over-expression constructs. Intestinal epithelial cells (IEC) served as positive
421 control, while empty vector (control) served as negative control.

422 (H) Representative images of organoids from WT mice transduced with shRNA constructs
423 against Hnf4g.

424

425 Having established that HNF4A/G occupy Btnl promoters, we investigated whether HNF4A

426 and HNF4G activity was causally linked to Btnl expression. Organoids from WT mice were
427  transduced with 5 shRNA constructs targeting Hnf4a or Hnf4g mRNA. Organoid morphology was
428 unaffected by Hnf4a constructs (Supplemental 2E). Knockdown of Hnf4a was not successful.
429 Instead of reduced expression, we observed higher expression of Hnf4a and Hnf4g in these cells,
430 concomitant with higher expression of Btnl1, Btnl2, Btnl4 and Btnl6 genes (Supplemental 2F).
431  These findings suggest that a feedback mechanism may be active, preventing Hnf4a knockdown,
432  but provide indirect evidence that increased HNF4A and HNF4G expression correlates with
433  increased Btnl expression. To clarify this situation, we transduced MODE-K enterocytes that do

434  not express Hnf4a with a series of cDNAs encoding gut-associated transcription factors, including
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435  Cdx1, Cdx2 and Hnf4a. Only in Hnf4a transductants was there overt upregulation of Binl mMRNAs,
436  specifically those for Btnl4 and Btnl6 (Supplemental Figure 2G), while Cdx1, Cdx2, Creb3I3, Gatab
437  and Isx failed to influence Btnl gene expression. For Hnf4g targeting in organoids from WT mice,
438  two constructs achieved good knockdown efficiency with the shRNA_Hnf4g-5 construct exhibiting
439  superior efficiency. However, only the shRNA_Hnf4g-5 construct reduced expression of Btnl1,
440  Btnl2 and Btnl6 without affecting expression of Btnl/4 (Figure 5D). This was accompanied by the
441  occasional appearance of sphere-shaped organoids (Supplemental Figure 2H), indicative of a
442  stem cell-like state. Collectively, our data demonstrate that HNF4 transcription factors are
443  regulators of Bitnl gene expression; although, there are seemingly differences in the degrees to
444  which specific Btnl genes are dependent upon or influenced by HNF4A and HNF4G, respectively.
445  These data further integrate Btnl expression with physiologic enterocyte differentiation (33,37).
446 We analyzed Bitnl gene expression in mouse models deficient for HNF4A or HNF4G or
447  both. An RNA-seq dataset derived from intestine of WT, Villin-Cre"?;Hnf4a"™" (Hnf4a**) mice,
448  Hnfdg—— (Hnf4g**) mice and Hnf4a*“;Hnf4g** mice was used for this purpose (33). In these
449 mice, deletion of Hnf4a failed to alter Btnl gene expression, while deletion of Hnf4g reduced all
450 four Btnl genes (Figure 5E). Simultaneous deletion of Hnf4a and Hnf4g led to the most pronounced
451  loss of Btnl expression when compared to WT tissue. Btnl1, Btnl2 and Btnl4 (but not Bin/l6) mRNA
452  was also lower in Hnf4a*4;Hnf4g"* intestine than in Hnf4a** or Hnf4g*“ intestine (Figure 5E). We
453  then used an inhibitor that targets both HNF4A and HNF4G, BI-6015 (HNF4i), in organoids from
454  WT mice. This drug altered the morphology of the organoids, transforming them into spheres
455  (Figure 5F), similar to the morphology of Hnf4a**:Hnf4g** organoids previously described (33).
456 Inhibition of these transcription factors by BI-6015 reduced expression of Hnf4a and Hnf4g, as
457  well as Btnl1, Btnl2, Btnl4 and Btnl6 mRNA (Figure 5F). Together, these data demonstrate that
458 HNF4G is the main regulator of Btn/ molecule expression with cooperation from HNF4A in
459  enterocytes.

460 The relationship between transcription factor expression, yd T cell infiltration and BTNL
461  gene expression was examined in human tumors. In the Scotland cohort, there was no correlation
462  between CDX1, CDX2 and HNF4A expression and yd T cell density (Supplemental Figure 3A-C).
463 There was a positive correlation between CDX7 expression, BTNL3 expression and BTNL8
464  expression in both the Scotland and Marisa cohorts (Supplemental Figure 3D), but correlations
465  between CDX2 or HNF4A and BTNL3 or BTNL8 were absent or inconsistent among both cohorts
466  (Supplemental Figure 3E-F). In contrast to the other transcription factors, increased HNF4G
467  expression was correlated with higher yd T cell density in human tumors (Figure 5G). Increased

468 HNF4G expression also correlated with increased BTNL3 expression in both the Scotland and
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Marisa cohorts, whereas the relationship with BTNL8 expression was only observed in the

Scotland cohort (Figure 5H). These data establish a strong association between HNF4G, BTNL

expression, and tumor-infiltrating yd T cells in human tumors and point to HNF4G regulation of

BTNL gene expression as being conserved across species.
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Supplemental Figure 3. Correlation between gut-specific transcription factors, yd T cell

density and BTNL genes in human tumors.

(A) Correlation between CDX1 expression as determined by TempO-Seq and yd T cell density

determined by IHC in the Scotland cohort. Units on axes are normalized counts x 10°.

Each dot represents one tumor (n = 77). P value and r value determined by Pearson’s

correlation.
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480 (B) Correlation between BTNL3 or BTNL8 expression and CDX1 expression. Units on axes
481 are normalized counts x 10°. Each dot represents one tumor (n = 82 Scotland cohort, 258
482 Marisa cohort). P value and r value determined by Pearson’s correlation.

483 (C) Correlation between CDX2 expression as determined by TempO-Seq and yd T cell density
484 determined by IHC in the Scotland cohort. Units on axes are normalized counts x 10°.
485 Each dot represents one tumor (n = 77). P value and r value determined by Pearson’s
486 correlation.

487 (D) Correlation between BTNL3 or BTNL8 expression and CDX2 expression. Units on axes
488 are normalized counts x 10°. Each dot represents one tumor (n = 82 Scotland cohort, 258
489 Marisa cohort). P value and r value determined by Pearson’s correlation.

490 (E) Correlation between HNF4A expression as determined by TempO-Seq and vd T cell
491 density determined by IHC in the Scotland cohort. Units on axes are normalized counts x
492 10°. Each dot represents one tumor (n = 77). P value and r value determined by Pearson’s
493 correlation.

494 (F) Correlation between BTNL3 or BTNL8 expression and HNF4A expression. Units on axes
495 are normalized counts x 10°. Each dot represents one tumor (n = 82 Scotland cohort, 258
496 Marisa cohort). P value and r value determined by Pearson’s correlation.

497

498 Increased WNT signaling disrupts HNF4 expression, Btnl expression and ydlELs

499  Having established how expression of Btnl/ molecules is controlled in differentiated regions of
500 normal gut by HNF4A and HNF4G transcription factors, we hypothesized that disruption of the
501 WNT gradient in the mouse intestine would interfere with enterocyte-specific HNF4G and Btnl
502 gene expression and subsequently ySIEL abundance. To test this hypothesis, we used Vil1-Grem1
503 mice in which Gremlin1 is under the control of the Villin promoter. These mice develop ectopic
504  crypts in the villi due to the antagonist actions of GREM1 on bone morphogenic proteins (BMPs),
505 a consequence of which is increased WNT signaling in villi (38). Nuclear SOX9 was used to
506 identify ectopic crypts in the villi of Vil71-Grem1 mice (Supplemental Figure 4A). These SOX9-high,
507 WNT-high ectopic crypts maintained HNF4A as in normal crypts, but lost expression of HNF4G
508 and Bitnl1T mRNA (Supplemental Figure 4A). Moreover, we quantified yd T cells in villi of Vil1-
509 Grem1 mice and found that these cells were reduced when compared to WT mice (Supplemental
510 Figure 4A, B). These results show that WNT signaling suppresses the HNF4G-Btnl-\/y7" cell axis.
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512  Supplemental Figure 4. Disruption of WNT gradient in normal intestinal villi reduces v T
513 cells.

514 (A) Representative images of SOX9, HNF4A, HNF4G, Btnl1 and Trdc expression in small
515 intestine from 3 Vil1-Grem1 mice.

516 (B) Graphic representation of y3 T cell numbers in intestinal tissue of WT and Vil1-Grem1 mice.
517 Each dot represents one mouse (n = 8 WT, 3 Vil1-Grem1). Data presented as mean + SD
518 per 100 mm?. **p < 0.01 as determined by unpaired t test.

519 (C) Representative images of SOX9, HNF4A, HNF4G, Btnl1 and Trdc expression in small
520 intestine from Lgr5-Cre®c"2:Rspo3™Y mice treated with vehicle control or LGK-974
521 (PCPNi).

522 (D) Graphic representation of yd T cell numbers in intestinal tissue of WT, Lgr5-
523 Creff"2:Rspo3™’ mice and PCPNi-treated Lgr5-CrefR™?;Rspo3™ mice. Each dot
524 represents one mouse (n = 4 WT, 3 Lgr5-CrefR"2:Rspo3™, 3 Lgr5-CrefR™2;Rspo3™V +
525 PCPNi). Data presented as mean + SD per 100 mm?. *p < 0.05, ***p < 0.001 as determined
526 by one-way ANOVA followed by Tukey’s posthoc test.

527

528 Further testing of our hypothesis was carried out in an additional model that is WNT ligand

529 dependent in which R-spondin 3 (RSPO3) is expressed from LGR5" stem cells: Lgr5-
530 CrefR™2:Rspo3™Y mice (39). In this model, increased WNT signaling induces greater numbers of
531 cryptregions, as demonstrated by increased SOX9" cells at the base of the intestine, and reduced
532  villus length (Supplemental Figure 4C). We investigated HNF4A, HNF4G and Btnl1 expression in
533 these mice. Staining patterns of these molecules were consistent with expression in intestine from
534  WT mice where HNF4A was expressed in crypt regions and enterocytes, while HNF4G and Binl1
535 expression was restricted to enterocytes (Supplemental Figure 4C). However, the expansion of
536  WNT-high crypt regions and reduced villus length resulted in fewer y3 T cells in villi of these in
537  Lgr5-CrefR™2:Rspo3™V mice, when compared to WT mice (Supplemental Figure 4C, D). To
538 determine whether reduced yd T cell numbers could be restored by interference with over-
539 expressed WNT ligands, Lgr5-CrefR"2;Rspo3™V mice were treated with the porcupine inhibitor
540 (PCPNi), LGK-974, to block the secretion of RSPO3 and prevent its activation of B-catenin.
541  Expression patterns of HNF4A in crypt and villi regions as well as HNF4G and Btn/1T mRNA in
542  enterocytes were unaltered by LGK-974 treatment. However, y5 T cell numbers in the villi of these
543  mice increased (Supplemental Figure 4C, D). These data provide evidence that aberrant g-catenin

544  activation in normal intestinal tissue disrupts y3IEL abundance.
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545  Hnf4a and Hnf4g are suppressed by WNT signaling during tumor initiation

546  Given the similarities between crypt regions and gut tumors where WNT levels and B-catenin
547  activity is high, we determined whether HNF4A and HNF4G are dysregulated in tumors. We
548 hypothesized that B-catenin-induced loss of Btn/ gene expression in tumors is a consequence of
549  reduced HNF4A/HNF4G activity. To address this hypothesis, we initially compared HNF4A and
550 HNF4G expression between normal human colon tissue and tumor tissue in the TCGA and
551  Skrzypczak datasets. Both HNF4A and HNF4G were reduced in tumor tissue from both datasets
552  (Figure 6A), mirroring reduced BTNL3 and BTNL8 expression in human tumors (Figure 3D).

553 We next questioned whether expression of Hnf4a and Hnf4g mRNAs were affected by
554  WNT signaling, by examining mRNA levels in the SI of WT, VA™F and VA7FK mice. This analysis
555 showed that Hnf4a levels were similar between normal intestinal tissue and Apc-deficient tissue,
556  whereas Hnf4g levels were reduced in Apc-deficient tissue (Figure 6B). Immunohistochemistry on
557 these short-term models revealed that nuclear staining of both HNF4A and HNF4G was reduced
558  or even absent from epithelial cells in the villus of VAFF and VAFFK tissue when compared to WT
559 tissue (Figure 6C). The addition of mutant KRAS to Apc loss had no influence over decreased
560 expression of HNF4A and HNF4G. The discrepancy between Hnf4a mRNA levels and HNF4A
561 protein levels may be explained by expression of HNF4A" stromal cells in the lamina propria.
562  These data show that expression of HNF4A and HNF4G is rapidly reduced or lost completely in
563 cells with high B-catenin activity.

564 End-stage tumors from VA mice were evaluated for the presence of HNF4A and HNF4G.
565  Nuclear SOX9 staining was used to identify WNT-high tumors. We found that HNF4A and HNF4G
566 were completely absent from cancer cells, while normal adjacent epithelial cells maintained
567 nuclear HNF4A and HNF4G staining (Figure 6D). This pattern of expression mimicked loss of
568  Binl1 staining in tumors from the same mouse model (Figure 3A).

569 We used the organoid transformation assay to test the kinetics of Hnf4a and Hnf4g down-
570 regulation after B-catenin activation. After tamoxifen treatment, expression of these molecules
571 remained constant in WT organoids (Figure 6E). The deletion of Apc resulted in reduced
572 expression of Hnf4a and Hnf4g by day 2, which was 2 days earlier than was observed for Btnl
573  mRNA down-regulation, as shown in Figure 4E. Induction of oncogenic KRAS had no effect on
574  Hnf4a and Hnf4g gene expression, but the combination of Apc deletion and mutant KRAS
575  expression in VATFK organoids resulted in a down-regulation of Hnf4a and Hnf4g by day 1 or 2
576  (Figure 6E). These observations indicate that suppression of Hnf4a and Hnf4dg RNAs by B-catenin
577 precedes the down-regulation of Btnl/ gene expression. Treatment of WT organoids with the
578  GSK3p inhibitor, CHIR-99021, reduced expression of Hnf4a and Hnf4g (Figure 6F). As observed
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with Btnl1, Btnl2, Btnl4 and Btnl6 expression (Figure 4F), the inhibition of Hnf4a and Hnf4g mRNA
was reversible after withdrawal of CHIR-99021 with expression levels returning to normal on day
8 (Figure 6F).

Together, these data are consistent with the notion that high WNT signaling suppresses
Btnl1/2/4/6 gene expression, via down-regulation of HNF4A and HNF4G.

Figure 6. Activation of B-catenin decreases Hnf4a and Hnf4g expression.

(A) Expression of HNF4A and HNF4G in normal human colonic tissue and tumor tissue from
TCGA (n =19 normal, 101 tumor) and Skrypczak (n = 24 normal, 45 tumor) datasets. Data
presented as median = min/max. *p < 0.05 as determined by Mann-Whitney U test.

(B) Hnf4a and Hnf4g expression determined by RNAseq analysis of small intestine in WT,
VA"F and VAFFK mice. Each dot represents one mouse. Data presented as mean + SD.
*p < 0.05 as determined by one-way ANOVA followed by Dunnett’s posthoc test.

(C) Representative images of HNF4A and HNF4G protein expression in small intestine of WT,
VA"Fand VAFFK mice.

(D) Representative images of intestinal tissue from 4 tumor-bearing VA mice stained for SOX9,
HNF4A and HNF4G.

(E) Fold change in expression levels of Hnf4a and Hnf4g in WT, VA™F VK and VA7FK
organoids. Gene expression was measured at indicated days post tamoxifen treatment.
Each dot represents one organoid from one mouse. Data are presented as mean + SD. *p
< 0.05, **p < 0.01 and ***p < 0.001 as determined by one-way ANOVA followed by
Dunnett’s posthoc test.

(F) Fold change in expression levels of Hnf4a and Hnf4g in WT organoids treated with 3 or 10
uM CHIR-99021 for indicated days. Each dot represents one organoid from one mouse.
Data presented as mean + SD. **p < 0.01, ***p < 0.001 as determined by one-way ANOVA

followed by Dunnett’s posthoc test.
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607 The HNF4-BTNL-y3 T cell axis is restored in tumors by interference with B-catenin activity
608 The B-catenin transcription factor complex consists of several components including B cell
609 lymphoma 9 (BCL9) and BCL9-like (BCL9L) (40,41), whose deletion in mouse tumor models
610 abrogates B-catenin-mediated transcription (26,42). Therefore, we investigated expression levels
611 of Hnf4a, Hnfdg, Btnl1, Btnl2, Btnl4 and Btnl6 in tissue where Apc is deleted and Bc/9 and Bcl9l
612  are absent. For this purpose, we examined RNAseq data from intestinal tissue of VA™F mice and
613  VA"F:BcI9™ ;Bcl9I”F mice that were treated with tamoxifen for 4 days to induce Cre recombinase.
614  This analysis showed that Hnf4g, Btnl1 (although not statistically significant), Bin/2 and Btnl4
615 levels are higher in VAFF;BcI9™F;BcI9IPF intestinal tissue, while Hnf4a mRNA remained unchanged
616  (Figure 7A). Btnl6 could not be detected in this dataset.

617 End-stage tumors from VA and VA;Bcl97;Bcl9I”F mice were assessed for expression of
618 HNF4A, HNF4G and Btnl1 mRNA. SOX9 was used to detect WNT-high cancer cells. Expression
619  of HNF4A, HNF4G and Btn/1 mRNA was absent from tumors in VA mice (Figure 7B). By contrast,
620 nuclear expression of HNF4A and HNF4G as well as Btnl1 mRNA was apparent in some but not
621 all areas of tumors from VA;Bcl9"F;Bcl9I”F mice (Figure 7B). Previous reports indicate that
622  recombination of Bcl97F;Bcl9I”* alleles is inefficient in these mice (26), which provides an
623  explanation for the sporadic expression pattern of HNF4A, HNF4G and Btnl/1 mRNA in these
624  tumors. To determine whether the restoration of HNF4A, HNF4G and Btnl1 expression in tumors
625  from VA;Bcl9™F;Bcl9I”F mice affected tumor-infiltrating v5 T cells, we quantified these cells in tumor
626 tissue. This analysis showed that y8 T cells are more abundant in tumors from VA;Bcl9™F;Bcl9I*
627  mice than VA mice (Figure 7C).

628 Another colon cancer model, Villin-CrefR"2;Ctnnb 12" (V;Ctnnb1®*") mice, was used to
629 validate these findings, where mutant B-catenin is used to drive tumor formation (26). Nuclear
630 SOX9 expression was used to identify WNT-high cancer cells. In this model, nuclear HNF4A
631 expression was evident in cancer cells (albeit weak expression), while HNF4G and Binl/1
632  expression were lost from tumors (Figure 7D). V;Ctnnb 1°*/* mice were crossed with Bcl9™F;Bcl9I*
633  mice. Tumors from V;Ctnnb1®**:Bcl9™F;BcI9IF mice retained expression of HNF4A. Nuclear
634 HNF4G and Btn/1 mRNA expression could be observed in overlapping regions of tumors (Figure
635  7D); although, staining was sporadic as in tumors from VA;Bcl97;Bcl9”F mice (Figure 7B). We
636  quantified tumor-infiltrating y5 T cells in these mice. Here, we found that tumor-infiltrating yo T cells
637 are more abundant in tumors from V;Ctnnb1®%"*:Bcl9™:Bcl9I”F mice than V;Ctnnb1®%* mice
638 (Figure 7E). These data indicate that inhibition of B-catenin signaling reverses HNF4A/HNF4G-

639  driven Btnl gene expression and exclusion of Vy7* cells in tumors.
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641 Figure 7. Inhibition of B-catenin transcriptional activity increases expression of HNF4A,
642 HNFA4G and butyrophilin-like molecules.

643 (A) Gene expression of indicated molecules in VA" and VA™F:Bcl9™F;Bcl9IF intestinal tissue
644 generated from RNAseq data. Each dot represents one mouse. Data presented as mean
645 1+ SD. *p < 0.05, **p < 0.01 as determined by unpaired t test. n.d. = not detected.

646 (B) Representative images of SOX9, HNF4A, HNF4G and Btnl1 expression in tumors from 4
647 VA and VA;Bcl97F:Bcl9IPF mice.

648 (C) Representative images of Trdc expression in tumors from 4 VA and VA;Bcl9™";Bcl9I”F
649 mice. Graphic representation of yd T cell numbers in tumors. Each dot represents one
650 mouse. Data presented as mean = SD from 100 mm? tissue. ***p < 0.001 as determined
651 by unpaired t test.

652 (D) Representative images of SOX9, HNF4A, HNF4G and Btnl1 expression in tumors from 3
653 Villin-CreR™;Ctnnb 1** (V;Ctnnb1°**) and V;Ctnnb1®"*;BcI9™;Bcl9I” mice.

654 (E) Representative images of Trdc expression in tumors from 3 V;Ctnnb1®®* and
655 V;Ctnnb 12" Bcl9™F;Bcl9IF mice. Graphic representation of y§ T cell numbers in tumors.
656 Each dot represents one mouse. Data presented as mean * SD from 100 mm? tissue. *p
657 < 0.05 as determined by unpaired t test.

658

659 DISCUSSION

660 volELs preserve normality in gut tissue, providing protection from invading pathogens and
661 restraining proliferation of mutated epithelial cells (1-4,8). vy T cell infiltration into colorectal tumors
662  correlates with good prognosis and extended survival (23,43), but their abundance decreases as
663  disease stage progresses (24,44). This study shows how immunosurveillance by y3IELs in the gut
664 is disrupted by dysfunctional WNT signaling in cancer cells. We found that normal intestinal
665  epithelial cells utilize HNFAG (most likely dimerized with HNF4A) to induce expression of Btn/
666  gene expression. However, activation of B-catenin through mutations in the Apc tumor suppressor
667 gene leads to suppression of HNF4 transcription factors, preventing the expression of Btnl1/2/4/6
668 genes. We show that inhibition of B-catenin in tumors restores HNF4G-mediated Btn/ gene
669  expression and tumor-infiltrating yd T cells. Overall, we provide a mechanism of evasion from anti-
670 tumor immunosurveillance by unconventional T cells.

671 The biological basis for evasion from y3IEL immunosurveillance shown herein revolves
672  around WNT-driven dedifferentiation of cancer cells towards a stem cell-like state. Dysregulated

673  WNT signaling fosters the conversion of cancer cells towards a less differentiated phenotype
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674  reminiscent of LGR5" stem cells that reside in intestinal crypts. LGR5" stem cells, like cancer cells,
675 fail to express HNF4G and BTNL molecules (11), making crypt regions and tumors immune
676  privileged sites, devoid of y3IELs. Most work in the cancer dedifferentiation area has focused on
677 immune escape from conventional CD8" T cells (45,46), with loss of differentiation-associated
678 antigens being one mechanism of immune evasion (47,48). Moreover, there is a strong
679  association between the WNT pathway, dedifferentiation and CD8" T cell suppression. Pan-
680 cancer analyses of human tumor samples have shown that enrichment of the WNT pathway and
681 its transcriptional signatures is associated with low T cell infiltration (49,50). In mouse models of
682  melanoma, hepatocellular carcinoma and mammary cancer, WNT signaling directly suppresses
683  CD8" T cell anti-tumor responses through various mechanisms. WNT signaling prevents dendritic
684  cell activation via inhibition of chemokines within the tumor microenvironment (18-20), induces
685 immunosuppressive mediators from dendritic cells to establish immune tolerance (51-53), fosters
686 CD8" T cell-suppressive neutrophils (21,54-56), as well as directly represses CD8" T cells and NK
687  cells through engagement with the LRPS receptor (57). In addition to WNT signaling negatively
688  affecting dendritic cells, CD8" T cells and NK cells, our study offers evidence that WNT signaling
689  can also modulate the interaction between innate-like yd T cells and cancer cells to initiate immune
690 escape from ydIELSs.

691 Redifferentiation of colon cancer cells could reengage y8IEL immunosurveillance, and
692  strategies to achieve redifferentiation could benefit ySIEL-based cancer immunotherapies. At the
693 same time, redifferentiation would slow the proliferative signals induced by B-catenin in cancer
694  cells. Our data suggest that redifferentiation may be possible given that inhibition of B-catenin
695 transcriptional activity by deletion of BCL9 and BCLIL results in re-expression of HNF4G and
696  BTNL molecules and increased numbers of yd T cells in tumors. This notion is supported by data
697 from other disease settings. A recent report showed that individuals with celiac disease exhibit a
698 loss of BTNL8 expression concomitant with a loss of Vy4*V31" IELs, but elimination of dietary
699  gluten could restore BTNL8 expression (58). Together, our two studies emphasize the reversibility
700 of BTNL gene expression in different disease contexts.

701 A question remains about how to accomplish redifferentiation for all mutational subtypes
702  of colorectal cancer. WNT ligand-dependent tumors are susceptible to drugs that inhibit
703  extracellular WNT ligands, such as porcupine inhibitors (59) or R-spondin blocking antibodies (60).
704  As such, these may be used to lower -catenin transcriptional activity, induce redifferentiation and
705 reengage yolELs. However, the usefulness of these drugs in WNT ligand-independent tumors is

706  limited, and drugs specific for WNT ligand-independent tumors are scarce. Given the importance
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707  of HNF4G in driving enterocyte differentiation (33,37) and regulating Btn/ gene expression showed
708 herein, drugs that increase this transcription factor and its binding partners should be prioritized
709 in the cancer setting. It should also be noted that such strategies to restore ydIEL
710 immunosurveillance will be anatomical site-specific. BTNL-responsive mouse Vy7* cells and
711  human Vy4" cells are restricted to the gut, so reengagement of endogenous y3IELs will not be
712 possible for liver metastasis. Therefore, such a strategy would be most efficacious in the primary
713  setting, perhaps for minimal residual disease after surgery or radiotherapy.

714
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749 METHODS

750  Mice

751  Animal experiments were carried out in line with the Animals (Scientific Procedures) Act 1986 and
752  the EU Directive 2010 and sanctioned by Local Ethical Review Process. All mice were maintained
753  onthe C57BL/6J background at the Cancer Research UK Beatson Institute under licence 70/8645
754  and PP6345023 to Karen Blyth and 70/8646 and PP3908577 to Owen Sansom, except Vil1-
755  Grem1 mice and Lgr5-Cre®c"%;Rspo3™Y mice which were maintained at the Functional Genetics
756  Facility, Wellcome Centre for Human Genetics, University of Oxford (POB63BC4D to Simon
757 Leedham). Mice were bred and housed in individually ventilated cages under specific pathogen-
758 free conditions on a 12/12-hour light/dark cycle and fed and watered ad libitum. Both male and
759  female mice of at least 6 weeks old and >20 kg were used for experiments.

760 The alleles used were as follows: Villin-Cref?™ (61), Apc® (62), Kras®'?® (63), Bcl9™,
761  Bcl9I”* (64), Ctnnb1®* (65). The generation of Villin-CrefR™2;Apc™* (VA) mice, Villin-
762  CrefR2:Apc™;Kras®'?*  (VAK)  mice,  Villin-Cre®R"2;Apc™  (VATF)  mice,  Villin-
763 CrefRf%,ApcF;Kras®’?P* (VATFK) mice, VA;Bcl97F;Bcl9F mice, V;Ctnnb1®** mice, and
764  V;Ctnnb1%%*:Bcl9™F;Bcl9I”F mice has been described (25,26,66,67). Cre negative mice were
765  used as controls. Recombination in these tumor models was induced by a single intraperitoneal
766  injection of 80 mg/kg tamoxifen. Mice were aged until they showed clinical signs (anemia,
767  hunching and/or weight loss). Tumors were scored macroscopically after fixation of opened
768 intestinal tissue. Tumor burden was calculated by summing the area of all tumors. Recombination
769  of VAYF and VAFFK short-term models was induced using intraperitoneal injections of 80 mg/kg
770  tamoxifen for 2 consecutive days; wild-type control mice received the same dosing regimen. Mice
771  were sacrificed 3 or 4 days after the first injection. Generation of Lgr5-Cre®~"2:Rspo3™Y mice has
772  been described (39). Recombination in this model was induced by intraperitoneal injection of 1
773  mg tamoxifen for 5 consecutive days. Mice were aged until they showed clinical signs (anemia,

774  hunching and/or weight loss). The porcupine inhibitor LGK-974 was administered by daily oral
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775 gavage at 1 mg/kg in 0.5% hydroxypropyl methylcellulose. Vil1-Grem1 mice and Btn/1—"— mice
776  were generated as described previously (11,38).

777

778 Immunohistochemistry and in situ hybridization

779  Tissues were fixed overnight in 10% neutral buffered formalin, then embedded in paraffin. Staining
780  was performed on 4 ym sections, which had been heated at 60 °C for 2 hours. Primary antibodies
781 used for IHC were as follows: CDX1 (1:250; Invitrogen #PA5-23056), CDX2 (1:200; Abcam
782  #ab76541), HNF4A (1:10,000; Perseus Proteomics #pph1414-00), HNF4G (1:1000; Novus
783  Biologicals #NBP1-82531), SOX9 (1:500; Millipore #AB5535). HNF4A and SOX9 were detected
784 by an Agilent AutostainerLink48 using high pH citrate buffer (Target Retrieval Solution, Aglient
785  #K8004/K8005) and peroxidase blocking. CDX1, CDX2, and HNF4G were detected on a Leica
786  Bond Rx autostainer, using ER2 antigen retrieval solution (Leica #AR9640). For RNAscope, the
787  following probes were used from Advanced Cell Diagnostics: Btn/1 (436648) and Trdc (449358).
788  Staining was performed on a Leica Bond Rx autostainer according to Advanced Cell Diagnostics
789 instructions. Images were acquired with an Olympus BX51 or Zeiss Axio Imager.A2 microscope.
790  For each antibody or RNAscope probe, staining was performed on tissue sections from at least
791 three mice of each genotype, and representative images are shown for each staining. The average
792  number of y8 T cells was determined by HALO image analysis software (Indica Labs) in 10° ym?
793  tissue from 1-5 villi or tumors within each mouse.

794

795 Gene expression analysis of mouse tissue

796 RNA-seq data from wild-type, VAT and VAFFK mouse intestinal tissue was generated for
797  previous studies (ArrayExpress E-MTAB-7546) (25,26,68). Analysis of these data was performed
798  as previously described where raw counts per gene were determined using FeatureCounts version
799 1.6.4 (68). Differential expression analysis was performed using the R package DESeq2 version
800 1.22.2, and principal component analysis was performed using R base functions. RNA-seq data
801 from wild-type, Hnf4a¥4, Hnf4g”* and Hnf4a”*;Hnf4g”* mice was analyzed as previously
802  described (33); these data are available (GSE112946).

803

804  Flow cytometry

805 Tumors and 1 cm? of jejunum were cut into small pieces using the Mcllwain™ Tissue Chopper
806 and digested on the gentleMACS™ Octo Dissociator with Heaters (program, 37C_m_TDK 1)
807 using the mouse Tumor Dissociation Kit (Miltenyi Biotec) according to the manufacturer’s

808 instructions, and prepared cells were resuspended in 0.5% BSA in PBS. Cells were stained in the
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809 brilliant stain buffer (BD Biosciences) containing antibodies for 30 min at 4 °C in the dark. The

810 following antibodies were used:

811
Antigen Clone Conjugate Source Catalogue Dilution
CD19 1D3 APC-eFluor780 eBioscience 47-0193-82 1:400
CD3e 17A2 BV650 BioLegend 100229 1:100
CD8a. 53-6.7 BUV805 BD 564920 1:50
EpCAM G8.8 APC-eFluor780 eBioscience 47-5791-82 1:100
TCR delta GL3 FITC eBioscience 11-5711-85 1:200

812

813 Dead cells were identified with Zombie NIR Fixable Viability dye (Biolegend). Cells were acquired
814  using a 5-laser BD LSRFortessa flow cytometer with DIVA software (BD Biosciences). Data were
815 analyzed using FlowJo Software version 9.9.6.

816

817 Human patient cohorts and immunohistochemistry

818  The Scotland cohort was assembled from 1030 patients who had undergone a resection for Stage
819  I-IV colon cancer between 1997 and 2007 at the Glasgow Royal Infirmary, Western Infirmary or
820  Stobhill Hospital in Glasgow, UK. Tumors were staged using the 5" edition of AJCC/UICC-TNM
821  staging system. A sub-cohort of 144 samples were selected for IHC, and tissue was available from
822 142 patients where both tumor and normal adjacent tissue was visible. The Norway cohort was
823  assembled from 299 patients who had undergone a resection for Stage Il-1ll colon cancer between
824 2000 and 2020 at the Southern Hospital Trust in Norway. Tumors were staged using the 5" edition
825  of AJCC/UICC-TNM staging system from 2000 to 2009, the 7" edition from 2010 to 2017, and the
826 8" edition thereafter. A sub-cohort of 84 samples were selected for IHC, and tissue was available
827  from 71 patients where both tumor and normal adjacent tissue was visible. The Thailand cohort
828 was assembled from 411 patients who had undergone a resection for Stage I-IV colon cancer
829  between 2009 and 2016 at hospitals in Thailand. These samples were approved by the Siriraj
830 Institution Review Board (COA no.Si544/2015). Tumors were staged using the 6" or 7" editions
831 of AJCC/UICC-TNM staging system. A sub-cohort of 136 samples were selected for IHC, and
832  tissue was available from 122 patients where both tumor and normal adjacent tissue was visible.
833  Across all cohorts, patients were excluded if they had received neoadjuvant chemotherapy or died
834 within 30 days of surgery. The cohorts consisted of the following clinicopathological
835  characteristics:

836
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837
Scotland Norway Thailand
Sex
Female 73 (51%) 41 (49%) 60 (44%)
Male 71 (49%) 43 (51%) 76 (56%)
Age
>=65 90 (62%) 68 (81%) 69 (51%)
<65 54 (38%) 16 (19%) 67 (49%)
Tumor site
Right 67 (47%) 48 (57%) n.a.
Left 46 (32%) 36 (43%)
Rectum 31 (22%) 0 (0%)
TMN Stage
I 16 (11%) 0 (0%) 0 (0%)
Il 60 (42%) 51 (61%) 24 (18%)
1 63 (44%) 33 (39%) 61 (45%)
\% 5 (3%) 0 (0%) 37 (27%)
Differentiation
Moderate/Well 131 (91%) 65 (77%) 133 (98%)
Poor 13 (9%) 16 (19%) 0 (0%)
Missing 0 (0%) 3 (3.6%) 3 (2.2%)
MMR Status
Proficient 116 (81%) n.a. n.a.
Deficient 25 (17%)
Missing 3(2.1%)
838
839 IHC was performed on full tissue sections with citrate buffer (pH 6.0) antigen retrieval with

840 standard protocols, using an anti-TCR& antibody (1:300; clone H-41, Santa Cruz #sc-100289, lot
841 K1318 or K2618) previously validated (69). Scoring of y6 T cells was conducted using
842  VisioPharm® software. The first level of tissue compartments (primary tumor, adjacent normal
843  tissue) was manually annotated. A tissue classifier was built using RGB and haematoxylin features
844  with the application of a K-means clustering algorithm and was trained using sections from all
845 cohorts. A pan-lymphocyte detector was built using a five-pixel mean filter applied to the

846  chromogenic DAB feature and a dual haematoxylin feature consisting of a polynomial smoothing
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847 filter and a polynomial Laplace filter at a field size of 15 pixels at an order of two. The output metric
848 is defined as the % of total cells within an analysed region that are positively identified as the
849  target cell type.

850

851 Gene expression analysis in human tumors

852 TempO-Seq (Biospyder Technologies, Carlsbad, CA, USA) whole transcriptome profiling was
853 performed on 82 patients from the Scotland cohort, according to the manufacturer’s instructions
854  using whole FFPE tissue sections. 77 out of the 82 had matched y5 T cell IHC data. FFPE tissue
855  were deparaffinised prior to tissue digestion. Crude tissue lysates were used as input for whole
856 transcriptome analysis using the Human Whole Transcriptome v2.0 panel. Detector oligos,
857  consisting of a sequence complementary to an mRNA target plus a universal primer landing site,
858  were annealed in immediate juxtaposition to each other on the targeted RNA template and ligated
859  (70). Amplification of ligated oligos were performed using a unique primer set for each sample,
860 introducing a sample-specific barcode and lllumina adaptors. Barcoded samples were pooled into
861 a single library and run on an lllumina HiSeq 2500 High Output v4 flowcell. Sequencing reads
862  were demultiplexed using BCL2FASTQ software (lllumina, USA). FASTQ files were aligned to the
863  Human Whole Transcriptome v2.0 panel, which consist of 22,537 probes, using STAR (71). Up to
864 two mismatches were allowed in the 50-nucleotide sequencing read. Deseq2 was used to
865 normalize raw read counts. Linear regression analysis on paired samples was performed using
866  Prism software (version 9.3.1).

867 Oncomine was used to query gene expression levels of BTNL3, BTNL8, HNF4A, HNF4G,
868 CDX1 and CDX2 in normal and tumor tissue from the TCGA (15) and Skrzypczak (27) cohorts.
869  Expression levels are presented as log. median-centered intensity.

870 The Marisa cohort consists of fresh-frozen primary tumor samples from patients with colon
871  cancer collected and transcriptionally profiled as described previously (30). The normalized, batch
872  corrected microarray data for the Marisa cohort were downloaded from Gene Expression Omnibus
873 (GEO) using the accession number GSE39582. This dataset had been processed using the
874  Robust Multi-Array Analysis (RMA) method and corrected for technical batch effects using
875 ComBat as described previously (30). Probesets were collapsed to the gene level by selecting the
876  probeset with the highest mean expression value across all samples for each gene using the
877  collapseRows function (method=“MaxMean”) from the WGCNA package (72) using R (v3.3.2).
878  Only tumor samples from patients with Stage Il or Ill disease who did not receive adjuvant
879  chemotherapy that had relapse-free survival data (n = 258) were used analysis.

880
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881 Organoid culture and treatment

882  Small intestine was harvested from mice of indicated genotypes. Organoids were generated as
883  previously described (25,68), cultured in Matrigel with ENR medium (Advanced DMEM/F12
884  containing 2 mM Glutamine, 10 mM HEPES, 1x N2 supplement, 1x B27 supplement, 50 ng/mL
885 EGF (R&D Systems), 100 ng/mL Noggin (Peprotech), 1000 ng/mL R-spondin 1 (Peprotech), 100
886  U/mL of penicillin and 100 U/mL of streptomycin). Organoids were split every 2-3 days. Where
887 indicated, organoids from wild-type (Cre negative mice), VA™F, VK, and VATFK mice were treated
888  with 1 yM 4-Hydroxytamoxifen (4-OHT, Sigma) in ENR medium for 48 hours. Organoids from wild-
889  type mice were treated with 3 yM and 10 yuM CHIR-99021 (Sigma) or DMSO as a control (1:300
890  dilution) in ENR medium for 6 days. Medium containing CHIR-99021 was changed every day.
891  After 6 days, organoids were cultured in ENR medium without CHIR-99021 or DMSO for 2 days.
892  Organoids from wild-type mice were treated with 100 uM BI-6015 (Cayman) or DMSO as a control
893  (1:100 dilution) in ENR medium for 3 days. Cells were collected for downstream analysis on
894 indicated day after treatment. Biological replicates were generated from individual mouse organoid
895 lines.

896 Short hairpin (sh)RNA target sequences designed against Cdx1, Cdx2, Hnf4a, Hnf4g and
897  Sox9 were selected from Merck Mission shRNAs

898  (https://www.sigmaaldrich.com/GB/en/product/sigma/shcind). 5 sequences per gene were

899  subcloned into the pLKO.1-Puro lentiviral backbone (https://www.addgene.org/8453/), and inserts
900 sequenced before use. Viral supernatants were prepared following transient transfection of 293FT
901 cells with pLKO.1 encoding shRNAs, pSPAX2 packaging vector and pVSVG envelope vector
902  using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) as described (73). Two
903 24-hour supernatants were collected sequentially over a 48 hour period, pooled and filtered
904 through a 0.45 um syringe filter and then concentrated using the Lenti-X Concentrator solution
905 (Clontech/Takara, Saint-Germain-en-Laye, France). Intestinal WT organoids were expanded 3
906 days prior to infection in normal growth medium supplemented with 1 pg/ml R-Spondin, 3 uM
907 CHIR-99021 (GSK3p inhibitor), 10 uM Y27632 (ROCK inhibitor), and 1 uM Jagged-1 (Notch
908 Ligand 1) to enrich stem and progenitor cells (74). VA™F organoids that received Sox9 shRNAs
909 were similarly expanded but no supplements were added. Organoids were reseeded into the same
910 medium 24 hours before infection. Freshly concentrated viral supernatants were added directly to
911 harvested, manually disrupted organoids in the presence of 8 ug/ml polybrene and mixtures
912 seeded into 12 well plates coated with a fine film of Matrigel. Organoid fragments were left to

913  attach overnight and then drained before overlaying with a fine film of Matrigel. Organoids were
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914 expanded in culture medium as above, supplemented with 1 pg/ml R-Spondin (WT organoids
915 only) and 3 pg/ml puromycin.

916

917 Quantitative RT-PCR

918 RNA was isolated from fresh intestinal organoids using Qiagen’s RNeasy kit (Manchester, UK)
919  with on-column DNA digestion. RNA concentration and purity (cutoff = 2.0-2.2 260/280 ratio) was
920 determined using a Thermo Scientific NanoDrop spectrophotometer with NanoDrop 2000
921 software. cDNA was prepared from 0.5-1 pg RNA using a Quantitect Reverse Transcription Kit
922  (Qiagen) and diluted to 2.5 ng/mL in DEPC-treated water. For quantitative RT-PCR, 12.5 ng
923  aliquots of cDNA were amplified in triplicate on an ABI 7500 real-time PCR machine using
924  SyGreen Blue Mix Lo - ROX PCR master mix (PCR Biosystems, London, UK) and primers
925 (below), all at 2.0 uM except for Btn/1 (1 uM Fwd; 4 pM Rv), with endogenous controls Hprt
926 (Mm_Hprt_1_SG; Quantitect) and B-actin (Mm_Actn_1_SG; Quantitect). Relative expression was
927 calculated by the ACt method after averaging endogenous controls. Data are displayed as fold
928 change (22°Y. The following primer sequences were used for each gene: Btnl1 forward 5'-
929 CCGGGAACACGCTACTGTC-3, reverse 5-CAAACCAGGGCTACTTTCCAT-3’; Btnl2 forward
930 5-TTTGCTATGGATGACCCTGC-3’, reverse 5-TCCTGATTGCTGCTGTGTGT-3’; Btnl4 forward
931 5-CATTCTCCTCAGAGACCCACACTA-3’, reverse 5-GAGAGGCCTGAGGGAAGAA-3’; Btnl6
932 forward 5-CGTGTGGAGGATAATAAGGCAGA-3’, reverse 5-TCCTTGCGCCAATCTGCATAC-
933 3. The other primers were purchased from QIAGEN (Quantitect Primer): Hprt (QT00166768);
934  Axin2 (QT00126539); Lgr5 (QT00123193); Sox9 (QT00163765); Cdx1 (QT00265139): Cdx2
935 (QT00116739); Cd44 (QT00173404); Hnf4a (QT00144739); Hnf4g (QT00169799).

936

937 Gene promoter analysis

938 Promoter sequences for mouse Btnl1, Btnl2, Btnl4 and Btnl6 and human BTNL3 and BTNL8 (12
939 kb upstream of ATG start site) were extracted from the UCSC Genome Browser (75). These
940 sequences were analyzed by The Open Regulatory Annotation database (ORegAnno) (76) for
941  putative transcription factor binding sites using ApE software.

942

943  ChlP-seq

944  ChlP-seq data were generated as previously described (33), using anti-HNF4A (6 pg, Santa Cruz
945  #sc-6556 X, lot B1015) and anti-HNF4G (6 pg, Santa Cruz #sc-6558 X, lot FO310) antibodies.
946  ChlP-seq were visualized using IGV (77). ChIP-seq data are available GSE112946.

947
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948  Statistical analysis

949  An unpaired t test or the non-parametric Mann-Whitney test was used to compare two groups.
950 One-way ANOVA was used to compare groups of three or more followed by Tukey’s or Dunnett’s
951 posthoc test. The log-rank (Mantel-Cox) test was used to analyze Kaplan—Meier survival curves.
952  Correlation between genes was determined using the Pearson correlation coefficient. P values
953 less than 0.05 were considered statistically significant. Graphs were generated and statistical
954  significance calculated using Prism software (version 9.3.1). The statistical tests used are
955 indicated in figure legends. For all animal and organoid experiments, each data point represents

956 an individual mouse or individual organoid line.
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