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Hepatic zonation determines tumorigenic
potential of mutant f3-catenin
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Oncogenic mutations in phenotypically normal tissue are common across adult
organs'2. This suggests that multiple events need to converge to drive tumorigenesis
and that many processes such as tissue differentiation may protect against
carcinogenesis. WNT--catenin signalling maintains zonal differentiation during
liver homeostasis**. However, the CTNNBI oncogene—encoding B-catenin—is also
frequently mutated in hepatocellular carcinoma, resulting in aberrant WNT signalling
that promotes cell growth>S, Here we investigated the antagonistic interplay between
WNT-driven growth and differentiation in zonal hepatocyte populations during liver
tumorigenesis. We found that 3-catenin mutations co-operate with exogenous MYC
expression to drive a proliferative translatome. Differentiation of hepatocytestoan
extreme zone 3 fate suppressed this proliferative translatome. Furthermore, a GLUL
and Lgr5-positive perivenous subpopulation of zone 3 hepatocytes were refractory to
WNT-induced and MYC-induced tumorigenesis. However, when mutant CTNNBI and
MYCalleles were activated sporadically across the liver lobule, a subset of mutant
hepatocytes became proliferative and tumorigenic. These early lesions were
characterized by reduced WNT pathway activation and elevated MAPK signalling,
which suppresses zone 3 differentiation. The proliferative lesions were also
dependent on IGFBP2-mTOR-cyclin D1 pathway signalling, in which inhibition of
either IGFBP2 or mTOR suppressed proliferation and tumorigenesis. Therefore,

we propose that zonal identity dictates hepatocyte susceptibility to WNT-driven
tumorigenesis and that escaping WNT-induced differentiation is essential for

liver cancer.

In the homeostatic setting, where most hepatocytes are quiescent,
adecreasing gradient of WNT pathway activity from the central vein
to the portal node acts as a major regulator of hepatic zonation**—a
phenomenon in which hepatocytes perform distinct metabolic func-
tions based on their lobular location. As such, the liver lobule may be
divided into three zones along the portal node-central vein axis, with
hepatocytes termed accordingly: zone1(periportal), zone 2 (midlobu-
lar) and zone 3 (pericentral). This configurationrestricts the activity of
nuclear 3-catenintothe pericentral, zone 3 hepatocytes within the liver

lobule, driving their maturation and compartmentalizing the expression
of WNT-target genes. By contrast, during regeneration’ and hepato-
cellular carcinoma (HCC)>®, WNT pathway activity drives hepatocel-
lular growth. Further complicating our understanding of WNT-driven
HCCis the selection of point mutations inexon 3 of CTNNBI1 over other
types of WNT pathway-activating mutation, such as APC truncations
or RNF43/ZNRF3loss®, that have nevertheless been shown to be tumo-
rigenic in the mouse® 2. Understanding how CTNNBI mutations con-
tribute to tumorigenesis and alter zonal specification willbe important
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Fig.1|See next page for caption.

as previous lineage-tracing studies have demonstrated zonal differ-
ences to hepatocyte growth in the homeostatic liver® ™ and the cell of
origin of HCC'*%,

MYCisrequired for WNT-driven HCC

We sought to investigate the tumorigenic potential of common WNT
pathway mutations in the mouse liver. Sporadic WNT pathway muta-
tions in the hepatocyte epithelium were only weakly oncogenic,
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requiring alonglatency period toelicit alow tumour burden (Fig.1a-c
and Extended Data Fig. 1a-d). Unlike other tissues that commonly
acquire WNT pathway mutations, WNT activation via Apcloss did not
increase endogenous Myc expression in the mouse liver (Extended
DataFig.1e).InhumanHCC, 81% of CTNNBI-mutated tumours exhibit
MYC copy number gain along with significantly increased MYC gene
expression (Fig.1d). Recapitulating previous findings', expression of an
R26"M transgene in Ctnnb1°*""hepatocytes enhanced tumorigenesis
(Fig.1b,cand Extended DataFig.1a-d), the addition of MYCupregulated



Fig.1|BMclones formlesions with reduced WNT pathway activation.
a,Mouse model recombining alleles at alow clonal density in the hepatocyte
epithelium.i.v.,intravenous. Theillustrations of the mouse and adenovirus
were adapted from Medical Art Servier (https://servier.com)undera CCBY 4.0
licence. b, Tumour-free survival. Alog-rank (Mantel-Cox) test was used. See
Methods for the censoring criteria (censors are denoted by vertical tick marks).
¢, Tumour scoring. For biological replicates,n=6forA,n=12forB,n=6forRZ,
n=9forMandn=10for BM. Thebars are mean + s.d. One-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons test was used to determine
significance.d, The Cancer Genome Atlas Liver Hepatocellular Carcinoma
(TCGA-LIHC) data comparing CTNNBI activating mutations to MYC copy
number alterations (CNAs) and mRNA expression. Pvalues were calculated
withatwo-sided Student’s t-tests. Each dot represents aunique HCC tumour
(n=346 HCCs).e-h, Quantification of recombined hepatocytes (e) and mutant
lesions (f) per field of view (PFV) at days 30 and 60 post-induction. Mutant
lesionsize (g) and distribution (h) are also quantified. For biological replicates,
forday30,n=3for WT,n=4forBandn =9 for BM;and for day 60, n=4for WT,
n=7forBandn=10for BM.Thebarsaremean +s.d. Two-way ANOVA with Sidak’s
multiple comparisons test and two-sided Kolmogorov-Smirnov cumulative
frequency test were used to determine significance. i, Representative image of

B-cateninand BrdUIHCin day 60 BM livers (n=5). The black arrowheads
highlight single hepatocytes with high B-catenin staining; and the dashed
outline highlights alesion. j, Representative image of animmunofluorescent
mask used to selectregions for spatial transcriptomics. BrdU (red), GLUL
(yellow) and DNA (blue) are shown. k-m, Spatial transcriptomics gene set
enrichmentanalysis (GSEA) for MAPK upregulated genes (k), MAPK
downregulated genes (I) and translation reactome pathway (m); MAPK GSEA
is fromaday 10 Braf**°°*-mutated liver. NES, normalized enrichment score.

n, TCGA-LIHC data comparing CTNNBI activating mutationsand MYC CNAs
(GISTIC) to CCNDI and IGFBP2 expression; copy number1(gain) or 2 (high-level
amplification) is considered to have copy gains.n =346 HCC tumours. Pvalues
were calculated withatwo-sided Student’s t-test. 0, GSEA from the spatial
transcriptomics assay, consensus, liver-specific, YAP gene targets>®. For all
boxplots, the median (central line) and 25th and 75th percentiles (box) are
shown, and the whiskers represent the maximum and minimum of non-outlier
values within1.5x the interquartile range. Databeyond whiskers are outliers.
For all GSEA plots, the NES was calculated by normalizing to the mean
enrichmentofrandomsamples, and two-sided permutation was calculated
with Benjamini-Hochberg multiple test correction. Scale bars, 100 pm.

many gene programs alsocommonly found inthe Apc-deficient intes-
tine (Extended Data Fig. 1f). The shared gene sets were all associated
with mRNA translation and protein synthesis pointing to the need for
anoncogenic translatome in WNT-driven cancer.

Tumorigenesis requires optimal WNT signalling

Toinvestigate how sporadically mutated Ctnnb1®"":R26":M" hepato-
cytes progress to tumours, we examined Ctnnb1%%"7;R26""™" mosaic
livers 30 and 60 days after treatment with a low viral titre of AAVS.TBG.
Cre (Fig. 1a). Dispersed, recombined hepatocytes were detected in
R26"Sttdmate Cennbh1*MT and Ctnnb1%"7;R26-" ¢ livers (Fig. 1e and
Extended DataFig.1b). Ctnnb1°*"7:R26"""“-mutant hepatocytes were
alsofoundin clusters of more than five adjacent hepatocytes (Fig. 1f).
The size distribution of these clusters (hereafter lesions) changed
between day 30 and day 60, with a trend towards an increased num-
ber of mid-sized lesions (16-25 cells in size) and significantly fewer
smaller lesions (5-10 cellsinsize; Fig. 1g,h). The Ctnnb1°°"7;R26:5-M"¢
lesions were in proximity to single-mutant clones that had failed to
expand (Extended Data Fig. 1g). There was no indication that the
single-mutant clones were senescent as they were negative for both
p21and p16 (Extended Data Fig. 1g). The CtnnbI1®"";R26"" ™" -mutant
proliferative lesions were distinguished by reduced WNT pathway
activation, asindicated by decreased nuclear CtnnblI positivity, when
compared with neighbouring single Ctnnb1¢*"7;R26'"™-mutant
hepatocytes (Fig. 1i). This feature did not extend to MYC expression,
which remained unchanged between Ctnnb1®"7;:R26::M single
clonesand proliferative lesions (Extended Data Fig. 1h). We performed
a spatial transcriptomics assay on day 60 Ctnnb1**"7;R26"-"  livers
to investigate differences between single non-proliferative mutant
hepatocytes and proliferative mutant lesions (Fig. 1j). Proliferative
lesions were significantly enriched for the expression of gene sets
associated with active MAPK signalling, mRNA translation and pro-
tein synthesis when compared with single-mutant hepatocytes
(Fig. 1k-m and Extended Data Fig. 1i). Immunohistochemistry (IHC)
confirmed the presence of factors associated with mTOR activity and
increased mRNA translation within the proliferative lesions (Extended
Data Fig. 1j). Previously, zone 2-driven homeostatic proliferation was
linked to IGFBP2, mTOR and CCND1 activity®, therefore we decided
toinvestigate whether these factors were alsorelevantto WNT-driven
tumorigenesis. IHC confirmed the expression of CCND1in proliferative
lesions (Extended Data Fig. 1k). Moreover, IGFBP2 was significantly
upregulated in human CTNNBI;MYC-mutated HCC as well as end
point Ctnnb1°¥"7;R26"""“mouse liver tumours (Fig. Inand Extended

Data Fig. 2a-c). Next, we compared the WNT-driven gene signatures
in the mutant lesions and single clones with CTNNBI;MYC-mutated
HCC. We found that the WNT-driven gene expression signature in the
Ctnnb1MT;R26"-M proliferative lesions strongly correlated with the
CTNNBI;MYC-mutated HCC and Hoshida subtypes S2 (characterized by
proliferationand MYC activation) and S3 (associated with hepatocyte
differentiation)?, whereas the single clones more closely resembled
CTNNBI-mutated HCC with normal MYC copy number (Extended Data
Fig.2d-g). Spatial transcriptomic profiling of the lesions also revealed
anincrease in YAP activity (Fig. 10), which can influence cell fate* and
antagonize WNT signalling®. There was also increased expression of
E-cadherinin these lesions (Extended Data Fig. 2h), which can modu-
late oncogenic B-catenin signalling in colorectal cancer?. Both fea-
tures could explain why the proliferative lesions show reduced WNT
pathway activation.

Tofunctionallyvalidate the majorfindings fromtheday 60 Ctnnb1¢"7;
R26-M spatial transcriptomic assay, we inhibited mTOR activity in
Ctnnb1®*/"T:R26"-M hepatocytes with rapamycin between days 30
and 60 (Fig. 2a) and observed asignificant reduction in the number of
lesions (Fig. 2b,c). Furthermore, transient inhibition of mMTOR between
day 30 and day 60 (Fig. 2d) profoundly impacted end-stage tumour
formation, compromising the ability of Ctnnb1°%"7:R26'"M"“ hepato-
cytes to form tumours, resulting in a significant reduction in tumour
number and an extension in survival (Fig. 2e). Disrupting expression
ofthe zone 2 factor Igfbp2, using AAV8.U6.shRNA-Igfbp2, reduced the
number of Ctnnb1*"7;R26""M" lesions at day 60 (Fig. 2f-h). Finally,
Yap and Taz deletion in Ctnnb1®/"7;R26"M" hepatocytes prevented
lesion formation 60 days post-induction, with only occasional intensely
CtnnbI-positive single-cell clones visible in the Yap™; Taz" liver sam-
ples (Fig. 2i-k). Collectively, these data demonstrate that Ctnnb1®7;
R26"M"“-mutant hepatocytes need to dampen oncogenic WNT activa-
tion and engage the zone 2-specific IGFBP2-mTOR-CCND1 pro-growth
pathway for tumorigenesis to proceed. This prompted us to examine
how distinct zonal hepatocyte populations respond to combined WNT
and MYC activation to initiate tumorigenesis.

GLUL" hepatocytes are less permissive

To test how zonally patterned hepatocytes respond to Ctnnb1&M7;
R26"MYC.driven growth, we acutely recombined the respective alleles
throughout the hepatocyte epithelium (Fig. 3a). Pan-hepatocellular
Ctnnb1®?and R26"*"™recombination resulted in significant hepatocyte
proliferation and hepatomegaly (Fig.3b,c and Extended Data Fig. 3a).
Over time (days 4-10 post-induction), two notable features became
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Fig.2|See next page for caption.
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Fig.2|Early BMlesionsreactivate the zone 2-specific IGFBP2-mTOR-CCND1
axis. a, Schematic to treat BM lesions with rapamycin. b, Quantification of
B-catenin®lesions PFV. The bars are mean + s.d. One-tailed Mann-Whitney test
was used todeterminesignificance. For biological replicates, n = 6 mice per
treatment. ¢, Representative image of B-catenin IHC (n = 6).d, Schematicto
treat BM lesions with rapamycin for atransient 30-day period. e, Liver-to-body
weightratio (LW:BW), tumour scoring, tumour-free survival and liver macroscopic
images of BM livers treated with rapamycin or vehicle. Alog-rank (Mantel-Cox)
testand one-tailed Student’s t-tests were used to determine significance. The
bars are mean +s.d. For biological replicates, n =9 for vehicleand n =9 for
rapamycin. f, Schematic to treat BM lesions with AAV8.U6./gfbp2-shRNA

or AAV8.U6.scramble-shRNA. g, Quantification of B-catenin®lesions PFV.

Thebarsaremean ts.d. Aone-tailed Student’s t-test was used to determine
significance. For biological replicates, n=8mice per treatment. h, Representative
image of B-catenin IHC (n = 8). i, Schematic and time course of experiment
recombining Ctnnb1°°-mutant, MYC-mutant and Yap™'Taz"-mutant alleles.
Theillustrations of the mouse and adenovirusin panelsa,d,f,iwere adapted
fromMedical Art Servier (https://servier.com)undera CCBY 4.0 licence.
Jj,Quantification of B-catenin® lesions PFV. The bars are mean + s.d. A one-tailed
Mann-Whitney test was used to determine significance. For biological replicates,
n=5for Yap**Taz”* and n =10 for Yap"/'Taz""". k, Representative image

of B-cateninIHC (n =5). The dashed lines mark 3-catenin®lesions (c,h,k).
Scalebars,100 um (c,h,k),1cm (e).

apparent:first, theincrease in hepatocyte proliferation was transient,
occurring predominantly in GLUL™ zone 1 and zone 2 hepatocytes
around day 4 and diminishing by day 10 post-induction. Second, this
transient proliferative response was succeeded by marked upregu-
lation of the zone 3 GLUL-expressing domain along the liver-lobule
axis, underpinned by asignificantincreasein thelevels of zone 3 gene
transcripts (Fig. 3b-d and Extended Data Fig. 3b-e). Overexpression of
MYC alone increased hepatocyte proliferation across all zones of the
liver, with equal rates of proliferation in GLUL* and GLUL ™ hepatocytes
(Extended Data Fig. 3e) but was not tumorigenic per se (Fig. 1la-c and
Extended DataFig. 1c,d). Of note, hepatocyte apoptosis was elevated
in R26"“™ livers but was suppressed in a Ctnnb1***7" background
(Extended Data Fig. 4a—c). This phenomenon was also observed in
mutant CTNNBI;MYCsamples from patients with HCC (Extended Data
Fig. 4d), suggesting that synergistic WNT pathway and MYC muta-
tions can confer both proliferative and anti-apoptotic benefitsin liver
tumorigenesis.

To examine zonal differences in mutant 3-catenin-driven prolifera-
tion, we used a whole-mouse transcriptome spatial transcriptomics
assay on day 4 Ctnnb1®?"7 liver (Extended Data Fig. 4e). Although
WNT pathway activation, as assessed through nuclear accumulation
of B-catenin, was uniform across theliver lobule, there was a clear tran-
scriptional separation between GLUL" (combined GLUL high and low)
and GLUL™ (combined GLUL-adj and portal node-adj) regions (Extended
Data Fig. 4f-h), with the latter region showing significantly elevated
expression of Igfbp2 (Fig. 3e). Consistent with the notion that IGFBP2
is required for zone 2-driven homeostatic growth and thatitisnota
direct WNT-target gene, its expression was lost by day 10 in the Ctnn-
b1*3-mutated series of livers (Extended Data Fig. 5a—f), coinciding
with areduction in hepatocyte proliferation (Fig. 3c). To functionally
confirm that an IGFBP2, mTOR and CCND1 signalling axis was con-
tributing to the increased proliferation in Ctnnb1®%"7;R26-5-M¢ liv-
ers at day 4, we treated the mice with the mTOR inhibitor rapamycin,
which significantly reduced proliferation (Fig. 3f and Extended Data
Fig. 3f). We also induced Ctnnb1®%"";R26*™'“ recombination in an
Ifgpb2-deficient mouse model and found that hepatocyte proliferation
was again significantly reduced (Fig. 3g and Extended Data Fig. 3g).
Attempts to overexpress IGFBP2 and super-stimulate mTOR activity
via AKT activationin zone 3 hepatocytes did not promote proliferation,
suggesting that these factors are required for oncogenic growth but
arenotsufficient toinduce growth in terminally differentiated zone 3
hepatocytes (Extended Data Fig. 3h-s). Together, these data suggest
that the same mechanism deployed during zone 2 homeostasis is per-
missive to Ctnnb1°*-driven growth, but that WNT-driven differentiation
to azone 3 fate blocks this effect.

WNT-MYC support a proliferative translatome

mTOR-mediated mRNA translation is a key component of oncogenic
WNT-driven growth in the intestine** and ribosomal genes expressed
in zone 2 promote liver regeneration®?°, To investigate the role of

mRNA translationin WNT-mutated liver, we performed ribosome pro-
filing on AAV8.TBG.Cre-treated livers at day 4 during the proliferative
phase and day 10 when a sizeable fraction of the hepatocyte popula-
tion had differentiated to a zone 3 fate. R26"“**“ activation increased
the translation efficiency of select mRNA transcripts (Extended
Data Fig. 6a-d), which was further enhanced when combined with a
Ctnnb1®*™" mutation (Fig. 3h). Transcripts associated with cell divi-
sion and growth were preferentially translated in day 4 highly pro-
liferative CtnnbI1*"7;R26"""  livers (Fig. 3i). The day 4 pro-growth
translatome was downregulated in the Ctnnb1"7;R26"-M¥ livers
at day 10, when the hepatic lobule had differentiated to a predomi-
nantly zone 3 fate (Fig. 3j and Extended Data Fig. 6e), coincident with
aglobal reduction in ribosome occupancy (Extended Data Fig. 6f).
Together, these data reveal a targeted RNA translation programme
that supports the production of proteins required for the zone 1and
zone 2 hepatocyte proliferation 4 days after oncogenic WNT and MYC
activation.

Lgr5'hepatocytesresist WNT-driven HCC

GLUL" hepatocytes were refractory to WNT-driven proliferation.
Inthe hepaticlobule GLUL" hepatocytesreside in asingle, perivenous,
sublayer of zone 3, and do not occupy the entire zone. To determine
whethera particular sublayer of zone 3 was resistant tooncogenic WNT,
we used arange of genetically engineered mouse models toinduce Cre
expression in a zonally restricted manner across the hepatic lobule
(Extended Data Fig. 7a). Spatial profiling of hepatocyte proliferation
revealed that R26"“"“ recombination induced proliferation in all
regions of the liver (Extended Data Fig. 8a-i), consistent with the acute
AAVS8.TBG.Cre model, where MYC-induced proliferation did not display
azonal bias (Extended Data Fig. 3e). In the absence of the R26""¢
transgene, the Ctnnb1®**" livers exhibited increased hepatocyte pro-
liferationin the first 100 pmadjacent to the GLUL" hepatocytes, but not
inthe GLUL'Lgr5" hepatocytes surrounding the central vein (Extended
Data Fig. 7b—f), coinciding with the region where Igfbp2 expression
begins (Extended Data Fig. 7g,h). This proliferative response was con-
sistentin each model despite the use of different zonal Cres to induce
recombination. To confirm that Lgr5-specific Ctnnb1%*" and R26--M"¢
activation did not have a delayed oncogenic response, we examined
thelivers 20 days post-induction and could not detect hepatomegaly,
aberrant hepatocyte proliferation or expansion of mutant hepatocytes
atthe central vein (Extended Data Fig. 8j—-m). Together, these datasug-
gest that an extreme zone 3 Lgr5* hepatocyte fate is not permissive to
oncogenic WNT-driven growth.

MAPK antagonizes WNT-driven differentiation

To examine how zonation affects tumorigenesis, we introduced
various oncogenic mutations into Lgr5" central vein hepatocytes and
examined their tumorigenic potential (Fig. 4a and Extended Data
Fig. 8n). The central venous, LgrS* Ctnnb1®*"7:R26""M" mutants did
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Fig.3|Acute WNT and MYCactivationdrives hepatomegaly, viaa transient
proliferative responseinzonelandzone2hepatocytes, before establishing
apan-lobularzone 3. a, Schematic of acute, hepatocellular, WNT and MYC
activation. Theillustrations of the mouse and adenovirus were adapted from
Medical ArtServier (https://servier.com)undera CCBY 4.0 licence.b,c, Confocal
immunofluorescence staining for BrdU (red), GLUL (yellow) and HNF4 o (white)
intheliver 4 days post-induction (b). Nuclei were counterstained with DAPI
(blue). Scale bars,100 pm. Quantification of BrdU" hepatocytesis also shown
(c). Forbiological replicates, for day4,n =10 for WT, n=11for M, n=14 for Band
n=7forBM;forday10,n=10forWT,n=11forM,n=11forBandn=7for BM.
Thebarsaremean +s.d. One-way ANOVA with Holm-Sidak’s multiple comparisons
test was used to determine significance. CV, central vein; PN, portal node.

d, Whole-liver RNA sequencing and liver-zonation GSEA. Lobule layers (L1-9)
arenumbered from the central vein (L1) to the portal node (L9) according to
Halpernetal.?® (n=50onday 4 and n=3onday10). The schematic of the lobule
layers was created in BioRender. Raven, A. (2025) (https://BioRender.com/
pv8v7yw). e, NanoString GeoMx digital spatial profiling of a Ctnnb1°"" day 4
liver, with the volcano plot comparing differentially expressed genesin GLUL"
and GLUL regions. Each dotdenotesanindividual gene. Green denoteslog,
fold change (FC) > 2; blueindicates transformed P> 3 (equates to adjused

not form tumours in the liver but eventually developed intestinal
polyps (Fig. 4b and Extended Data Fig. 8o-r). By contrast, the zone 1
andzone 2 GIs2°“t*:Ctnnb1*"";R26"-™* model did develop tumours
(Fig. 4c and Extended Data Fig. 8s). Previous studies have linked RAS
activity to portal node (zone 1 or 2) hepatocytes, suggesting that it
may have arole in zonally specifying zone 1 of the hepatic lobule*?,
Introduction of oncogenic BRAF(V600E)—a mutant protein kinase
that drives constitutive activation of the MAPK signalling cascade
downstream of RAS—promoted tumorigenesis in the Lgr5" hepato-
cyte population (Fig. 4d and Extended Data Fig. 8o-r,t-x). The result-
ing LgrS* hepatocyte-derived Braf"*°*-driven tumours expressed the

744 | Nature | Vol 649 | 15 January 2026

P<0.001) above dashed horizontal line; red shows over both thresholds; and
grey denotesunder both thresholds. The Pvalues were calculated in DESeq2
using atwo-sided Wald test and the Benjamini-Hochberg method. The overlaid
bluecircles highlight WNT targets. n=4 B mice. f, Quantification of BrdU*
hepatocytesinvehicle-treated and rapamycin-treated BM mice 4 days post-
induction (n=8pergroup). Aone tailed Student’s t-test was used to determine
significance. The barsare mean + s.d. g, Quantification of BrdU" hepatocytesin
Igfbp2-deficient (Igfbp2”") BM mice 4 days post-induction. For biological
replicates, n=17for Igfbp2"* and n=11for Igfbp2™". A one-tailed Student’s r-test
was used todeterminesignificance. The bars are mean + s.d. Datafrom panel ¢
areincluded in panel g. h-j, Ribosome profiling analysis comparing the WT
liver to the BM liver 4 and 10 days post-genetic recombination. For biological
replicates, n=3 per condition. The scatter plot presents translational efficiency
(TE) changes (h); the colour scheme represents significantly altered mRNAs
(adjused P<0.1) translationally upregulated (purple dots; TE log,FC > 0) and
downregulated (red dots; TElog,FC < 0). NS, not significant; RPF, ribosome-
protected fragment. Gene Ontology over-representation analysis of TE
upregulated (purple) or TEdownregulated (red) mRNA using Hallmark
processes onday4 (i) and day 10 (j) liversis also shown. All terms with adjusted
P<0.1areshown.

zone 1 marker CDHI1 and had reduced expression of the zone 3 and
WNT marker GLUL (Fig. 4e). Furthermore, AAV8.TBG.Cre-mediated
pan-hepatocellular Braf*5° mutations suppressed zone 3 gene tran-
scriptsand upregulated azone1gene expression programme (Fig. 4f).
Combining Braf**°** mutations with the ligand-dependent Rnf43™"";
Znrf3™ WNT pathway-activating mutations significantly increased
organ growth (Extended Data Fig. 9a-d) and counteracted zonal dif-
ferentiation, suppressing the upregulation of zone 3 features (Extended
Data Fig. 9b,e-g). Increasing Braf"*°** in a gene-dosage-dependent
way suppressed WNT-induced zone 3 differentiation and switched
proliferation to predominantly occur in zone 3 GLUL" hepatocytes
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Fig.4|See next page for caption.

(Extended Data Fig. 9h—n). Lowering the viral titre to restrict genetic
recombination of mutant WNT pathway alleles and Braf**°*, to asmall
number of hepatocytes, elicited pronounced tumorigenesis in the
liver and reduced the median survival to 50-55 days (Fig. 4g—j). As
small-moleculeinhibitors are available for components of both WNT-
ligand secretion (LGK974) and BRAF (dabrafenib) activation, we tested
whether there was adynamicrelationship between BRAF and WNT sig-
nallingin the liver and established tumours. In the Braf*°°*;Rnf43"",
Znrf3™ cancer model, tumorigenesis could be suppressed with either

LGK974 or dabrafenib (Fig. 4k-p). Examination of dabrafenib-treated
Braf"*°°";Rnf43"": Znrf3"lesions revealed a reduction in proliferation,
mTOR signalling and tumour growth along with an upregulation of
GLUL and adecrease in CDH1and SOX9 levels (Extended Data Fig. 90-t).
We conclude that aberrant growthinLgr5* zone 3 hepatocytes requires
factors that suppress zone 3 differentiation; combining a WNT path-
way-activating mutation with MAPK signalling suppresses zone 3 dif-
ferentiation, upregulates mTOR signalling and profoundly enhances
tumorigenesis.
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Fig.4|Activated MAPK signalling antagonizes zone 3 differentiation
enabling WNT-driven cancer and transformation of Lgr5* zone 3 hepatocytes.
a, Central vein LgrS-specific model of WNT and Braf"*°* activation. i.p.,
intraperitoneal. b—d, Representative macroscopicimages from Lgr5®;
Ctnnble)d/WT;RZéLSbMVC (n - 10' b), Glszae-ER;Ctnnblexj/WT'.R26LSL-MYC (n = 5'. C), LgrSCreER;
Braf"*°%"* (n=7; leftind) and Lgr5*t®; Braf "*°°t/*; Rnf43™", Znrf3" (n=15; right
ind) mouselivers.Scalebars,1cm. e, Representative images of CDHl and GLUL
IHC in LgrS<®; Braf**°% liver tumours (n = 4). Scale bars, 100 um. f, Day 10
whole-liver RNA sequencing and liver-zonation GSEA. For biological replicates,
n=9forA, n=8for Apc;R26""*, n = 5 for Br,n =3 for Ctnnb1****,n =3 forB,
n=5forBM,n=5forBrRZ,n=5forMandn=5forRZ.The schematic of the
lobulelevels was created in BioRender. Raven, A. (2025) (https://BioRender.
com/pv8v7yw). g, Schematic recombining WNT-mutant and Braf-mutant
allelesinthe hepatocyte epithelium. h, Tumour-free survival. For biological
replicates,n=17for BrB,n=15forBrRZ,n=12forB,n=9forBrandn=9forRZ.
Alog-rank (Mantel-Cox) test was used. See Methods for the censoring criteria
(censorsare denoted by the vertical tick marks).i,j, LW:BW ratio (i; biological
replicates:n=15for BrB,n=15forBrRZ,n=10forB,n=7for Brand n= 6 for RZ)
and tumour scoring (j; biological replicates: n=9 for BrB,n=9 for BrRZ,n=11

for B, n=6forBrandn=6forRZ)inmouse models of sporadic WNT-driven
tumorigenesis. A one-way Kruskal-Wallis test and Dunn’s multiple comparisons
testwere used to determine significance. The barsare mean +s.d.Band RZ
samples are plottedin Fig.1b,c and Extended DataFig. 1c.k,I, Schematic
describing LGK974 (k) or dabrafenib (I) treatment from day 30 in the BrRZ
tumour model. Theillustrations of the mouse and adenovirusin panelsa,g, k.l
were adapted from Medical Art Servier (https://servier.com)undera CCBY 4.0
licence. m-p, Tumour-free survival (m,0; log-rank (Mantel-Cox) test; see
Methods for the censoring criteria (censors are denoted by the vertical tick
marks)), tumour scoring (rightinn,p) and LW:BW ratio (leftin n,p; two-tailed
Student’s t-test and two-tailed Mann-Whitney test) from BrRZ mice treated
with either LGK974 (PORCN inhibitor; m,n) or dabrafenib (BRAF inhibitor; o,p).
For biological replicates for the PORCN inhibitor experiments: for the LW:BW
ratio, n=11for vehicle and n =12 for LGK974; and for tumour number, n= 6 for
vehicleand n=9 for LGK974. For biological replicates for BRAF inhibitor
experiments, for the LW:BW ratio, n =11 for vehicle and n =11for dabrafenib;
and for tumour number, n =8 for vehicleand n =12 for dabrafenib. The barsare
mean +s.d.

Apclossisless tumorigenic

Our analysis of mutational frequencies confirmed that CTNNBI exon 3
point mutations are the predominant WNT pathway mutationin HCC
(Extended Data Fig.10a). We sought to determine whether this could be
explained by sporadic mutations arising from the mutational processes
occurringinthe liver. Comparing the predicted mutations, modelled
from HCC mutational signatures, with the observed hotspot point
mutationsin CTNNBI, itappeared unlikely that random mutations alone
could account for the prevalence of CTNNBI exon 3 point mutationsin
HCC (Extended Data Fig. 10b,c). To examine the over-representation
of CTNNBI mutations in HCC, we replaced Ctnnb1®"" with an Apcd™?
allele in our WNT-MYC liver cancer model (Fig. 5a). Nuclear CtnnbI*
Apc-deficient hepatocytes were detected at day 30, but there was a
reductioninApc™;R26"-""“ hepatocytes by day 60 (Fig. 5b). In contrast
to the Ctnnb1¥":R26"M model, Apc™;R26"M -mutant hepato-
cytes formed smaller lesions at day 30, which disappeared by day 60
(Fig.5c-e). Another key difference was the intensity of nuclear Ctnnb1
staining, Apd™*;,R26""M"“-mutant hepatocytes had uniform, intense
nuclear Ctnnbl staining in contrast to the variable nuclear positivity
observed in Ctnnb1*"7;R26"""“ hepatocytes (Fig. 5f). High nuclear
Ctnnbl staining was also observed in infrequent, undifferentiated,
Apd,R26"EMC end-stage tumours unlike the Ctnnb1#"7;R26S-MY¢
tumours that maintained lower levels of nuclear Ctnnb1 (Fig. 5g). Fur-
thermore, the reduced lesion formation in day 60 Apc™%;R26""""“ mice
prolonged survival and decreased tumorigenesis (Fig. Sh-1). These
data confirm that HCC is more permissive to CtnnbI®* mutations than
Apcloss. It has been proposed that the high degree of polyploidy in
hepatocytes is selective for single-point mutations over tumour sup-
pressor loss?*, Itappears that the heightened level of oncogenic WNT
pathway activation, generated by Apcloss, isalso less compatible with
tumorigenesisin the liver, consistent with the relative absence of APC
mutationsin HCC.

To further investigate how the levels of WNT pathway activation
and hepatic-lobule zonal specification affect liver tumorigenesis,
we used a hypomorphic Apc™? allele® that confers a higher baseline
level of WNT pathway activation due to a30% reduction in the lev-
els of Apc than those in wild-type (WT) mice™. In the absence of Cre,
the Apc™-hypomorph liver had increased expression of the WNT and
zone 3 marker GLUL and minimal expression of IGFBP2 (Extended
Data Fig.10d,e). In this background of elevated levels of WNT and an
expanded zone 3, we induced genetic recombination throughout the
hepatocyte epithelium of the Apd™*-hypomorph;R26-"" mice and
compared organ growth to another non-hypomorphic conditional
Apc™ allele® (Extended DataFig.10f). The Apc™hypomorph;R26-5:M"¢
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liver had reduced proliferation at day 4, which resulted in a signifi-
cantly diminished increase in organ size at day 8 (Extended Data
Fig.10g,h).In the absence of Cre-mediated recombination, the Apc™*-
hypomorph did eventually develop liver tumours®. The tumours that
arose in this genetic background had low WNT pathway activation,
did not express nuclear Ctnnb1 and GLUL, and expressed IGFBP2 at
variable levels (Extended Data Fig. 10i,j). Together, these findings
underscore that a WNT-high zone 3 hepatocyte state is not permis-
sive to WNT-driven oncogenic growth and tumorigenesis in the
liver.

Discussion

The defaultrole of WNT signalling in the liver is to promote zone 3 dif-
ferentiation; thisis recapitulated during oncogenesis when 3-Catenin is
mutated. Critically, differentiation to an Lgr5'GLUL" zone 3 fate, which
isnot permissive to oncogenesis, needs to be reversed for WNT-mutant
clones to progress to early tumours. Reversal of differentiation is
dependentonreduction of WNT pathway activation, Yap/Tazand MAPK
signalling, which then enables activation of mTOR and the proliferative
translatome that support tumour outgrowth (Extended Data Fig. 11).

Together, this highlights that ‘just right’ WNT signalling occurs across
cancersandis notjust afeature of colorectal cancer®**. Indeed, Axinl
mutations—the other common WNT pathway alterationin HCC—also
do not robustly activate WNT signalling but upregulate a subset of
WNT-target genes permissive to tumorigenesis®. During HCC develop-
ment, there may be different levels of ‘WNT just right’ activation that
can affect cancer evolution depending on cancer stage®, the origin
of the cancer-initiating cell and additional co-mutational hits. Out-
side of cancer, the compartmentalized response to hyperactivation of
the WNT pathway explains how WNT signalling could stimulate liver
growth during regeneration. Injury-induced expression of ectopic
WNT ligands¥, external to the homeostatic WNT signalling gradient,
would stimulate growth instead of differentiation. Similar observa-
tions were made by Sun et al.'°, who showed a WNT-induced prolif-
erative response outside of zone 3 when the pathway was stimulated
with WNT ligands.

Identification of the pathways and factors that facilitate oncogenic
WNT-driven growthbroadens the range of targets that we could disrupt
inwhat hasbeen, historically, a difficult pathway to treat pharmacologi-
cally. Thisisbest evidenced by the profound effect that rapamycintreat-
ment had onthe early mutantlesions. By understanding the molecular
mechanisms in which isolated hepatocytes, harbouring oncogenic
B-cateninmutations, progress to form multicellular clusters could lead
to new chemopreventative approaches for early liver tumorigenesis.
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Fig.5|AMhepatocytes showintense WNT pathway activationbut areless
tumorigenic.a, Mouse model recombining alleles at alow clonal density inthe
hepatocyte epithelium. Theillustrations of the mouse and adenovirus were
adapted fromMedical Art Servier (https://servier.com)undera CCBY 4.0
licence.b-e, Quantification of recombined hepatocytes (b) and lesions (c) PFV
insectionsfromday30 (n=3forWT,n=4forB,n=9forBM,n=5forAandn=8
for AM) and day 60 (n=4for WT,n=7forB,n=10forBM,n=6forAandn=9 for
AM) livers. Quantification of lesion size and distributionin AM livers at days 30
and 60 post-induction (d). Quantification of B-catenin® cluster cumulative
frequency in AM livers, compared with BM counterparts, at day 30 post-
induction (e). Thebarsare mean + s.d. A two-sided Kolmogorov-Smirnov
cumulative frequency test was used. f, Representative images of f-catenin IHC
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Methods

Mouse studies

All mouse experiments were performed according to UK Home
Office regulations (project licence 70/8646 and PP3908577) fol-
lowing approval by the University of Glasgow Animal Welfare and
Ethical Review Body. Mice were housed in a mixture of indvidually
ventilated cages and conventional cages in a facility that operates as
a specific-pathogen-free facility at constant temperature (19-23 °C)
and humidity (55 £10%) under a12-h light-dark cycle with ad libitum
access to standard rodent chow and water; bedding material and tun-
nels were alsoincluded inall cages. All mice were genotyped from ear
punch biopsies at weaning by acommercial vendor (Transnetyx). To
study tumorigenesis in ageing cohorts, mice were monitored daily.
Humane end points were determined based on loss of weight and body
condition and the appearance of abdominal swelling. Liver cancer
end point was generally identified by significant abdominal swelling
or progressive weight loss; tumour volume measurements were not
used to determine end point. The censoring criteria for ageing liver
cancer cohorts: liver tumour-free mice were censored either due to
health reasons not related to liver tumours (for example, epidermal
wounds and age-associated lymphoma) or when they had passed 500
days post-induction. For genetically engineered mouse models, ani-
mals were assigned to groups according to their genotype. Treatment
groups were randomly assigned; however, steps were taken during
group assignment to avoid separating malesin to singly housed cages.
Selection of groups also aimed to maintain an equal sex balance. Inves-
tigators were blinded during treatment regimens and at sample col-
lection for timepoint experiments. For ageing experiments, it was not
possible forinvestigators to be blind to genotype as this factor needed
tobe known to maintain the welfare of the experimental cohort. Group
sizes were determined on historical experiments where effect size and
power were sufficient to detect statical differences.

The genotypes, transgenes and alleles used for this study were as
follows: Lgr5<R (ref. 39), GIs2°R (ref.13), GIul“*® (ref. 13), Cypla2-®
(ref.13), Igfbp2t (ref. 40), R26R (ref. 41), Villin®™® (ref. 42), Ctnnb1*°
(ref.43), Apcd™ (ref. 9), Apd™-hypomorphic®, Rnf43"%,Znrf3"" (ref. 44),
R2655M¢ (ref., 45), R261SE™omato (ref, 46), Braf"*°% (refs. 47,48), Pten™"
(ref. 49), Yap™ (obtained from the International Mouse Phenotyping
Consortium Knockout Mouse Project Repository) and Taz™ (ref. 50).

The Igfbp2-knockout mouse line was generated at the CRUK Scot-
land Institute by CRISPR gene-editing technology. A CRISPR project
was designed to the Igfpb2 gene (ENSMUSG00000039323/GRCm39:
CMO000994.3). Two CRISPR guides were identified, which cut in the
intronic sequence surrounding exon 2 (ENSMUSE00001244511) and
were demonstrated to have high cutting efficiency in vitro: TAACTCTG
TAGGTGGTAACG, TACTAGCCGCTTGGTGTTGA. Alt-R CRISPR-Cas9
crRNA, Alt-R CRISPR-Cas9 tracrRNA and Alt-R spCas9 nuclease were
purchased from Integrated DNA Technologies. To generate the elec-
troporation solution, the crRNA-tracrRNA duplex and spCas9 pro-
tein were combined in Optimem (Thermo Fisher Life Technologies).
Approximately 7 hafterin vitrofertilization, the one-cell stage embryos
of 5-6-week-old C57BL/6) mice (Charles River) were introduced into
electroporation solution and electroporated using a NEPA21 elec-
troporator (Nepa Gene). The following day, two-cell embryos were
transferred into the oviducts of pseudopregnant CD1females (Charles
River). Genotyping of subsequent pups was performed from ear sam-
plesby PCR using the primers F: AGACTGGGATGTGGAAGCAG andR: AC
TTCTCAGTTCTCCAGGGC followed by Sanger sequencing.

Mice were maintained on a mixed C57BL/6 background. Genetic
recombination was induced in both male and female mice, 2-4
months of age, with either an adeno-associated virus expressing Cre
under the control of the TBG promoter (AAV8.TBG.Cre; AAV.TBG.
PL.Cre.rBG was a gift fromJ. M. Wilson (Addgene plasmid #107787)
to achieve temporal-specific and hepatocyte-specific Cre-mediated

recombination of floxed alleles, or tamoxifen to activate Rosa26**
(wholebody), Villin®** (intestinal specific) LgrST*®, Glul*®, Cyp1a2“,
Igfbp2°*R and GIs2f® (only male mice were used for the GIs2R
experiments as female mice did not recombine as efficiently as male
mice when treated with tamoxifen). AAV8.TBG.Cre was administered
viaintravenous (i.v.) tail-vein injections at a volume of 100 pland a
concentration of either 6.4 x 108 GC m1™ (ref. 51) or 2 x 10" GC ml ™.
Samples were excluded if there was evidence of a failed injection and
impaired genetic recombination. At 6.4 x 10 GC ml™, the AAVS.TBG.
Cre tropismis different between sexes; therefore, these experiments
were performed on male mice. Anexception to thiswas inthe treatment
of Braf'*°!"*; Rnf43"%; Znrf3" mice with dabrafenib and LGK974; here,
equal numbers of male and female mice were used per experimental
group. Tamoxifen (T5648, Sigma-Aldrich) was administered viaintra-
peritoneal (i.p.) injection at 3-mg, 2-mg or 0.5-mg doses.

The PORCN-O-acyltransferase inhibitor LGK974 (205851, MedKoo
Biosciences) was administered twice daily via oral gavage at 5 mg kg™
in a vehicle composed of 0.5% Tween-80 and 0.5% methylcellulose.
Rapamycin (R-5000, LC Laboratories) was administered once daily
viai.p.injection at 10 mg kg™ in a vehicle composed of 5% ethanol, 5%
polyethylene glycol 400 and 5% Tween-80 in PBS. The BRAF inhibitor
dabrafenib (A-1219, Active Biochem) was administered once daily via
oral gavage at 30 mg kg™ in a vehicle composed of 0.5% hydroxypro-
pyl methylcellulose and 0.1% Tween-80. To assay cell proliferation,
the nucleotide analogue BrdU (RPN201, Amersham Biosciences) was
administered 2 h before sampling viai.p. injection of 250 pl.

The AAV8.U6.shRNA-mligfbp2, AAV8.CMV.Igfbp2 and AAVS8.TBG.
myrAkt were designed and constructed by acommercial vendor Vector-
Builder.For the AAV8.U6.shRNA-mligfbp2, the shRNA targeted the fol-
lowing sequenceinthe 3’ untranslated region (UTR) of the mouse Igfbp2
gene GAACCTCCCTTGCTTCTGTTA (catalogue number: P230413-
1010twp; lot number: 230420AAVNO2). Knockdown was confirmed
using IGFBP2 IHC on livers treated with AAV8.U6.shRNA-mlgfbp2.
The corresponding control AAV8.U6.shRNA-scramble was also pur-
chased from VectorBuilder (catalogue number: AAVS8LP(VB010000-
0023jze)-C; lot number: 220329AAV]J07). Both AAV.U6.shRNAs were
administered viai.v. tail-veininjectionsat 2 x 10" GC mI™, For the AAVS.
CMV.Igfbp2virus, the gene encoding mouse IGFBP2 was packagedin to
anAAV8.CMV vector (catalogue number: scCAAV8MP(VB241111-1375dkc);
lot number: 241122AAVS06). IGFBP2 expression was confirmed using
IGFBP2IHC onlivers treated with AAV8.CMV.Igfbp2. For the AAV8.TBG.
myrAkt virus, mouse AKT1 with a Src myristoylation sequence at the
beginning®was packaged into an AAV8.TBG vector (catalogue number:
AAVSL(VB250225-1147vdk); lot number: 250311AAVGO1). For the AAVS.
CMV.Igfbp2 and AAV8.TBG.myrAkt experiments, two control AAVS.
CMV.eGFP and AAV8.TBG.eGFP viruses were used (catalogue number:
sCAAV8CP(VB010000-9304aud)-fand AAV8C(VB010000-9287ffw)-b;
lot number: 241114AAVP24 and 241012AAVAOL).

Human tumour data

TCGA-LIHC datawere downloaded from cBioPortal (https://cbioportal-
datahub.s3.amazonaws.com/lihc_tcga_pan_can_atlas_2018.tar.gz).
For Extended DataFig. 10, three additional cohorts of HCC were used.
The AMC*> and INSERM** data were both downloaded from cBioPortal
(https://cbioportal-datahub.s3.amazonaws.com/lihc_amc_prv.tar.
gz and https://cbioportal-datahub.s3.amazonaws.com/hcc_inserm_
fr_2015.tar.gz). The LINC-JP data were downloaded from the ICGC data
portal (https://dcc.icgc.org/releases/release_28/Projects/LINC-JP).
Mismatch-repair deficient tumours were identified with SigMA* and
removed from the analysis. To stratify HCC samples based on CTNNB1
mutation status, only activating mutations were considered. Activating
mutations were defined as missense mutations at hotspots (protein
position 32,33, 34,35,36,37,41, 45,335,383 and 387) and in-frame indels
athotspots (protein position 23-71) according to Chang et al.*. Expres-
sion datawere obtained fromthe batch-normalized RSEM (RNA-seq by
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Expectation-Maximization) values from TCGA-LIHC after log, trans-
formation with a pseudo-count of 1.

Human tumour data: GSVA analysis

For Extended DataFig. 2g, GSVA scores were calculated with the R pack-
age GSVA (https://bioconductor.org/packages/release/bioc/html/
GSVA.html) on log,-transformed RSEM values after removing lowly
expressed genes (mean log,(RSEM +1) <5).

Modelling CTNNBI mutations

To investigate whether the observed CTNNBI mutation hotspots are
driven by the underlying mutational processes in HCC, we modelled
the mutation frequencies using the trinucleotide mutational spectrum.
Here only missense single-nucleotide variants were considered. We
first calculated the 96-dimensional (six substitution subtypes: C > A,
C>G,C>T,T>A, T>CandT>G,eachflanked by one of the four types
on the 5" and 3’ sides) trinucleotide mutational spectrum of all HCC
samples with at least 50 single-nucleotide variants and took the mean.
This mean spectrum represents the exome-wide mutation probability
PF¥°™M€ for each mutation typeifrom1to 96 in HCC. We then performed
arenormalization using the trinucleotide frequency in the whole exome
and in the gene CTNNBI to obtain P°™"*8!, which represents the local
mutation probability at CTNNBI in HCC. Last, we calculated the
predicted missense mutation frequency at each protein position
as P(missense) = }; P(missenseli)P,-CTNNBI, where P(missenseli) is the
probability of a mutation of type i generating a missense mutation at
this particular protein positionand can be calculated using the codon
table. The predicted mutation frequencies were normalized so that
their sumover all protein positions was the same as that of the observed
frequencies.

Apoptosis gene signaturein HCC

TCGA-LIHCRNA sequencing (RNA-seq) count data and corresponding
clinicalinformation were downloaded using recount3 package (v1.6)*".
TCGA mutational data were downloaded using GenomicDataCom-
mons® R package (v1.12.0). Counts were normalized by applying the
variance-stabilizing transformation function from DESeq2 (v1.36)%.
Single-sample gene set enrichment analysis was performed using
R package corto (v1.2)®° with the Hallmark gene set® ‘Apoptosis’, down-
loaded using msigdbr (v7.5.1)°%. Binned MYC expression was divided
into two equal bins of the same number of patients. CTNNBI mutation
status was converted to binary: mutated or not. Data were visualized
using a combination of ggplot2®* and cowplot®* packagesinR.

Immunofluorescence and IHC

Livers were collected and fixed in10% neutral buffered formalin either
overnightatroomtemperature or overnightat4 °C. Fixed tissue was pro-
cessed for paraffinembedding, and tissue blocks were cutinto 5-pm sec-
tions.IHC and immunofluorescence were performed on formalin-fixed
paraffin- embedded sections according to standard staining proto-
cols. The primary antibodies used for IHC and immunofluorescence
were directed to the following antigens: 3-catenin (1:50, 610154, BD
Biosciences), glutamine synthetase (1:300, ab73593, Abcam (immuno-
fluorescence); 1:800; HPA007316, Sigma-Aldrich (IHC)), BrdU (1:400,
ab6326, Abcam (immunofluorescence); 1:250, 347580, BD Biosciences
(IHC)), HNF4« (1:300, PP-H1415-00, Perseus Proteomics), E-cadherin
(1:300, 610181, BD Biosciences), Ki67 (1:1,000, 12202, Cell Signaling
Technology), IGFBP2 (1:1,000, PA5-81409, Invitrogen), RFP (1:10,000
600-401-379, Rockland), cleaved caspase 3 (1:500, 9661, Cell Signaling
Technology), cleaved PARP (1:1,000,ab32064, Abcam), cyclin D1 (1:150,
55506, Cell Signaling Technology), peEF2 (1:100, 2331, Cell Signaling
Technology), p4E-BP1Thr37/46 (1:250, 2855, Cell Signaling Technology),
pS6(Ser235/236) (1:75, 4858, Cell Signaling Technology), ribosomal
protein pS6(Ser240/244) (1:1,000, 5364, Cell Signaling Technology),
SOX9 (1:500, AB5535, Millipore) and MYC (1:800, ab32072, Abcam).

Representative brightfield images were acquired using an Olympus
BX53 microscope and Olympus cellSensimaging software (v1.7.1). Immu-
nofluorescentimages were acquired using the Zeiss LSM 710 confocal
microscope and the ZEN Blackimage acquisition software.Images were
further processed using Fiji/Image) software (v1.53t)%.

Image analysis

Immunofluorescent images were acquired in up to four fluorescent
channels at x20 magnification on an Opera Phenix high-contentimag-
ing system (Perkin EImer) and subsequently analysed using the Colum-
bus software (v2.9.1.532; Perkin EImer). Forty images were taken per
liver section. DAPI-stained nuclei were identified based on pixelinten-
sity using method ‘B’. Nuclear size (more than 40 pm?) and morphology
(roundness of more than 0.6) were then determined. [llumination
correction and background normalization were performed using the
sliding parabolamodule. Nuclei were then assigned as positive or nega-
tive based on the mean pixel intensity in the corresponding channelin
either the nucleus (HNF4a, BrdU) or a 6-um-thick region surrounding
the nucleus (GLUL). The establishment and optimization of analysis
algorithms was performed blind. IHC images were acquired using a
SCN400F slide scanner (Leica Microsystems) at x20 magnification.
Scanned images were analysed using HALO image analysis software
(v2.0.1145; Indica Labs). Liver sections were selected using the manual
annotation tool and animage classifier to segment tissue and vascula-
ture. Cell quantification and area quantification algorithms were then
used to identify positive cells and staining. For the IGFBP2 IHC analysis,
tencircular regions with aradius of 1990 umwere used to segment areas
around the central vein and portal node for each biological replicate.
B-Catenin and RFP scoring was performed manually using images
from the SCN40OF slide scanner with the Leica Aperio ImageScope
software (v12.4.3.5008). For 3-catenin and RFP mosaic liver analysis,
the following criteria were used: (1) nuclear -catenin-positive and
RFP-positive cells were scored in an average of 29 FOVs at x10 magnifi-
cation; (2) whenscoring lesions, only clusters of five or more adjacent
positive cells were quantified. [gfbp2 scoring in tumours was performed
manually using the Olympus BX53 microscope. Tumours containing
cells positive for Igfbp2 RNA scope probe were quantified as positive
and tumours not containing cells positive for [gfbp2 RNA scope probe
were quantified as negative.

RNA insitu hybridization

In situ hybridization for Igfbp2 (405958) and Notum (428988) mRNA
(all from Advanced Cell Diagnostics) was performed using RNAscope
2.5LS Reagent Kit-BROWN (322100, Advanced Cell Diagnostics) on a
BOND RX autostainer (Leica Biosystems) according to the manufac-
turer’s instructions. Negative (dapf3, 312038) and positive (mm-Ppib,
313918) control probes (both from Advanced Cell Diagnostics) were
includedin eachrun to ensure staining specificity and RNA integrity.

RNAisolation and sequencing

RNA was isolated from whole-liver tissue using the RNeasy Mini Kit
(74104, Qiagen) according to the manufacturer’s instructions. RNA
concentrations were determined using a NanoDrop 200c spectro-
photometer (Thermo Scientific), and quality was assessed using RNA
ScreenTape on an Agilent 2200 Tapestation (Agilent Technologies).
Atotal of 2 ug RNA was purified via poly(A) selection. RNA-seq librar-
ieswere generated using an Illumina TruSeq RNA sample prep kit and
sequenced on an Illlumina NextSeq 500 platform using the NextSeq
500/550 75-cycle High-Outputkit (2 x 36 cycles, paired-end reads, single
index), with the exception of samples from Rosa26“® models for which
libraries were prepared using the lllumina TruSeq Stranded mRNA kit
before sequencing on an lllumina Novaseq 6000 platform (2 x 150
cycles, paired-end, dual index). Raw sequence quality was assessed
using the FastQC algorithm (v0.11.8). Sequences were subsequently
trimmed to remove adaptor sequences and low-quality base calls,
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defined by a Phred score of less than 20, using the Trim Galore tool
(v0.6.4). The trimmed sequences were aligned to the mouse genome
build GRCm38.98 using HISAT2 (v2.1.0), with raw counts per gene
subsequently determined using FeatureCounts (v1.6.4). When com-
paring across groups, data were normalized as a block using quantile
normalization. Differential expression analysis was performed using
the R package DESeq2 (v1.22.2), which uses a negative binomial gen-
eralized linear model, with significance assessed using a Wald test and
Benjamini-Hochberg multiple testing correction. Reactome pathway
enrichmentwas performed using the R package ReactomePA (v1.36.0).
Gene sset analysis was performed using R packages GSA (v1.03.1) when
comparingagainst WT, and GSVA (v1.40.1) for intergroup comparison
of multiple genotypes. Liver zonation gene lists were derived from
analysis in Halpern et al.”®. Gene expression data across nine layers
were filtered toinclude genes with non-zero expression, and then split
into four zonation clusters using Euclidean distance and ‘complete’
hierarchical clustering.

NanoString GeoMX digital spatial profiler

Mouse liver sections from four biological replicates per genotype
were analysed using the digital spatial profiling procedure®. Formalin-
fixed paraffin-embedded tissue sections were treated with 0.1 pg ml™
proteinase K (AM2546, Thermo Fisher Scientific) followed by heat-
mediated epitope retrieval and incubated overnight with RNA oligo
probes (mouse whole transcriptome atlas, Nanostring, GeoMx NGS
RNA WTA Mm). Morphological markers were then detected using
immunofluorescence, an anti-glutamine synthetase antibody (1:300,
ab73593, Abcam) conjugated to 594 Alexa fluorescent protein (Fluo-
rescent Protein Labeling Kits, A10239, Thermo Fisher), 647-anti-BrdU
antibody (1:300, ab220075, Abcam) and the nuclear stain (SYTO13)
were used. Slides were imaged at x20 magnification using the GeoMx
digital spatial profiler with the integrated software suite. Images were
then used to select 2,500-300,000 pm? regions of interest (ROIs) on
which the instrument focuses UV light (385 nm) to cleave the UV-sen-
sitive probes with the subsequent release of the hybridized barcodes.
For the day 4 Ctnnb1**"" samples, 32 ROls (8 per replicate) per each
condition (GLUL-high, GLUL-low, GLUL-adj., PN-adj. and BrdUP**) were
selected for UV-mediated cleavage and probe collection. For the day
60 Ctnnb1®°"7T;R26""M“ samples, 34 ROIs for single clones, 49 ROIs
for lesions and 15 ROIs for normal GLUL* central veins were selected
with further segmentation to GLULP* regions for UV-mediated cleav-
age and probe collection. Libraries were prepared using GeoMx Seq
Code primers (NanoString) and 1x PCR Master Mix (NanoString) and
AMPure XP purification. Library quality was checked using an Agilent
Bioanalyzer. Thelibraries were run on an lllumina NovaSeq sequencing
system (GeneWiz/Azenta). The FASTQ files from sequenced samples
were converted into Digital Count Conversion (DCC) files using the
GeoMx NGS pipeline on NanoString’s DND platform. The DCC files
were uploaded onto the GeoMx digital spatial profiler analysis suite
(NanoString), where they underwent quality control, filtering and Q3
normalization. Normalized GeoMx data were analysed using R base
functions and packages described above.

Ribosome profiling
Liverswere collected and harvested essentially as previously described®.
Livers were dissected on surfaces cleaned and treated with RNase Zap
toreduce RNase exposure. Livers were rapidly dissected and snap fro-
zenas5 x 5 x5 mmfragmentsinliquid nitrogen. Livers were ground to
powder using a mortar and pestle with the CryoGrinder system (OPS
Diagnostics) to ensure the samples were kept frozen. Roughly 200 mg
tissue aliquots were stored in 1.5-ml tubes at —80 °C until required.
Ground liver tissue was poured directly from a 1.5-ml tube on dry
iceinto 900 plice cold lysis buffer (15 mM Tris-HCI (pH 7.5), 15 mM
MgCl,, 150 mM NaCl, 1% Triton X-100, 0.05% Tween 20, 2% n-dodecyl
B-D-maltoside (89903, Thermo Fisher), 0.5 mM DDT, 100 pg ml™

cycloheximide, 1x cOmplete, Mini, EDTA-free protease inhibitor cock-
tail (11836170001, Merck), 1x protease inhibitor cocktail (P9599-5ml,
Sigma), 5 mM sodium fluoride, 500 U ml™ RiboLock RNase inhibitor
(EO0381, Thermo Fisher Scientific) and 25 U ml™ Turbo DNase (AM2239,
Thermo Fisher Scientific) onice andimmediately mixed together and
placed onice for 10 min, while beinginverted every 2 min to maximize
the dispersal and exposure of ground tissue to lysis buffer. Lysates were
centrifuged at4 °Cfor5minat16,000g and 800 plsupernatant pipet-
tedintoafresh1.5-mltubeonice.For cytoplasmic RNA sample, RNA was
extracted from40 pllysate with1 mlTRIzol, as per the manufacturers’
instructions. Lysate (600 pl) was digested with 1 pl Ambion RNase |
cloned, 100 U pl™ (AM2295, Thermo Fisher Scientific), 1 ul MNase (1:20
diln; 0247S, New England Biolabs) with 3.6 111 0.25 M CaCl,, at 22 °C for
15 min at 650 rpm in a thermomixer. The digestion was stopped with
5 pul SUPERaseln RNase inhibitor (20 U pl™'; AM2696, Thermo Fisher
Scientific) and 26 pl 0.5 M EGTA (to stop RNase 1 and MNase, respec-
tively). The samples were loaded onto a 10-50% sucrose gradient,
containing 15 mM Tris-HCI (pH 7.5), 15 mM MgCl,, 150 mM NaCl and
100 pg ml™ cycloheximide, prepared with aBioComp gradient station
and cooled to 4 °Cfor atleast1h. Samples were centrifuged in a Beck-
man XPN-90 Ultracentrifuge with an SW40ti rotor at 38,000 rpm for
2hat4°C. One-ml fractions were collected with a BioComp gradient
station and Gilson FC 203B fraction collector. Fractions pertaining to
the 80S peak were extracted with acid phenol chloroform, followed by
two chloroform washes, and RNA was precipitated with 2 pl glycogen
(10901393001, Roche), 300 mM NaOac (pH 5.2) and an equal volume
of isopropanol overnight at —20 °C.

RNAwas pelleted by centrifugationat12,000gfor 45 minat4 °C.The
supernatant was removed with a pipette, and the pellet was washed
twice with70% ethanol and dissolved in10 pl RNase-free water. RNA was
diluted with 10 pl 2x TBE-urea sample buffer (LC6876, Thermo Fisher
Scientific), heatedat 80 °Cfor 90 s, placedimmediately onice, and then
loaded onto apre-run15% TBE-urea gel (EC68852BOX, Thermo Fisher
Scientific)and ranat 200 Vfor1halongside custom 28-nt (AGCGUGUAC
UCCGAAGAGGAUCCAACGU) and 34-nt (GCAUUAACGCGAACUCGGCC
UACAAUAGUGACGU) RNA markers. The gel was stained with 1x SYBR
gold (S11494, Thermo Fisher Scientific) andimaged ona Typhoon FLA
7000.Animage was printed to size to allow bands, inclusive of 28-nt and
exclusive of 34-nt markers, to be cut from the gel, placed into a1.5-ml
RNA low-binding microcentrifuge tube, and crushed withaRNase-free
disposable pestle. RNA was eluted from the crushed gel piecesin 500 pl
extraction buffer (300 mM NaOAc pH 5.2,1 mM EDTA and 0.25% SDS)
overnightat16 °Cat 600 rpminathermomixer. Gel pieces were filtered
outwith a Costar Spin-X centrifuge tube filter (0.45 pm; 8163, Scientific
Laboratory Supplies) and RNA was precipitated with 2 pl glycogen and
500 plisopropanol overnight at 20 °C.

Precipitated RNA was again pelleted, washed and dissolved in13.5 pl
RNase-free water, as above, and underwent rRNA depletion as fol-
lows. To this, 13.5 pl RNAwas added, 5 pl hybridization buffer (10 mM
Tris-HCI pH 7.5,1 mM EDTA and 2 M NaCl), 1 pl RNasin plus ribonu-
clease inhibitor (N2615, Promega) and 0.5 pl biotinylated DNA oligo
pool (Supplementary Table 1,100 uM total DNA with rRNA_depl_land
rRNA_depl_2 at a 3:1 molar ratio compared with all other oligos) that
had been denatured at 95 °C for 3 min and then placed immediately
onice. This mix was incubated at 68 °C for 10 min at 1,250 rpmin a
thermomixer and then allowed to cool slowly to room temperature
by turning off the thermomixer. rRNA was depleted with 160 pl Dyna-
beads MyOne Streptavidin C1 (65001, Thermo Scientific) as per the
manufacturer’sinstructions and depleted RNA was precipitated with
2 plglycogen and ethanol.

Precipitated RNA was again pelleted and washed as above and then
dissolved in 43 pl RNase-free water and heated at 80 °C for 90 s and
immediately placed onice. RNA then underwent 5’ phosphorylation
and 3’ dephosphorylation with1 pl T4 PNK (M0201S, NEB), 5 pl 10x PNK
bufferand1 pl SUPERaseln RNase inhibitor (20 U pl™) at 37 °C for 35 min,
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with 5 ul10 mM ATP added for the final 20 min. RNA was extracted with
acid phenol-chloroform and precipitated withisopropanol as above.

Purified RNA was quantified on a qubit with the high-sensitivity RNA
kit (Q32852) and 5 ng was input into the Bioo Scientific Nextflex small
RNA v3 kit (NOVA-5132-06), using the alternative step F bead clean-up,
14 PCR cycles and gel-extraction option.

Cytoplasmic RNA samples were run on an Agilent TapeStation to
check RNAintegrity. RNA concentration and sample purity were meas-
ured onaNanoDrop spectrophotometer.rRNA was depleted from1pug
cytoplasmic RNA with the RiboCop v2, and sequencing libraries were
prepared from the rRNA-depleted RNA with the Corall Total RNA-Seq
Library Prep Kit v1 (095.96, Lexogen) using 13 PCR cycles.

Final cytoplasmic RNA and RPF libraries were quantified on an Agilent
TapeStation, with a high-sensitivity D1000 ScreenTape (5067-5584,
Agilent), and sequenced ssingle-end on anlllumina NextSeq500 instru-
ment with a 75 cycles high-outputkit.

Polysome profiles

For undigested polysome profiles, liver tissue was collected, harvested
and lysed exactly as for ribosome profiling, except that 600 pl of lysate
was loaded straight onto a10-50% sucrose gradient and centrifugedin
aBeckman XPN-90 Ultracentrifuge with aSW40tirotor at 38,000 rpm
for2hat4 °Cand runonaBioComp gradient station.

Bioinformatic processing of ribosome profiles

Ribosome footprinting analysis was performed using the Bushell labo-
ratory’s RiboSeq GitHub pipeline (https://github.com/Bushell-lab/
Ribo-seq). All versions of scripts used in this publication can be found
onZenodo® (https://zenodo.org/records/17224880). All R scripts were
carried out using R (v4.3.1). Basic explanations of what these scripts
dois written below.

Raw fastq files were quality control checked with fastQC and have
been uploaded to the Gene Expression Omnibus database with the
accession number: GSE275864. Cutadapt (v1.18) was used to remove
adaptors, trim 3’ bases with Phred scores < 20 and discard reads fewer
than 30 and more than 50 bases after trimming. UMI-tools (v1.0.1)7°
was used to extract unique molecular indexes (UMIs; 4 nt of random
sequence at the start and end of every RPF read) from the reads and
appendedto the read name. Reads were aligned with BBmap (v38.18),
first to remove reads that aligned to either rRNA or tRNA sequences.
Non-rRNA or tRNA reads were thenaligned to afiltered protein-coding
FASTA (see below), containing the most abundant transcript per
gene (calculated from cytoplasmic RNA samples). The resulting BAM
files were sorted and indexed with samtools (v1.9) and deduplicated
using UMI-tools with the directional method. The number of reads
with the 5’ end at each position of every transcript was then counted.
Protein-coding-aligned read lengths peaked at 33-34 nt and lengths
30-38 were used in thisanalysis, which showed strong coding sequence
(CDS) enrichment and periodicity. The offset for each read length was
determined to be 12 nt for read lengths 30-31 nt, 13 nt for 32-35 ntand
14 ntfor 36-38 nt. These offsets were applied to collapse all reads into
asingle frame. Total counts across the entire CDS, excluding the first
20 and last10 codons, were then summed together and used as input
to DESeq2 (ref. 59).

The paired cytoplasmic RNA samples were processed as for the RPFs
above but with the following exceptions: the UMIs were 12 nt at the start
of each read only. No maximum read length was set when trimming
reads with Cutadapt. Reads were aligned to the filtered protein-coding
transcriptome with Bowtie2 (v2.3.5.1)”, using the parameters recom-
mended for use with RSEM: --sensitive --dpad 0 --gbar 99999999 --mp
1,1--np1--score-minL,0,-0.1. Both gene-level and isoform-level quan-
tification was performed using RSEM (v1.3.3)% The isoform quantifi-
cation was used to determine the most abundant transcript per gene
(seebelow), but differential expression was measured at the gene level
with DESeq2 (ref. 59).

The gencode.vM27.pc_transcripts.fa file was downloaded from
https://www.gencodegenes.org/mouse/release_M27.html and fil-
tered to include only transcripts that had been manually annotated
by HAVANA and that have a 5’ UTR, a 3’ UTR, a CDS equally divisible
by three, an nUG start codon and a stop codon. All PAR_Y transcripts
were also removed. The cytoplasmic RNA-seq data were then aligned
to this filtered FASTA and the most abundant transcript per gene was
determined, based on the mean transcripts per million (TPMs) across
allsamples from the RSEM output. The RPF reads were then aligned to
a FASTA containing only the most abundant transcript for each gene.

DESeq2 (ref. 59) was used to test for differential expression. This was
carried out separately on either the RPF or cytoplasmic RNA samples
to calculate log,FCs and plot principal component analyses and also
to test whether the change in RPFs could be explained by the change
in cytoplasmic RNA, as previously described”. TE down groups were
mRNAs withadjusted P< 0.1and log,FC <0, TEup groups were mRNAs
with adjusted P< 0.1and log,FC > 0, no change groups were mRNAs
with adjusted P> 0.9 and not significant (NS) mRNAs were those with
0.1=adjusted P<0.9.

Gene Ontology over-representation analysis was performed with
the R package EnrichR™ using the genes in the groups identified as
being upregulated or downregulated at the translational level (TE up
or TEdown).

Statistical analyses

A prioribased on historical datasets used to ensure the smallest sam-
ple size that could give a significant difference was chosen in accord-
ance with the 3Rs. Statistical analysis was performed with GraphPad
Prism (v7.0.4) for Windows (GraphPad Software; www.graphpad.com).
Normal distribution of data was determined using the D’Agostino and
Pearson omnibus normality test. For non-parametric data, or where
the sample size (n) was too small to determine normal distribution,
datasignificance was analysed using aone-tailed or two-tailed Mann-
Whitney test; for parametric data, datasignificance was analysed using
aone-tailed or two-tailed unpaired Student’s t-test. Paired data were
analysed using a pairwise Wilcoxontest. For comparisonbetween more
thantwo groups, aone-way ANOVA, Kruskal-Wallis or two-way ANOVA
was used with either Tukey’s, Dunn’s or Sidak’s multiple comparisons
post-hoc tests. To analyse differences in the distribution of data, a
Kolmogorov-Smirnov cumulative frequency test was used. Statisti-
cal comparisons of survival data were performed using the ‘log-rank’
(Mantel-Cox) test. P< 0.05was considered significant. For individual
value plots, dataare displayed as mean + s.d., unless stated otherwise.
Statistical tests and corresponding P values are indicated in the fig-
ure legends and figures, respectively. For all histological analysis, the
samples were randomized and the researchers were blinded to the
genotype or treatment.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The RNA-seq and spatial transcriptomic data generated in this study
are publicly available through the Gene Expression Omnibus with
the following accession codes; GSE230644, GSE230110, GSE230137,
GSE230144 and GSE275864. All other data are available from the
corresponding author on reasonable request. The TCGA-LIHC data
were downloaded from cBioPortal (https://cbioportal-datahub.
s3.amazonaws.com/lihc_tcga_pan_can_atlas_2018.tar.gz). The AMC™
and INSERM** data were both downloaded from cBioPortal (https://
cbioportal-datahub.s3.amazonaws.com/lihc_amc_prv.tar.gz and
https://cbioportal-datahub.s3.amazonaws.com/hcc_inserm_fr_2015.
tar.gz). The LINC-JP data were downloaded from the ICGC data portal
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(https://dcc.icgc.org/releases/release_28/Projects/LINC-JP). Ribosome
footprinting analysis was performed using the Bushell laboratory’s
RiboSeq GitHub pipeline (https://github.com/Bushell-lab/Ribo-seq).
Source data are provided with this paper.

Code availability

Allversions of scripts used in this publication canbe found on Zenodo®
(https://zenodo.org/records/17224880).
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Extended DataFig.1|Elevated MYC expressionis required for Wnt-driven
cancerintheliver and single mutantclones do not express senescence
markers or the translational machinery required for tumorigenesis.
a,Mouse model recombining alleles at alow clonal density in the hepatocyte
epithelium. Theillustrations of the mouse and adenovirus were adapted

from Medical Art Servier (https://servier.com) under a CCBY 4.0 licence.

b, Representative image of RFP IHC; R26--™ma Jiver 30 days post administration
of AAV8.TBG.Cre (GC/ml=genome copy per ml), n =3.c¢, Liver-to-body weight
ratio (LW/BW). Biological replicates: Apc™/ (A) n = 6, CtnnbI1**"" (B)n=12,
Rnf43™"%Znrf3™" (RZ) n = 6, R26*“MY (M) n = 8, Ctnnb1****";R26 - (BM)
n=11.Barsaremean+s.d. One-way ANOVA with Tukey’s multiple comparisons
test.d, Tumourscoring. Biologicalreplicates:An=6,Bn=12,RZn=6,Mn=9,
BMn=10.Barsare mean +s.d. One-way ANOVA with Tukey’s multiple comparisons
test.e, Whole-tissue normalised RNA-Seq read counts for Mycinindicated
tissues from wild-type and Apc™ mice. Box plots: centre line =median, upper
(25" percentile) and lower quartiles (75" percentile) (box limits), and 1.5x
interquartile range (whiskers) Biological replicates, movingleft toright on the
x-axis:n=4,4,4,3,4,4,5,5,5,3,4,5.f, Topreactome pathways enriched ingenes
differentially upregulated in: AAV8.TBG.Cre-treated livers 10 days post

induction (2 x 10" GC/ml) BM versus B; and Villin“*®* Apc™ versus Villin“*®
(WT) intestines at day 4 postinduction with tamoxifen. Dots are coloured
accordingtotheir adjusted P-values, with the size of the dots representing the
number of differentially expressed. Statistical significance was determined
withthe enrichPathway() functioninR, using atwo-sided hypergeometric
modeltodetermine the probability of geneset overlap occurring by chance.
Multiple testing correction was applied using the Benjamini-Hochberg
method. Biological replicates: liver, n = 3; intestinal,n=16 WTand n=15Apc™".
g-k, Ctnnb1®""";R26" liver, 60 days post AAV8.TBG.Cre (6.4 x 108 GC/ml).
g, Representativeimages of CTNNBI, BrdU, p21and p16 IHC on serial sections,
n=3.Arrowheads represent single mutant clones and dashed black lines
indicatealesion. h, Representative images of MYCIHC, black arrowheads
highlight MYCP** nucleii, Spatial transcriptomics GSEA. Normalised Enrichment
Score (NES) was calculated by normalising to the mean enrichment of random
samples, and two-sided permutation testing with a Benjamini-Hochberg test
was applied, p-adj=padjusted value. j-k, Insitu hybridisation for Notum and
IHC for peEF2, p4E-BP1(Thr37/46), pS6(Ser235/236), pS6(Ser240/244), and
CCND1. Dashed outline highlights lesion. Representativeimages of n = 4 per
group. Allblack scalebars=100 pm. Allred scale bars =20 pm.
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Extended DataFig.2|See next page for caption.
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Extended DataFig. 2| Ctnnb1®*"";R26'""* Tumours express Igfbp2.

End point Ctnnb1¢*"7;R26'"" liver tumours. aand b, Images of IGFBP2
immunohistochemistry and images of in situ hybridisation for /gfbp2,n=3.
Scalebars, 100 pm. ¢, Tumor scoring for Igfbp2 positive and negative tumours,
Biological replicates n=5. d-f, GSEA of Hoshida?’ subtypes, comparing single
clonesto lesions in day-60 spatial transcriptomic data. For all GSEA plots the
NES was calculated by normalising to the mean enrichment of random samples,
and two-sided permutation testing was applied to determine statistical
significance. Benjamini-Hochberg multiple test correction was applied to the
resulting, p-adj=p adjusted value. g, Gene set variation analysis (GSVA) on

TCGA-LIHC samples stratified by CTNNBI activating mutation status and MYC
copy gain status. Samples with Genomic identification of significant targets
in cancer (GISTIC) copy number1(gain) or 2 (high level amplification) are
considered to have copy gains. Mean GSVA scores for samples withineach
group areshown. h, Heatmap showing differential gene expression of factors
thatregulate CTNNBlactivity ataproteinand transcriptional level fromthe
spatial transcriptomics assay. Selected regions of interest: n =34 clonal; n = 49
lesions. Significantly changed genes highlighted in bold text. Biological
replicates: n=4 mouselivers. Black scale bars,100 pm. Red scalebars,20 um.
NES =normalised enrichment score, p-adj=p adjusted value.
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Extended DataFig. 3| Transient proliferation ofzone-1and -2 GLUL"®
hepatocytes following B-cateninand MYCactivation. a-e, AAV8.TBG.Cre
(2x10" GC/ml) treated livers sampled 4 and 10 days post administrationa, LW/
BW, Biological replicates: Day 4—WT n =10, R26"-* (M) n = 11, Ctnnb1®*"'" (B)
n=14, CtnnbI1®¥“";R26'*¢ (BM) n=9; Day 10—~WTn=10,Mn=11,Bn=10,
BMn=11.Barsare mean+s.d. One-way ANOVA with Holm-Sidak’s multiple
comparisonstest. b, Confocal IF staining for BrdU (red), GLUL (yellow), and
HNF4« (white) 10 days post induction. Nuclei counterstained with DAPI (blue),
n=6.Scalebars,100pum. ¢, Quantification of GLUL?* hepatocytes. Biological
replicates:Day4-WTn=10,Mn=11,Bn=14,BMn=7;Day10-WTn=10,
Mn=10,Bn=11,BMn=7.Barsare mean+s.d. One-way ANOVA with Holm-
Sidak’s multiple comparisons test.d, Whole liver RNA-Seq, top reactome
pathways enriched indownregulated and upregulated genes between day-4 and
-10 BM livers. Dots are coloured according to their adjusted P-values. The
enrichPathway() functioninR, using a two-sided hypergeometric model
determined the probability of geneset overlap occurring by chance. Multiple
testing correction was applied using the Benjamini-Hochberg method.
Biological replicates: Day 4, n = 5; Day 10, n = 3. e, Quantification of BrdU"*
hepatocytes, stratified into GLUL-positive and -negative subsets. Two-sided
Wilcoxon matched-pairs test. Biological replicates: n = 6 per condition.

f, Quantification of BrdUP* hepatocytes in Day-4 vehicle- and rapamycin-
treated mice. Biological replicates: M vehicle n =5, rapamycinn =7; B vehicle
n=4,rapamycinn=4.Barsare mean +s.d. One tailed Mann-Whitney test.

g, Quantification of BrdUP* hepatocytesin [gfbp2 knockout (Igfbp2”") mice.
Biological replicates: M Igfbp2* n=13,Igfbp2’ n=9;Bigfbp2”* n=17,Igfbp2"~
n=_8.Barsare meants.d. Onetailed t-testand Mann-Whitney test. Data from
Fig.1cincludedinigfbp2** groups.h, Acute BM activation combined with viral-
vector delivery of an/gfbp2 expressing transgene. i-k, LW/BW and quantification
of BrdUP**and GLULP* hepatocytes 8 days after AAV8-vector administration.
Biological replicates:n=10. Bars are mean t s.d. two tailed Mann-Whitney test.
1, Acute BM activation combined with viral-vector delivery of a Akt transgene
containing a myristoylationsequence. m-o, LW/BW and quantification of
BrdUP* and GLULP* hepatocytes 8 days after AAV8-vector administration.
Biological replicates: n=5.Barsare mean +s.d. two tailed Mann-Whitney test.
p, Acute BM activation combined with PTEN loss. Theillustrations of the mouse
and adenovirusin panels h,l,p were adapted from Medical Art Servier (https://
servier.com)undera CCBY 4.0 licence. q-s, LW/BW and quantification of
BrdUP* and GLULP** hepatocytes 8 days after AAV8-vector administration.
Biological replicates:BMn=7,BMPn=6.Barsaremean ts.d. two tailed Mann-
Whitney test.
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Extended DataFig. 4 |See next page for caption.
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Extended DataFig.4|R26"" liveris apoptotic and Ctnnb1®**"'" mutation
uniformly activates the Wnt pathway across the liverlobule. a, Representative
images of cPARP immunohistochemistry, n=7.b, ¢, Quantification of apoptotic
cellsby IHC for cleaved PARP (cPARP) and cleaved caspase-3 (CC3) 10 days post
AAV8.TBG.Creinduction. b, Biological replicates: WTn=8,R26""“(M)n =10,
Ctnnb1**™" (B)n =7, Ctnnb1**"";R26"" (BM) n =11. Bars are mean +s.d. One-
way ANOVA with Tukey’s multiple comparisons test. ¢, Biological replicates:
WTn=9,Bn=11,Mn=10,BMn=9.Barsare mean +s.d. One-way ANOVA with
Tukey’s multiple comparisons test.d, Apoptosis gene set enrichmentin
differentially expressed genes among TCGA-LIHC binned by CTNNBI mutation
status and MYCexpression. A two sided, pairwise Wilcoxon test was used to
comparedatatothe MYChigh/CTNNBL:WT group. Boxplots represent the median
(centralline) and 25th and 75th percentiles of the data (box). Whiskers represent

the maximum and minimum of non-outlier values within1.5x the interquartile
range. Databeyond the whiskers are outliers. N=372. e-g, NanoString GeoMx
digital spatial profiling of Ctnnb1**"" day-4 liver. e, Representative image of
immunofluorescence masks used to define the regions selected for spatial
transcriptomics. BrdU (red), GLUL (yellow), DNA (blue). PN, portal node, adj.,
adjacent.f, Principal component analysis (PCA) of spatial transcriptomics data.
ROl perBiological replicate:n=8.g, Gene set variance analysis (GSVA) scores
for liver-zonation gene sets Lobule layers (L1-9), CV, layer 1to PN, layer 9
accordingto Halpernetal.”. Biological replicates n = 4. h, Representative
CTNNBI1IHCin AAVS.TBG.Cre-treated WTand Ctnnb1®**"liver at day 4 post
induction, n=3.Panels1-4 are higher magnificationimages of the dashed
areasintheleft panel, highlighting hepatocytes near the PN and the CV. All
scalebars, 100 pm.
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Extended DataFig. 5| IGFBP2 expressionissuppressedin day-10 Ctnnb1¢/""-
mutated liver. AAV8.TBG.Cre-treated wild-type (WT), R26"- (M),
Ctnnb1*¥""(B), and Ctnnb1**"";R26':M" (BM) livers at days 4 and 10 post
induction. a, Images of in situ hybridisation for /gfbp2. Dashed boxes indicate
zoomedinregions. PN, Portal Node; CV, Central Vein. Scale bars, 100 pm.

b, ¢, Quantification of [gfbp2RNAscope probe copiesin livers ofindicated
genotypesonday4 (b)and 10 (¢) postinduction. Biological replicates: day 4:
WTn=2,Mn=2,Bn=2,BMn=6;dayl0: WTn=6,Mn=5,Bn=6,BMn=6.Bars
aremean ts.d. One-way ANOVA with Tukey’s multiple comparisonstest.d, Images

of IGFBP2immunohistochemistry. Dashed boxes indicatezoomedinregions.
PN, Portal Node; CV, Central Vein. Scale bars, 100 pm. e, f, Quantification of
IGFBP2P* cellsinliversofindicated genotypes on day 4 (e) and 10 (f) post
induction. 10 Circular regions with aRadius of 1990 pumat the portal node (PN)
and central vein (CV) were quantified per mouse. Biological replicates: Day 4:
WTn=10,Mn=15,Bn=16,BMn=12;Day10: WTn=10,Mn=10,Bn=14,
BMn=12.Barsare mean +s.d. One-way ANOVA with Tukey’s multiple
comparisons test.
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Extended DataFig. 6 | See next page for caption.
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Extended DataFig. 6 | Ribosome profiling of Wnt and MYC mutated liver.
Ribosome profiling analysis comparing AAV8.TBG.Cre-treated wild-type
(WT), Ctnnb1®"" (B), R26--"*“ (M), and Ctnnb1®*"";R26**"'“ (BM) livers 4 and
10dayspostinduction. a-e, Ribosome sequencing (Ribo-Seq) data. Biological
replicates n=3 per condition (time point and genotype). a, Principal component
analysis (PCA) of Ribo-Seq data. Totals represents all sequenced cytoplasmic
RNA, RPFs =ribosome protected fragments and represents sequenced RNA
protected by ribosomes.b, ¢, Scatter plot presenting translational efficiency
(TE) changes, colour scheme represents mRNAs translationally up-regulated
(TEup, purple dots, padj<0.1and TElog2FC > 0), downregulated (TE downred
dots, padj<0.1and TElog2FC > 0) WT livers were compared to either Ctnnb1®*""

(c) or R2654MY¢ (d) livers at day 4 and 10. P values were calculated in DESeq2
using atwo-sided Wald test, then multiple testing correction was applied using
the Benjamini-Hochberg method.d, e, Scatter plot presenting translational
efficiency (TE) changes and violin plots comparing day-4 and day-10 R26"-"*¢
(M) livers and Ctnnb1®*/"7;R26*5"M¥ (BM) livers, coloured by TE groups from
day4inpanelcand day 4 inFig.1j. Boxplots represent the median (central line)
and 25thand 75th percentiles of the data (box). Whiskers represent the
maximum and minimum of non-outlier values within1.5x the interquartile
range. Databeyond the whiskers are outliers. f, Polysome profiles. Line and
shaded areasrepresent mean and SD. Biological replicatesn=2.
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Extended DataFig.7|Lgr5°* zone-3 hepatocytes are not permissive to
aberrant growth drivenby Ctnnb1*"", a, Diagram of the hepatic lobule and
theregionsvarious zonal specific Cre recombinases actin hepatocytes (red).
The diagram was created in BioRender. Raven, A. (2025) (https://BioRender.
com/fzlpkat). b-f, Quantification of BrdUP*>* hepatocytesinrelation to their
distance from the GLULP* CV hepatocytesinliver sections of theindicated
genotypes (WT =Wildtype, B=Ctnnb1®*"") and confocal immunofluorescence
images of livers (magenta arrowheads highlight BrdU positive hepatocytes).
All confocalimmunofluorescence staining for BrdU (red), GLUL (yellow), and
HNF4a (white) in liver sections. Nuclei were counterstained with DAPI (blue).
Scalebars,100 pm. b, Lgr5“® mice 4 days postinduction. Dataare mean =s.d.
Biological replicates: n =9. Two-way ANOVA with Sidak’s multiple comparison
test. ¢, GIs2°°*® mice 4 days postinduction. Dataare mean +s.d. Biological
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replicates: GIs2-WT n =5, Gls2-Bn = 8. Two-way ANOVA with Sidak’s multiple
comparisontest.d, Glul*® mice 4 days postinduction. Dataare mean=s.d.
Biological replicates: Glul-WT n =8, Glul-Bn =11. Two-way ANOVA with Sidak’s
multiple comparison test. e, Cypla2““® mice 4 days postinduction. Data are
mean ts.d. Biological replicates: CypIa2-WT n =4, Cypla2-Bn =10. Two-way
ANOVA with Sidak’s multiple comparison test. f, [gfbp2*®® mice 4 days post
induction. Dataare mean +s.d. Biological replicates: Igfbp2-WTn =13, Igfbp2-B
n=9.Two-way ANOVA with Sidak’s multiple comparison test. g, Representative
confocal IF staining for tdTomato (red), GLUL (yellow), and HNF4« (white) in
liver sections from Igfbp2¢tf R26!S-1ma° mice on day 10 postinduction.

CV, central vein; PN, portal node. h, Quantification of RFP?** hepatocytesin
relation to their distance from the GLULP* CVinliver sections from [gfbp2°*
R26!SH1d™omao mice 10 days postinduction. Dataaremean+s.d.n=11.
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Extended DataFig. 8|See next page for caption.
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Extended DataFig. 8| Lgr5°*° zone-3 hepatocytes are not permissive to
tumorigenesis driven by Ctnnb1°*"";R26'--"** mutations. a-i, Schematics
of mouse models of acute Wntand MYC activationin relation to the promoter
and creER used to induce recombination.Quantification of BrdUP** hepatocytes
inrelation to their distance from the GLUL? CV zonein liver sections of the
indicated genotypes (WT =Wildtype, M = R26:5M, B = Ctnnb1®*"", BM =
Ctnnb1®MT; R26'-""¢) and confocal IF images of livers; BrdU (red), GLUL
(yellow), and HNF4a (white) in liver sections. Nuclei counterstained with DAPI
(blue).a, b, ¢, Lgr5“** mice 4 days postinduction. Dataare mean = s.d. Biological
replicates:Lgr5-WTn=9,Lgr5-Bn=9,Lgr5-Mn=12,Lgr5-BMn =12. Two-way
ANOVA with Tukeys multiple comparisontest.d, e, f, GIs2*® mice 4 days post
induction. Dataare mean +s.d. Biological replicates: GIs2-WT n =5, Gls2-M
n=4,Gls2-Bn =8, Gls2-BM n = 4. Two-way ANOVA with Sidak’s multiple
comparisontest.g, h, i, Glul“** mice 4 days postinduction. Dataare meanzs.d.
Biologicalreplicates: Glul-WTn=8, Glul-Mn=9,Glul-Bn=11,Glul-BMn=12.
Two-way ANOVA with Tukey’s multiple comparison test. The schematicsin
panelsa,d,gwere createdin BioRender. Raven, A. (2025) (https://BioRender.
com/fzlpkat).j, CV Lgr5-specific model of acute Wntand MYC activation at
various time points. k, Representative images of CTNNB1IHC 20 days post
induction. Biological replicatesn=3.1, LW/BW at day 4 and day 20. Bars are
mean ts.d. Biological replicates:day4: WTn=12,Mn=16,Bn=10,BMn=15;

dayl0:WTn=13,Mn=12,Bn=7,BMn=12.m, Quantification of BrdUP*
hepatocytes at day-4 and day-20. Bars are mean +s.d. One-way ANOVA with
Tukey’s multiple comparisons test. Biological replicates:day4: WTn=9,M
n=12,Bn=9,BMn=12;day10:WTn=6,Mn=6,Bn=6,BMn=7.n,CV Lgrs-
specific model of Wnt and Braf**° activation. o-r. Tumour free survival curve
(mice had either liver orintestinal tumours), LW/BW ratios and tumour scoring.
Barsare mean +s.d. (p) Biological replicates: BM n =10, Braf"*°° (Br) n=7,and
Braf"*°%;Rnf43""; Znrf3"" (BrRZ) n = 22. (q and r) Biological replicates: BM
n=10,Brn=5,and BrRZ n=19. One-way Kruskal-Wallis test with Dunn’s
multiple compraison test.s, Tumour free survival curve, LW/BW ratios and
tumour scoring from aged GIs2°*t*;,Ctnnb1®*“T;R26" ™ livers. Biological
replicatesn=>5.Barsare mean +s.d.t, CV Lgr5-specific model of Ctnnb1®"7;
R26'S-MY¢ (BM) and Braf"*°%;Ctnnb1°**" (BrB) activation. Theillustration of the
mouseinpanelsa,d,g,j,n,t wereadapted from Medical Art Servier (https://
servier.com) under a CCBY 4.0 licence. u-x. Tumour free survival curve (mice
had either liver orintestinal tumours), LW/BW ratios and tumour scoring. Bars
aremean+s.d. (v) Biological replicates: BMn=9,BrBn =4, and. (wand x)
Biological replicates:BMn=9,BrBn=8.AllScalebars=100 pm. Endpoint=
abdominal swelling or additional signs of morbidity. Datafromb, e, hisalso
plotted in Extended Data Fig. 7b-d.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig.9 | MAPK activity modulatesliver zonation by
promoting zone-1and suppressing zone-3, inhibiting MAPK signallingin
established tumoursswitchesliverzonationresultinginawnthighstate
andreduced mTOR activity. a, Schematic representing liver-specific mouse
model of acute Wnt (Rnf43"/;Znrf3""), and Braf'*°* activation. b, Representative
images of BrdU and GLUL IHC of day-10 livers, n = 6. ¢, LW/BW ratios. d-g, BrdU,
GLUL, CDH1, and SOX9 histo-scoring of day-10 livers. Bars are mean +s.d.
One-way ANOVA with Tukey’s multiple comparisons test. Biological replicates:
() WTn=9,RZn=10,Brn=10,BrRZn=13;(d) WTn=9,RZn=10,Brn=9,BrRZ
n=10;(e) WIn=7,RZn=8,Brn=6,BrRZn=9; f) WTn=9,RZn=8,Brn=10,
BrRZn=11;(g) WIn=8,RZn=8,Brn=10,BrRZn=11.h,Schematicrepresenting
model of acute Wntand Braf**°* activation.i-k, quantification of BrdU and
GLUL in hepatocytes 4 days after recombination of Rnf43™":Znrf3™"", Braf"*°°¢
oracombination of these alleles. Bars are mean + s.d. Biological replicates: WT
n=10,RZn=8,Brn=7Br**’RZn=7and Br**"RZn=8. (i,j) One-way ANOVA with
Tukey’s multiple comparisons test. (k) two-sided, paired, t-test.I-n, quantification
of BrdU and GLUL expression in hepatocytes 4 days after recombination of

Ctnnb1®MT, Braf**°° or acombination of these alleles. Bars are mean +s.d.
Biologicalreplicates: WTn=10,Bn=15,Brn=7,Br"*’"Bn=10and Br**"Bn=3.
(I, m) One-way ANOVA with Tukey’s multiple comparisons test. (n) Two-sided,
paired, t-test. WT and Ctnnb1®"" data (i, j, 1, m) also plotted in Fig. 3cand
Extended DataFig. 4c,e. WT and Braf**°* datarepeated in figure panelsi, j, |
and m. o, Model of short-term dabrafenib treatmentin established BrRZ
tumours. Theillustrations of the mouse and adenovirusin panelsa,h,o were
adapted from Medical ArtServier (https://servier.com) under a CCBY 4.0
licence.p,BrdU, GLUL and CDH1IHC. q, Liver-to-body weight ratios. Biological
replicates: day 60 n =4; Vehicle, n =11; dabrafenib, n =10.r, Macroscopic
tumour scoring. Biological replicates: day 60 n = 4; Vehicle,day 74 n=8;
dabrafenib, day 74 n=7. Barsare mean + s.d. One-way ANOVA and Dunn’s
multiple comparisonstest.s-t, SOX9, pS6(Ser235/236), pS6(Ser240/244) and
p4E-BP1(Thr37/46) IHC. Dashedline, highlights tumour boundary. Males, blue
points; Females, red points. All scale bars, 100 pm. Theillustrations of the
mouse and adenovirus were adapted from Medical Art Servier (https://servier.
com)underaCCBY 4.0licence.
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Extended DataFig.10 | CTNNBI mutational modelling and Wnt-driven
growthinanApc-hypomorphicliver. Modelling CTNNBI mutations using
trinucleotide mutational spectrum. a, Mutation frequency of CTNNBI, APC,
RNF43,ZNRF3,and AXINIin HCC.Intotal 1,189 HCC samples were analysed by
combining multiple cohorts (Materials and Methods). For CTNNBI, activating
mutations are defined as missense mutations or in-frame indels at hotspots.
For tumour suppressor genes, inactivating mutations are defined asnonsense
mutations, splice-site mutations, and frame-shiftindels. b, Observed CTNNBI
mutation frequencies were compared to the predicted mutation frequencies at
different protein positions. Predictionis based on the trinucleotide mutational
spectrumin HCC (Materials and Methods). Only missense single-nucleotide
variants (SNVs) were considered. ¢, The lack of correlation between observed
and predicted mutation frequenciesindicates that the hotspot CTNNBI
mutations are mainly driven by selection advantage, rather than the underlying
mutagenic processes. Atwo-sided p-valueisassociated with the Pearson

correlation coefficient.d, GLUL and IGFBP2 IHC in uninduced livers

(no administration of AAV8.TBG.Cre). e, Quantification of GLULP* hepatocytes
inuninduced mice n= 6 per genotype.Barsare mean +s.d. Two-tailed Mann-
Whitney test.f, Schematic of liver-specific mouse model to acutely recombine
hypomorphic-Apc™™and R26*5“M, Theillustrations of the mouse and
adenovirus were adapted fromMedical Art Servier (https://servier.com)under
aCCBY4.0licence. g, Quantification of BrdUP** hepatocytes. Bars are mean +
s.d. One-way ANOVA and Holm-Sidak’s multiple comparisons. Biological
replicates: uninduced:n=6;Day4:AMn=8,AhMn =11;Day 8: AMn=7,AhM
n=38.h,Fold changeinliver-to-body weight ratios. Bars are mean = s.d. One-way
ANOVA and Tukey’s multiple comparisons test. Biological replicates: Day 4: AM
n=11,AhMn=14; Day 8: AMn =8, AhMn =10.i-j, Aged uninduced Apc™/*-
hypomorphicliver. Dashed line, tumour boundary. GLUL, CTNNBI, BrdU and
IGFBP2 immunohistochemistry, and haematoxylinand eosin (H&E) stain,n=7.
Allscalebars, 100 pm.
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genotype as this factor needed to be known to maintain the welfare of the experimental cohort

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods
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Antibodies

Antibodies used B-catenin (1:50, 610154, BD Biosciences), glutamine synthetase (1:300, ab73593, Abcam (IF); 1:800; HPAOO7316, Sigma-Aldrich
(IHC)), BrdU (1:400, ab6326, Abcam (IF); 1:250, 347580, BD Biosciences (IHC)), HNF4a (1:300, PP-H1415-00, Perseus Proteomics), E-
cadherin (1:300, 610181, BD Biosciences), Ki67 (1:1000, 12202, Cell Signaling Technology), IGFBP2 (1:1000, PA5-81409, Invitrogen),
RFP (1:1000,0 600-401-379, Rockland), cleaved caspase 3 (1:500, 9661, Cell Signaling Technology), cleaved PARP (1:1000, ab32064,
Abcam), cyclin D1 (1:150, 55506, Cell Signaling Technology), peEF2 (1:100, 2331, Cell Signaling Technology), p4E-BP1 Thr37/46
(1:250, 2855, Cell Signaling Technology), pS6(Ser235/236) (1:75, 4858, Cell Signaling Technology), ribosomal protein pS6(Ser240/244)
(1:1000, 5364, Cell Signaling Technology), SOX9 (1:500, AB5535, Millipore) cMYC (1:800, ab32072, Abcam)
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Validation All antibodys were selected on the manufacturers recommendations regarding target species. All antibodies were optimised and
validated on control tissue with known expression of target antigen; location and intensity of signal where assessed to confirm
correct antibody binding.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mus Musculus with a mixed C57BL/6 background were used, experiments were started on mice aged 2—4 months.
Wild animals Study did not involve wild animals
Reporting on sex Mouse sex was determined at weaning by inspecting the genitalia. Experiments using the Gls2CreER only included males as there

were differences in in genetic recombination between males and females. Experiments using 6.4x108 GC/ml only used males as the
AAV8.TBG.Cre tropism is different between sexes. An exception to this was in the treatment of BrafV600E/+;Rnf43fl/fl;Znrf3fl/fl mice
with dabrafenib and LGK974; here, equal numbers of males and females were used per experimental group. In all other animal
experiments equal numbers of males and females were used in each experimental group.

Field-collected samples  Study did not involve samples collected from the field

Ethics oversight All mouse experiments were performed according to UK Home Office regulations (project licence 70/8646 and PP3908577) following
approval by the University of Glasgow Animal Welfare and Ethical Review Body.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-procedures foreach seed-stock-tised-or-novel-genotype generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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