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Emerging evidence suggests that lineage-specifying transcription factors
control the progression of pancreatic ductal adenocarcinoma (PDAC). We
have discovered a transcription factor switching mechanisminvolving the
poorly characterized orphan nuclear receptor HNF4G and the putative
pioneer factor FOXAL, which drives PDAC progression. Using our unbiased
protein interactome discovery approach, we identified HNF4A and HNF4G
asreproducible, FOXAl-associated proteins, in both preclinical models and
Whipple surgical samples. In the primary tumor context, we consistently
find that the dominant transcription factor is HNF4G, where it functions
asthedriver. Amolecular switch occursinadvanced disease, whereby
HNF4G expression or activity decreases, unmasking FOXAL’s transcriptional
potential. Derepressed FOXAl drives late-stage disease by orchestrating
metastasis-specific enhancer-promoter loops to regulate the expression of

metastatic genes. Overall survivalis influenced by HNF4G and FOXAl activity
in primary tumor growth and in metastasis, respectively. We suggest that the
existence of stage-dependent transcription factor activity, triggered by mol-

ecular compartmentalization, mediates the progression of PDAC.

Despite recent advances in the treatment of pancreatic ductal ade-
nocarcinoma (PDAC), median survival remains less than 12 months’.
Recentlarge-scale genomic approaches have shown that PDACis com-
posed of at least two distinct molecular subtypes, based on transcrip-
tomicsignatures, and these are termed the classical and squamous (or
basal/mesenchymal) subtypes. Althoughitis well described that PDAC
harbors gene mutations (that is, KRAS G12D and p53 R172H) that initi-
ate the disease, littleis known about the influence of lineage-defining
transcription factors on the PDAC molecular subtypes'™.

Pioneer factors (PFs) are a specialized type of transcription
factors that can bind directly to condensed chromatin and create

enhancer elements withinthe genome, and changes in the expression
levels or fidelity of these specialized transcription factor TF can alter
cell lineage. The archetypal PF is the forkhead transcription factor
FOXAI (refs. 6-9).In hormone-dependent breast cancer, FOXA1 func-
tionsina physical complex with GATA3 and the nuclear receptor (NR)
estrogen receptor (ER), whereas in prostate cancer, FOXA1 forms a
transcriptional complex with GATA2 and the NR androgen receptor
(AR)’. Seminal work in metastatic organoid models (mouse) of PDAC
demonstrated that elevated FOXA1 and GATAS led to the creation
of new enhancer elements, which were associated with increased
metastatic potential™.

A full list of affiliations appears at the end of the paper.
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The HNF4 families of transcription factors have been implicated
in an endodermal identity” and in the development of PDAC, with
both HNF4A and HNF4G being differentially expressed in the classical
subtype of the disease. At aminimum, these two transcription factors
could function as biomarkers of this common subtype of PDAC, but
as developmental transcription factors", they potentially could have
afunctional role in tumor progression. Supporting this, HNF4A was
previously shown to cooperate with GATA6 (another transcription
factor commonly amplified in PDAC) to maintain ametabolic signature
of the classical subtype®. Very little isknown about HNF4G, althoughiit
has been shown to impact cellular proliferation and invasion™™°. The
SMAD4 deficiency in PDAC has been showntoincrease HNF4G expres-
sion and oncogenic potential™". One of the most statistically enriched
germ-line variants is at the HNF4G gene locus and is linked with
increased HNF4G expression and increased risk of developing PDAC™.

We soughtto leverage the link between FOXAland PDAC metasta-
sisto purify FOXAl-associated proteins, thereby definitively identifying
and characterizing the protein complex involved in disease progres-
sion. We were specifically interested in discovering NR transcription
factorsin PDAC, similar to what is observed between FOXAland ESR1
in breast cancer and between FOXA1 and AR in prostate cancer. We
identify HNF4 family members as consistent FOXAl-associated pro-
teins and show a stage-specific mutually exclusive role for HNF4G and
subsequently for FOXAlin distinct stages of the disease, from primary
tumor to metastasis.

Results

Mapping enhancer regions in normal adjacent tissue versus
PDAC

We adopted an unbiased approach to identify driving transcription
factors in PDAC and performed chromatin immunoprecipitation
sequencing (ChIP-seq) of the active enhancer mark H3K27Ac on sur-
plus tissue obtained after the resection of primary PDAC (Whipple
surgical samples). We identified all genomicintervals with substantial
fold changesin H3K27Ac signal between PDAC tumors (n = 6) and nor-
mal adjacenttissue (n =4; Fig.1a). Amedian of 65,010 H3K27Ac peaks
persample (range = 43,909-76,827) was observed. Enriched enhancer
regions, specifically in primary PDAC lesions, are presented in Fig. 1a,
and we termed these sites as PDAC-enriched candidate regulatory
elements (PDAC-CREs). Unsupervised hierarchical clustering revealed
asubstantial H3K27Ac divergence between tumors and the adjacent
normal tissue (Fig. 1a and Extended Data Fig. 1a,b). Differential tran-
scription factor binding at the tumor-specific regions was assessed
using the cistrome DB toolkit, an approach that identifies binding
site similarity with known experimental transcription factor datasets
(Extended DataFig. 1c), with FOXAlbeing the top correlated transcrip-
tion factor from published ChIP-seq datasets. Analysis of the H3K27Ac
sites showed that the most enriched motifs within all experimentally
mapped enhancer elements from patient samples were hepatocyte
nuclear factor (HNF) motifs (HNF4G and HNF4A) and Forkhead (that
is, FOXAL; Fig. 1a), confirming that these two classes of transcription
factors constitute the lineage-defining factorsin these patient tumor
samples. The analysis of clinical datasets revealed that HNF4A levels
did not differ between normal and primary tumor samples but were
modestly increased in metastatic samples. In contrast, we observed
elevated HNF4G levels in primary tumors compared to the normal
adjacent tissue, but surprisingly HNF4G mRNA levels in metastases
were closer to those observed in normal tissue (Fig. 1b,c)’. Inline with
the previous reports, FOXAl levels were found to be elevated in both
the metastatic and the tumor cohorts (Extended Data Fig.1d)™°. We con-
ducted ChIP-seq of HNF4G, HNF4A and FOXA1from Whipple surgical
samples from PDAC patients (n = 6; Fig.1d and Extended DataFig. 1e,f),
revealing 3,344 reproducible, consensus binding sites where all three
transcription factors cobound at the same genomic regions (Fig. 1d
and Extended Data Fig. 1e-f). These cobound regions were enriched at

promoter proximal regions of the genome (Fig. 1d). We also observed
atotal of 3,461 regions where FOXA1 and HNF4G were corecruited,
without any HNF4A binding. The top enriched motifs for the respec-
tive pull downs were HNF4 and FOXAL1 (Extended Data Fig. 1f), sug-
gesting that these transcription factors bind directly to DNA using
consensus motifs.

The transcription factor mapping data suggested that the regions
of greatest enhancer activity (as defined by the H3K27Ac data) were
preferentially occupied by FOXA1 and HNF4G. A comparison of
HNF4G ChIP-seq from normal adjacent tissue (Fig. 1e) showed that
tumor-specificenhancers were occupied by HNF4G. Insupportof arole
for HNF4G, the genomicregion encoding the HNF4G gene was shown
to be amplified in 9% PDAC patients (Fig. 1f). Inmunohistochemistry
(IHC) analysis of FOXA1, HNF4A and HNF4G from primary PDAC tis-
sue samples confirmed coexpression of these transcription factors,
onlyinthe cancer epithelial cells (Fig. 1g). These findings suggest that
HNF4G mRNA levels and transcriptional activity increase when cells
transition from normal to cancer, that HNF4G and FOXA1 are the key
lineage-defining transcription factorsin PDAC and that amplification
of HNF4G is acommon event that correlates with poor outcome.

Discovery of NRs in the FOXAl interactome

HNF4G and HNF4A are members of the NR superfamily of tran-
scription factors, which is the only readily druggable class of tran-
scription factors due to the presence of a ligand-binding domain.
Although our initial discoveries from patient samples suggested
that HNF4A and HNF4G could co-occupy many genomic regula-
tion elements, we could show that HNF4A binding is dependent on
HNF4G (Fig. 2a,b and Extended Data Fig. 2b), with global HNF4A
binding sites decreased when HNF4G was silenced. We observed
that HNF4G binds directly to CREs at the HNF4A genomic locus,
implying direct regulation of HNF4A expression (Fig. 2b). There-
fore, although HNF4A represents one of the best biomarkers of the
classical subtype of PDAC, our data suggest that HNF4A activity is
functionally downstream of HNF4G.

Our data suggest that HNF4G was essential for the growth of
classical PDAC models, whereas silencing of HNF4A alone was not
sufficient to affect cell proliferation (Extended Data Figs. 2e-h and
3a-e). We subsequently used rapid immunoprecipitation and mass
spectrometry of endogenous (RIME) protein complexes, our method
for unbiased discovery of endogenous protein complexes”2' and
purified FOXAl as the ‘bait’ to discover associated protein complexes
(Fig. 2¢). This was applied to two classical (HPAF-Il and AsPC-1) PDAC
cell line models (where HNF4A and HNF4G are highly expressed)
and one mixed subtype model as a control (Miapaca-2; Fig. 2c,
Extended DataFig.1gand Supplementary Table 1). After FOXA1-RIME,
we identified numerous subunits of the ATP-dependent SWI/SNF
complex, known NR cofactors, including CBP, NCOA3 and NCOR1/
NCOR?2, as well as GATA®6 (ref. 21). Notably, this suggests that FOXA1
is present in both major molecular subtypes of PDAC and many of
the FOXAl-associated coregulatory proteins were the same, except
for HNF4A and HNF4G, which were only seen as FOXAl-associated
proteinsinmodels of the classical subtype of the disease. We validated
this observation in additional models (Supplementary Table 1)>*. To
confirm that HNF4A and HNF4G were in a complex with both of the
metastasis-associated transcription factors, FOXA1 and GATAG6 (ref.
23), we also conducted RIME of GATA6 in the AsPC-1 classical model,
which confirmed unbiased discovery of interactions among HNF4A,
HNF4G, GATA6 and FOXA1 (Supplementary Table 1). The genomic
binding profiles and physical interactions among HNF4G, FOXA1,
HNF4A and GATA6 were validated in additional models of the classical
subtype (Extended Data Figs. 1h and 2a).

We hypothesized that FOXA1 was the PF for HNF4G (and pos-
sibly HNF4A), as seen with other NRs in breast and prostate cancer
that require FOXAL. However, our in vitro data suggest that, although
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Fig.1|Discovery of the HNF4A and HNF4G orphan NRs. a, ChIP-seq was
performed in patient samples taken from Whipple surgery of normal adjacent
(n=4)and PDAC samples (n = 6). Volcano plot represents enriched sites of
H3K27Ac, with normalized intensities of called peaks (3,000 sites) in normal
and tumor samples. The data have been analyzed using negative binomial

GLM as a part of the DiffBind package. The color code shows the significant
thresholds log,(P,q;). Panel awas created with BioRender.com. b,¢, Box plots
show the gene expression levels of HNF4G and adapted fromref. 5. Two-sided
Kruskal-Wallis test was performed. HNF4G expression primary and normal
tissues (P,q; < 1.4 x 10™), primary and metastases (P,4;<1.4 x107).*P<0.03,
***P<(0.01. Normal tissue = 134, primary = 145, metastasis = 61. Metadata for the
plots, median—0.851, 0.633, 0.898, 0.673; 25th percentiles—0.734, 0.530, 0.700,
0.582; 75th percentiles—1.003, 0.781,1.035, 0.879; lower whisker—0.404-0.734,
0.223-0.530, 0.377-0.700, 0.259-0.582; upper whisker—1.003-1.388, 0.781~
1.149,1.035-1.524, 0.879-1.295; upper adjacent value—1.388,1.149,1.524,1.295;
lower adjacent value—0.404, 0.223, 0.377,0.259; box bounds—0.734-1.003,

0.530-0.781,0.700-1.035, 0.582-0.87.d, Heatmaps show coverage intensities
mapped onto overlapped sites between FOXA1, H3K27Ac, HNF4A and HNF4G. An
illustrative snapshot of a genomic region showing common FOXAland HNF4G
bindingsites. Venn diagram showing the overlapping sites between FOXAI,
HNF4G and HNF4A peaks across four independent primary tumors. Distribution
of genomic features across FOXAland HNF4G binding sites in primary tumors
(n=4).1GV screenshots representing FOXAland HNF4G binding from a patient
sample. e, ChIP-seq was performed in patient samples of normal adjacent (n =4)
and PDAC samples (n = 6) to pull down HNF4G and H3K27Ac. Correlation of
log,-fold changes between H3K27Ac and HNF4G ChIP-seq intensities (tumor
versus normal adjacent). f, Kaplan-Meier plot and log-rank test were used to
assess the survival curves for patients with HNF4G amplification versus those
that were copy number neutral from TCGA data. g, IHC staining performed on
frozen sections (n=10). Representative images of FOXA1, HNF4G and HNF4A
restricted to the epithelial cell compartment from one patient are presented.
GLM, generalized linear model; FC, fold change.

HNF4G was consistently required for viability of classical PDAC cell line
models (Extended Data Figs. 2e-j and 3a,b), FOXA1 was not required.
These dataimply that FOXA1 might not be the PF for HNF4G, because
depletion of FOXA1 should phenocopy HNF4G depletion. We also
explored GATA6 as a potential PF for HNF4G, but silencing of GATA6 did
notresultin decreased HNF4G binding sites (Extended DataFig.2c) and
instead depletion of GATA6 resulted in substantial gainsin HNF4G bind-
ingsites, suggesting that GATA6 could be a negative regulator of HNF4G
activity. Wealso found little evidence that HNF4A was required for the

growth of classical models (Extended Data Fig. 2e-j). We, therefore,
focused on HNF4G as achromatin regulatory protein and specifically
silenced HNF4G and subsequently conducted the assay for transposase
accessible chromatin with high-throughput sequencing (ATAC-seq;
Fig. 2d). We found 5,203 regions that were closed and 4,275 regions
that were opened after HNF4G depletion. We could also confirm that
the HNF4G-dependent chromatin accessibility regions were adja-
cent to the HNF4G-dependent target genes (Fig. 2d), suggesting that
HNF4G s responsible for creating the enhancers that drive the target
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Fig. 2| Validation of HNF4G as a therapeutic target. a, HNF4A ChIP-seq
performed in HPAF-Il human tumor cell line +/~ HNF4G-KO. Heatmaps illustrate
normalized coverage density at lost and gained ChIP-seq sites revealed

with DiffBind statistical test at P,4;< 0.05. b, UCSC genome browser tracks
representing binding of HNF1A and HNF4A in the control and HNF4G-KO HPAF-II
cells (chr20:44,282,766-44,452,506). ¢, RIME in a panel of pancreatic cancer
celllines. Three biological replicates of FOXA1-RIME and one pooled IgG control
RIME were included in each experiment. To identify specific interactors, a
label-free quantification method was used. Substantially enriched interactors
are highlighted on the heatmap P,4; < 0.02. Panel ¢ was created with BioRender.
com.d, MA plotillustrates the changes in ATAC-seq open chromatin regionsin
HNF4G-KO versus control (Cas9) HPAF-II cells. Data combine four independent
biological replicates. Statistically significant values are highlighted in red. The
heatmap bar above shows correlation in the vicinity between gained ATAC events
and active gene loci in patient samples (PanCuRX dataset)*’. e,f, HPAF-1l cell was
orthotopically injected into the pancreas of NSG mice. Data from survival (e) and

Time (days)

tumor growth (f) analyses of ultrasound images of tumors are represented for
the control (Cas9) and HNF4G-KO tumors. Pvalue of <0.0006 calculation was
generated from a two-sided two-sample Mann-Whitney-Wilcoxon test to assess
ifthe median of the difference between the samples of each group is different
from 0. Pvalues were calculated with a Welch test with multiplicity corrections
for the growth curves were assessed by a likelihood ratio test P value of <0.0001.
Thelighter lines indicate mouse-specific longitudinal tumor volume measures,
color-coded by specific groups. g, DEGs derived from the HNF4G-KO RNA-seq
analysis were evaluated by integrating clinical data from the PanCuRX study.
Downregulated genes from in Deseq2 test of HNF4G-KO versus control samples
were used to visualize expression patterns in the classical subtype tumors from
the PanCuRX dataset. Hierarchical clustering was used to order clinical samples
column-wise, while the gene expression order was preserved according to
descending expression values of RNA-seq. The color bar at the bottom depicts
the separation pattern between classical primary tumors and metastatic samples
(n=138).1gG, immunoglobulin G; DEGs, differentially expressed genes.

gene expression events. Therefore, HNF4G is required for maintain-
ing chromatin accessibility and HNF4G activity is not dependent on
FOXA1or on GATAS6.

HNF4G mediates primary tumor growth but suppresses
metastatic genes

We sought toexplore the role of HNF4Gin more complex tumor models
of human disease. CRISPR knockout (KO) clones were generated in
the HPAF-II cells (Extended Data Fig. 3d). We orthotopically injected
HNF4G-KO pooled clones or control cells into the pancreas of NOD
SCID-y (NSG) mice and observed a significant increase (P<0.0006)
in the median survival of mice bearing HNF4G-KO tumors compared
to control tumors (Fig. 2e). The HNF4G-KO resulted in slower tumor
growth compared to control (Cas9) tumors (P < 0.0001) and substan-
tially smaller tumors (Fig. 2f), confirming that HNF4G is required for
optimal tumor growth. We conducted RNA-seq on the orthotopic tumor

samples (Extended Data Fig. 3f-j) and identified an HNF4G-specific
target gene signature that was assessed in the PanCuRx clinical cohort?.
Using unsupervised hierarchical clustering, the HNF4G target genes
(discoveredin our orthotopic tumor experiments; Fig. 2g) were specifi-
cally expressed in primary tumors, as opposed to metastatic samples
(Fig.2g), implying that the HNF4G target genes were restricted to pri-
mary tumor contexts. The HNF4G target genes that were differentially
expressed inthe PanCuRx primary tumor samples were adjacent to the
genomic regions that were ‘opened’ by HNF4G in our cell line models
(Fig. 2d, red panel above MA plot), confirming that HNF4G mediates
chromatin accessibility at gene targets that are commonly expressed
in patient samples.

The findings show that FOXA1 cobinds with HNF4Gin the classical
subtype of PDAC, but that FOXAlis not a PF in this PDAC subtype and,
instead, the key transcription factor driving primary tumor growth
appears to be HNF4G. Thus, HNF4G can induce chromatin opening
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Fig. 3| PRMT1physically associates with the FOXA1and HNF4G interactome.
a, Volcano plot represents FOXA1-RIME candidates discovered in HPAF-II cells.
The average of identified peptides in three biological replicates was calculated
and proteins absent in IgG control samples were filtered for <3 unique peptides,
Pvalues of 0.003. Proteins of interest are highlighted. b, Signal intensity plots
generated from PRMT1 ChIP-seq in control and HNF4G-KO binding regions.

¢, Intensities of PRMT1binding coverage measured at open sites (H3K27Ac)

in proximity to HNF4G-regulated genes found in control, HNF4G-KO, HNF4G-
KO + rescue conditions. d, ChIP-seq tag density heatmap of FOXA1, HNF4G

and PRMT1 co-occupancy at PRMT1binding sites from a representative patient
tumor sample. Venn diagram is an overlap of binding sites of these factors from
onerepresentative patient. Panel d was created with BioRender.com. e, Distance

Time (days)

correlation heatmap of ChIP-seq locations illustrates cobinding similarity of
PRMT1, FOXAland HNF4G from three independent Whipple surgical samples.
f,g, Control and HNF4G-KO cells were orthotopically implanted into the pancreas
of mice. Mice with palpable tumors were then randomized into four groups
and treated with GSK3368715 (oral administration of 75 mg kg™ five doses per
week) for 4 weeks, with n =9 mice for control vehicle and HNF4G-KO vehicle
arms and for control + GSK3368715 and HNF4G-KO + GSK3368715arms n =12.
*P=0.0339, **P < 0.0001and **P=0.0002 were calculated with a Welch test
with multiplicity corrections (f). **P = 0.003, **P= 0.0001 and ***P < 0.0001 of
random intercept piecewise model parameters were defined by means of Wald
ttests (g). Thelighter lines indicate mouse-specific longitudinal tumor volume
measures, color-coded by specific groups.

at the target genes that are consistently expressed in patient primary
tumor samples, but these genes are decreased in expressionin metas-
tases, mimicking the expression profile of HNF4G mRNA (Fig. 1b).

PRMT1is a substantial, functional interactor of HNF4G
HNF4G is a poorly studied NR, and it is currently classified as an
‘orphan’ NR, because no endogenous ligands have been implicated

for these orphan receptors®*. Because there are no known or vali-
dated chemical inhibitors of HNF4G, we re-examined our quantita-
tive RIME (Fig. 3a) data, with the goal of finding potential druggable
enzymes that are associated with the FOXA1, GATA6 and HNF4G pro-
tein complex. We found protein arginine methyltransferase (PRMT1)
to be a substantial and reproducible interactor of FOXAl1 and HNF4G
(Fig. 3a). Previous data had implicated PRMT1 as an essential gene in
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Fig. 4| Transcriptional switch from HNF4G-dependent primary tumor

to FOXA1l-induced metastatic progression. a, Cells were orthotopically
implanted into the pancreas of NSG mice (n = 5) for the following conditions:
control, HNF4G-KO, FOXA1-OE and HNF4G-KO + FOXAL Multiplicity P, = 0.001
and 0.04 of random slope parameters were defined by means of an iterative
bootstrap. The lighter lines and dots indicate mouse-specific longitudinal tumor
volume measures, color-coded by specific groups. Panel awas created with
BioRender.com. b, Number of metastases (y axis) as a function of the number

of days since injection (x axis) and group (colors) for n =10 mice (points). The
colored lines show the metastatic burden fit of a Poisson generalized model
with group and time as predictors. Significance levels of test of equality of
metastatic burden over time between groups were obtained from Wald ¢-test
Pvalues for group-related GLM estimates. ¢, Kaplan-Meier plot showing the
survival probability (y axis) as a function of time (x axis) per group (colored
lines). Dots represent the time at which observations were right-censored. The

colored triangles on the x axis indicate the fitted median survival times per
group according to a right-censored log-normal GLM fit. Significance levels

of test of equality of median survival times per group were obtained from

Wald ¢-test Pvalues for group-related GLM estimates. d, H&E images of the
lung metastasis presented in histology. e, Halo analyses were performed to
analyze % metastatic burden per lobe of the lungs n =12 per cohort. Significance
calculated by using aMann-Whitney Utest at P= 0.03. Metadata for the plot,
upper whisker—0.055274-0.073328, 0.12079-0.14077, 0.14145-0.22992,
0.17826-0.20942; lower whisker—0.01254-0.021303, 0.0068246-0.0075507,
0.007361-0.023643,0.007361-0.023643; upper adjacent value—0.073328,
0.14077,0.22992, 0.20942; lower adjacent value—0.01254, 0.0068246,
0.007361, 0.026232; box bounds—0.021303-0.055274, 0.0075507-0.12079,
0.023643-0.14145, 0.053781-0.17826; median—0.026325, 0.037606, 0.037254,
0.064796; 75th percentiles—0.055274, 0.12079, 0.14145, 0.17826; 25th
percentiles—0.021303, 0.0075507, 0.023643, 0.023643.

asubset of PDAC patient-derived xenograft tumors?. The transcrip-
tionally active HNF4G-specific enhancer elements were cobound by
PRMT1, as measured by ChIP-seq, and PRMT1 binding was depend-
ent on HNF4G (Fig. 3b,c). We could also show PRMT1 cobinding with
HNF4G (and FOXAL1) in the Whipple surgical samples (n =3; Fig. 3d,e
and Extended Data Fig. 3k).

PRMT]1 has been previously shown to be essential for the via-
bility of specific PDAC patient-derived xenograft tumor models?.
We could show that the same Type I-PRMT inhibitor (GSK3368715)
was more effective at inhibiting growth in the HNF4G-KO models
(Extended Data Fig. 4a-c), which was associated with an accumula-
tion of the monomethylation mark, the basal state when type IPRMTs
areinactive (Extended DataFig.4d-f). FOXAloverexpression (OE) did
notappreciably alter sensitivity to the PRMT inhibitor. We conducted
afour-armin vivo efficacy study in which control or HNF4G-KO cells
were injected orthotopically into the pancreas of NSG mice and sub-
sequently treated with vehicle or 75 mg kg™ GSK3368715 (Fig. 3f,g).
We observed asubstantial survival advantage of 19 days in HNF4G-KO
tumor-bearing mice (P < 0.03) that were treated with GSK3368715

(Fig. 3f). These data confirm a functional dependence between the
NR HNF4G and the methyltransferase PRMTI that can potentially be
exploited therapeutically.

HNF4G is the dominant transcription factor in primary tumors

Our dataso far suggest that HNF4G can cobind with FOXAl to the same
genomic regions, but only HNF4G is essential for tumor growth, in
part, by recruitment of PRMTL. To explore the potential connection
further, we depleted FOXAland mapped HNF4G binding sites, or vice
versa (Extended Data Fig. 4i). There was no appreciable loss of FOXA1
binding when the NR (HNF4G) was depleted (Extended Data Fig. 4i)
and, notably, we did not see any reproducible decrease in HNF4G bind-
ing when FOXA1 was silenced (Extended Data Fig. 4i), confirming the
evolving conclusionthat FOXAlis not a PF for the lineage-defining NR
(thatis, HNF4G) in primary PDAC.

Although FOXA1 can contribute to the formation of new enhancers
that drive metastasis'®, our data suggest that it has no role in primary
tumor contexts. To explore and validate the potential role of FOXA1
in PDAC, we conducted an orthotopic tumor experiment (Fig. 4a).
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FOXA1-OE did not change primary tumor growth in vivo compared
to control mice (Fig. 4a), whereas HNF4G deletion had a substantial
impact on primary tumor growth. FOXA1-OE was unable toreverse the
tumor growth retardation resulting from the deletion of HNF4G, sug-
gesting that HNF4Gis the dominant transcription factor in the primary
tumor context, whereas FOXAlappears to lack any tumor-promoting
activity in this context. Metastasis was not observed in control EVand
FOXAI1-OE mice due to the rapid primary tumor onset and the ethical
requirement to kill the mice before metastases were detectable.
Next, todirectly explore the role of FOXAland/or HNF4Gin metas-
tasis, engineered human cancer cell lines (HPAF-II) were injected into
the tail vein of mice to directly assess metastatic potential. FOXA1-OE
increased the number of lung metastases, regardless of whether HNF4G
was present or not (Fig. 4b). This confirms that FOXA1 does indeed
promote metastasis as previously suggested'’, but it does not influence
primary tumor growth (Fig.4a). The survival data from the metastatic
experiment confirmed that overexpressed FOXA1lsubstantially short-
ens overall survival, but this was substantially blunted in the absence
of HNF4G (Fig. 4c). Metastatic burden to the lungs was substantially
moreinthe FOXA1-OE and HNF4G-KO + FOXA1-OE contexts (Fig. 4d,e).
Interestingly, when FOXAL is OE in an HNF4G-KO context, these mice
had extended survival, because of the HNF4G depletion, although they
had widespread and substantial metastasis (Fig.4b,d,e). These datasug-
gestthatboth transcription factors contribute to overall survival from
PDAC, with FOXAl mediating metastatic potential and HNF4G mediat-
ing primary growth, and possibly growth at secondary sites as well.

HNF4G restricts the transcriptional activity of FOXA1
To date, our data suggest that HNF4G is the primary driver of tumor
growth, whereas FOXAlbecomes the driver of metastasis, and together,
they both contribute to tumor progression and overall survival. To
understand how a functional switch occurs from HNF4G-dependent
state to a FOXAl-mediated metastatic state in the transition from
primary tumor growth to metastatic progression, we explored our
engineered human cancer cell line xenograft models. We performed
RNA-seq onthe collected primary tumors from the pancreatic ortho-
topic experiment, as well as FOXA1 ChIP-seq and ATAC-seq to map
chromatin accessibility (Extended DataFigs. 4k and 5a-c). We observed
again of 4,940 de novo FOXA1 binding sites when FOXA1 was overex-
pressed compared to EV (Extended Data Fig. 5a). These sites correlated
withregions that were already open and accessible, as measured by
ATAC-seq (Extended DataFig. 5b), implying that anincrease in FOXA1
levels results in opportunistic binding to regions that are already
euchromatic and FOXA1 cannot create new enhancers, as would be
expected fromagenuine PF. Unexpectedly, no differential gene expres-
sion changes were observed after FOXA1-OE (Extended Data Fig. 5f-h),
despitethe gainin FOXA1binding sites. When HNF4G was silenced, how-
ever, 2,133 of these gained FOXA1 binding sites (following FOXA1-OE)
became transcriptionally active (Fig. 5a,b and Extended Data Fig. 5c-e),
suggesting that the presence or absence of HNF4G dictates whether
FOXALl s active at these regions or not (Extended Data Fig. 5i,j).
These new FOXA1 binding sites (that are normally restricted by
HNF4G) result in induced gene expression profiles associated with
metastasis (Fig. 5b,c). We term these ‘'HNF4G-restricted FOXAl metas-
tasis genes’. These HNF4G-restricted FOXAl metastasis genes were
correlated well with the gene expression profiles of metastatic patient
samples (mets) when compared toacohortof classical subtype primary
tumor samples (from the PanCuRx dataset; Extended Data Figs. 5Sm and
6a), validating the conclusion from the preclinical models.

HNF4G dependency to FOXA1-driven metastatic transition

Up to this point, our data suggest that HNF4G is the driver in primary
contexts, and it also restricts FOXA1's metastatic activity. We specu-
lated that HNF4G’s ability to restrict FOXA1 could be compromised
inadvanced disease, where metastatic target genes become induced

by FOXAL. Analysis of the human PanCuRx dataset showed a global
decreasein HNF4G mRNA expression in metastatic samples (mets) rela-
tive to primary tumors, witha coincidentincrease in FOXAl expression
(Fig. 5d). We also conducted IHC of HNF4G and FOXA1 from primary
tumors and relatively rare metastatic human tissue (two independ-
ent cohorts). In primary tumors, we observed clear expression of
HNF4G and FOXA1, which was restricted to the epithelial compart-
ment and predominantly exhibited nuclear expression (Fig. 5e and
Extended Data Fig. 6b-d). When we assessed the metastatic patient
samples, we observed a consistent expression of FOXAL. However, in
twoindependent cohorts, we observed either decreased HNF4G protein
expression or cytoplasmic HNF4G staining in metastases, which was
not observed in primary tumor samples (Fig. 5e and Extended Data
Fig. 6b-d). Our datasuggest that multiple mechanisms exist for a tumor
to inhibit HNF4G activity, allowing FOXAlto become active and drive
metastatic spread.

Context-specific genomic spatial re-organization

To supportour human clinical and preclinical data, we took an orthogo-
nal approach and exploited the autochthonous KPC mouse model®.
We derived and validated cell line models from KPC primary tumors or
from matched liver metastases, permitting a comparison of isogenic
matched cell line models (Extended Data Fig. 6e-h). There was a sub-
stantial gain of global Foxal binding in the liver metastasis (mets) cell
line compared to the primary tumor cell line (Fig. 6a), with a total of
21,790 metastasis-specific gained Foxal binding sites (Fig. 6b,c). The
ability of elevated Foxal to associate with these enhancers resulted in
theinduction of adjacent genes (Fig. 6d and Extended Data Fig. 6e,f),
which were enriched in pathways associated with metastasis. We
exploited the published H3K27Ac ChIP-seq data derived from mouse
organoid models' and demonstrated that the Foxal binding observed
specifically in our metastasis-derived KPC mouse cell line model was
located at the same genomic regions where H3K27Ac was mapped in
the published mouse metastatic organoids (Fig. 6f,g).

We hypothesized that Foxal could promote preferential enhancer—
promoter interactions in the metastatic context. To this end, we per-
formed Hi-ChlIP in the two isogenic mouse cell lines derived from
the KPC mice and found that Hnf4g and Foxal were associated with
chromatin looping (Fig. 6h,i,j). Hnf4g Hi-ChlIP revealed elevated and
preferential long-range looping in the primary tumor context com-
pared to metastasis (Fig. 6h,j and Extended Data Fig. 7a,b). In con-
trast, Foxal Hi-ChIP revealed a global gain of enhancer-promoter
looping events specifically in the metastatic mouse cell line (Fig. 6h,i
and Extended Data Fig. 7a,b). These data implicate FOXAL1 (Foxal)
in metastasis-specific chromatin looping interactions that culmi-
nate in the metastasis-specific gene expression program (Fig. 6i,k
and Extended Data Fig. 7c). Therefore, while HNF4G is the dominant
transcription factor in primary tumor contexts, a switch occurs in
advanced disease, resulting in engagement of FOXA1 to enhancers that
create spatial genomic re-organization and ultimately in induction of
metastasis-specific gene targets.

Discussion

Recent studies have implicated certain transcription factors as signa-
ture genes of specific PDAC subtypes and have linked several of these to
disease progression>>*%, Although transcription factorsin the past have
been considered ‘undruggable’, NR transcription factors constitute
realistic drug targets due to the presence of a ligand-binding pocket
in the protein. To this end, our new insight reveals the NR HNF4G as a
key driver in the primary tumor growth. Currently, HNF4G-targeted
drugs do not exist and HNF4G is an orphan NR with no known endog-
enousligand. One possibility is that HNF4G might lack an endogenous
ligand and could have evolved as an NR-related transcription factor that
does not functionally require the conserved ligand-binding domain.
Alternatively, there could be an endogenous ligand for HNF4G that is
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Fig. 5| Functional FOXA1bindingin the absence of HNF4G. a, ChIP-seq
heatmap represents coverage intensity in EV, FOXA1-OE, HNF4G-KO and
HNF4G-KO + FOXA1-OE at 2,133 functional sites. b, Complex visualization of
functional connection between FOXAl occupancy and gene ontology groups
in proximity to the functional binding sites. Color gradient reflects strength of
the functional links (chr8:125,386,596-125,482,166). ¢, Correlation of FOXA1
ChIP-seq occupancy and ATAC-seq locations in the FOXA1-OE model. The plot
shows log,-fold changes in mapping densities between FOXA1 ChIP-seq and
FOXA1-OE ATAC-seq. Correlation coefficient and Pvalues have been calculated
using the Pearson correlation test. d, PanCuRx dataset was interrogated to
compare primary tumor and metastatic samples. Box plot represents the
mRNA expression levels of FOXA1and HNF4G mRNA from patient samples. The
samples were ordered HNF4G primary tumor, HNF4G mets, FOXAl primary

tumor and FOXA1 mets. The samples were statistically tested using one-sided
two-sample t test (P=0.02). Samples sizes considered for these analyses include
primary tumors, n =105 (classical subtype); metastasis, n = 20. Plot metadata,
upper whisker—8.2729-14.984, 6.3388-9.1325,11.712-25.419,14.303-29.707;
lower whisker—0-2.9732, 0-2.2442, 0-2.3562, 0.37089-3.8985; upper adjacent
value—14.984, 9.1325, 25.419, 29.707; lower adjacent value—0, 0, 0, 0.37089;

box bounds—2.9732-8.2729,2.2442-6.3388,2.3562-11.712, 3.8985-14.303;
median—5.7973, 4.1536, 6.8413,10.395; 75th percentiles—8.2729, 6.3388,11.712,
14.303; 25th percentiles—2.9732,2.2442,2.3562, 3.8985.** P< 0.03. e, FOXAland
HNF4G IHC staining in primary and liver metastatic samples (n = 5 from cohort
1). Representative images from one patient are presented. The areas on the right
show nuclear staining of FOXA1 and substantial cytosolic staining of HNF4G.
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Fig. 6 | Context-specific genomic spatial re-organization mediates FOXA1l-
driven metastasis. a, FOXA1 ChIP-seq performed in KPC mouse-derived primary
tumor cell line and matched liver metastasis (mets) cell line. Heatmaps illustrate
normalized coverage density at common ChIP-seqsites. Panel a was created with
BioRender.com. b, Foxal binding sites that were either common to both tumor
and liver mets, tumor-unique or liver metastasis-unique (gained). The data have
been analyzed using negative binomial GLM as a part of the DiffBind package at
P,4< 0.05 threshold. ¢, Heatmaps represent occupancy of Foxal and Hnf4g at
commonssites in the metastatic cell line model, ordered by Foxal intensity.

d, The plotillustrates the relationship in cumulative numbers of Foxal binding
sites located within the 10-kb linear scale from TSS of differentially upregulated
and constantly expressed genes from the RNA-seq data. e, Difference in
landscape of Foxal binding density across genomic ranges relative to TSS of
induced genes, between mets and primary cell lines. f,g, Correlation of log,-fold

I

changes between H3K27Ac (T versus M organoid models extracted from ref. 10)
with ChIP-seq of Foxal (f) and Hnf4g (g) (mets versus primary tumor cell lines).
h, Difference in Foxal-induced chromatin loops in proximity to upregulated
transcripts across genomic ranges relative to TSS, comparing mets and primary
celllines.i,j, An example of Foxal (i) and Hnf4g (j) associated Hi-ChIP loops in
mets and tumors. Foxal and Hnf4g binding at CREs in mets and tumor (red and
green). The example shows looping between the c-Myc enhancers in mets and
Foxal and Hnf4g binding is shown in blue. k, Combined genome-wide view of
functional relationships between ChIP and Hi-ChIP data in the context of mets
and tumor. Both FOXAland HNF4G ChIP were mapped to the mouse GRC mm10
genome and represented as tracks. Corresponding Hi-ChIP loops are shown as
scatters in sectors mapped to chromosomes in the ideogram. TSS, transcription
startsites.
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Fig. 7| Model of HNF4G and FOXA1 in primary tumor and metastatic context.
The top scenario represents primary tumor contexts, where HNF4G is the
dominant transcription factor, required for chromatin accessibility, gene
expression and cell growth. The bottom scenario represents metastatic contexts,
where FOXAlbecomes functional and the role of HNF4G is diminished. The
switch from HNF4G dependency to FOXAl dependency mediates the molecular
transition from primary tumor growth to metastasis.

anoncanonical compound. In support of this, X-ray crystallographic
structures of HNF4G have revealed a common long-chain fatty acid,
palmiticacid, occupying the ligand-binding domain pocket of HNF4G
in these structures and palmitic acid has previously been shown to
influence PDAC tumor growth and metastatic potential**.

The family members of HNF transcription factors have been
previously implicated as fundamental regulators of gene expres-
sion programs in bowel disease, colorectal cancer and PDAC*"™,
HNF1A deficiency has been shown to promote PDAC and is also
associated with the squamous subtype, through the recruitment of
the demethylase enzyme KDM6A®. A study in ref. 11 reported BMP/
SMAD signaling as amechanism to stabilize enterocyte identity via
HNF4 transcription factors. Specifically, for PDAC, astudy in ref. 12
observed that the loss of these endoderm-associated transcription
factors (thatis, HNF4A and GATA6) could result in altered metabolic
profiles of cells associated with the squamous lineage. We did not
find asubstantial role for HNF4A in the classical subtype; however,
arole for HNF4A may exist in different stages of the disease, par-
ticularly in late-stage disease.

Surprisingly, little is known about the normal physiological role
of HNF4G, very little information exists linking it to disease, and gene
KO data suggest that it is not an essential gene for developmental
processes and mouse viability. In contrast to HNF4G, FOXAl has been
previously implicated as a driver of PDAC metastasis, with elevated
FOXAl creating de novo enhancers associated with metastasis'®. FOXA1
is the archetypal PF®*, and its functional role as the adaptor between
chromatinand NR transcription factorsinbreast and prostate cancer is
well-established®***. Inboth hormone-dependent breast and prostate
cancers, FOXA1 forms a triumvirate with a GATA protein and an NR
(GATA3 and ERin breast cancer; GATA2 and AR in prostate cancer) and is
the foundational proteinin these cancers®* due to its ability to create
new enhancer elements”. However, the role of FOXAlin primary PDAC
disease wasinstark contrast to whatis observed in breast and prostate
cancer®%, FOXA1 could bind to active enhancers in PDAC (in primary
tumor tissue and the various models) at the same places as HNF4G; we
couldnotobserve arole for FOXAlin mediating chromatin accessibil-
ity, gene expression or cell viability in primary tumor contexts. This
suggests anonpioneering role for FOXAlin PDAC and adominantrole
for HNF4G in this subtype of the disease.

We identified the core transcription factors that make up the
lineage-defining factors in the classical subtype of PDAC. In the pri-
mary tumor context, HNF4G was the dominant transcription factor
that drives tumor growth, while also negatively regulating FOXA1
transcriptional activity. During the transition to metastasis, however,

we observed asubstantial decrease in HNF4G:FOXAlratios and, mecha-
nistically, we could show that when HNF4G is depleted, FOXAlbecomes
active and is associated with chromatin loops that drive expression
of a distinct gene expression program associated with metastatic
potential'. Overall survival in the classical subtype is dictated by the
proliferative activity of HNF4G and the metastatic activity of FOXAL.

Online content
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Methods

Clinical material

Matched flash frozen and formalin-fixed paraffin-embedded tissue
(FFPE) samples from Whipple surgical samples undergoing surgical
resection atthe Cambridge University Hospitals were sectioned accord-
ing to institutional protocols.

This study was approved by the East of England—Cambridgeshire
and Hertfordshire Research Ethics Committee and was conducted
in compliance with Good Clinical Practice, local regulatory require-
ments and the legal requirements for CAMPAN (08/H0306/32).
All patients provided written informed consent. All procedures
performed in studies involving human participants were in accord-
ance with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki Declaration and its
subsequent amendments or comparable ethical standards. Release
of data was also pseudo-anonymized as per the UK Human Tissue
Act regulations.

Histological staining of FOXA1 and HNF4G in stage IV primary
tumors and liver metastases was performed according to the recom-
mendations of the local ethics committee of the Medical Faculty of the
University of Duisburg—Essen (approval 23-11451-B0). Clinical data
were obtained fromarchives and electronic healthrecords. All patients
provided writteninformed consent.

Celllines

AsPC-1, HPAF-II, BXPC-3, Panc-1, MiaPaca (ATCC), KPC-derived cell
lines and CRISPR-modified cell lines were grown in DMEM (Gibco,
41966-029), supplemented with 10% FBS (Gibco, 10500-064). Cells
were routinely genotyped by short-tandem repeat genetic profiling
using the PowerPlex16HS cellline panel and analyzed using the Applied
Biosystems GeneMapper ID (v3.2.1) software by the external provider
Genetica DNA Laboratories (LabCorp Specialty Testing Group). Cells
were tested using MycoProbe Mycoplasma detection kit (R&D) before
experiments every 6 months. All cell lines were grown at 37 °C.

Generation of HNF4G-KO by CRISPR

Three CRISPR guides were designed against exons 3 and 4 of HNF4G
(ENSG00000164749). The three sequences are as follows: (1) 196 (exon
4)—CATCCCCTCCATTAACACAC, (2) 197 (exon 3)—GTGTTGTTGACAA-
GGACAAA and (3) 198 (exon 3)-TTAAGAAAGTGTTTTAGAGC.

HPAF-II cells were electroporated (Amaxa 4D nucleofector, Lonza)
with 5-pg TrueCut spCas9 protein V2 (Invitrogen) and 100 pmol of sin-
gle guide RNA (Synthego), and used program DS137 and P3 nucleofec-
tor solution (Lonza). A cell pellet was taken 3 days after electroporation,
and genomic DNA (gDNA) was extracted from each pool. Exon 3 or 4 of
HNF4G was amplified by PCR (QS5 polymerase, NEB). Amplicons were
subjected to Sanger sequencing and analyzed using the Synthego ICE
web tool to calculate the percent editing. To generate clonal cells,
HNF4G edited pools were single cell cloned into 96-well plates. gDNA
was extracted from each clone and the editing analysis was performed
similarly to the edited pool. Three individual clones were confirmed
to be KOs and pooled together to make an HNF4G clonal pool. Three
clones with heterozygotic frameshift mutations were used for subse-
quent experiments. The target frameshift mutations in these three
clones were validated by Sanger sequencing. The HNF4G ™~ pool of
clones were short-tandem repeat genotyped and mycoplasma tested
asdescribed under ‘Cell lines".

siRNA-mediated knockdown

HPAF-II cells were transfected with ON-TARGET plus SMARTPools
(Dharmacon) FOXA1 (L-010319-00-0020), ON-TARGET plus SMART-
Pools (Dharmacon) HNF4G (set1L-003407-00-0020 and set 2 stealth
sirna-HSS104886, HSS179284 and HSS104885), HNF4A (stealth
sirna-HSS140900 and HSS140901) and RNAIMAX (Invitrogen, 13778-
150). A nontargeting pool (D-001810-10-20) was used as a control.

RIME processing

RIME on cell lines was performed as described previously®. Briefly,
cells were cross-linked at room temperature by incubating with 2 mM
di(N-succinimidyl) glutarate (DSG) for 20 min followed by 1% formal-
dehyde for 10 min before quenching in 0.1-M glycine for 10 min. Cells
were washed twice in cold PBS and collected in cold PBS containing
protease and phosphatase inhibitors(Roche, Complete, 05056489001)
and Haltinhibitors (Thermo Fisher Scientific, 78427). Cross-linked cells
were incubated at 4 °C with lysis buffer (LB1; 50 mM Hepes-KOH, pH
7.5,140 mMNaCl,1 mMEDTA, 10% glycerol, 0.5% NP-40/Igepal CA-630,
0.25% Triton X-100) for 10 min followed by 5 minin LB2 (10-mM Tris-HClI,
pH8.0,200 MM NaCl,1 mMEDTA, 0.5 mMEGTA) before resuspending
inLB3 (10 mM Tris-HCI, pH 8,100 mMNaCl,1 mMEDTA, 0.5 mMEGTA,
0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine). Chromatin was soni-
cated using the Bioruptor Plus (Diagenode) for 15 min (30-s on/30-s off)
to generate fragments of around 100-800 bp. Chromatin was immu-
noprecipitated overnight using protein A Dynabeads (Invitrogen; used
forrabbitantibodies) or protein G Dynabeads (Invitrogen; used for goat
antibodies) conjugated to specific antibodies against HNF4G (Atlas,
HPA005438), HNF4A (Cell Signaling Technology, 3113S), PRMT1 (Atlas,
HPAO072136), GATA6 (Cell Signaling Technology, 5851; R&D Systems,
AF1700) and FOXA1 (Abcam, ab5089). Beads were washed ten times
in RIPA buffer (50 mM, pH 7.6, 1mM EDTA, 0.7% Na-deoxycholate, 1%
NP-40, 0.5 M LiClI) followed by two washes in AMBIC (100 mM ammo-
nium hydrogen carbonate). Washed beads were frozen at —20 °C.

Sample preparation liquid chromatography-mass
spectrometry analysis and data processing

Pull-down samples were digested, and peptides were cleaned with C18
spin columns as described previously”. Peptides were analyzed in the
Dionex UltiMate 3000 UHPLC system coupled with the Q-Exactive
HF (QE-HF) or QE (Thermo Fisher Scientific) mass spectrometers. For
peptide separation, the EASY-Spray analytical column (75 pm x 25 cm,
C18,2 pm,100 A) was used for multistep gradient elution. The full scans
were performedinthe Orbitrap over the range of 400-1,600 m/zat 60k
(QE-HF) or 70k (QE) resolution. For MS2, the ten most intense precur-
sors were selected with resolution of 30k (QE-HF) or 17.5k (QE). The
HCD tandem mass spectrawere processed with the Sequest HT search
engine in Proteome Discoverer 1.4 or 2.2 software. For downstream
statistical analysis, the Perseus software was used*°.

ChIP-seq

Clinical samples and cell lines ChIP-seq on tumor material were per-
formed essentially as described previously*.. Briefly, flash-frozen
pancreatic cancer or normal adjacent tissue from patients was cryo-
sectioned into 30-pum sections, cross-linked by 2 mM DSG for 45 min,
total together with 1% formaldehyde for the last 20 min and quenched
by 0.1 Mglycine for10 minat room temperature. Chromatin was immu-
noprecipitated, washed and processed for sequencing. ChIP-seqwas
performed onthree or fourindependent biological replicates. Chroma-
tinwas prepared fromboth cell lines/tumors and immunoprecipitated
asdescribed for RIME above. Chromatin was eluted and decrosslinked
by incubating overnight at 65 °C in elution buffer (50 mM Tris-HCI,
pH 8.0,10 mM EDTA, 1% SDS). Samples were treated with (20 ng ml™)
RNase A for 30 min-1hfollowed by proteinase K (200 ng ml™) for1-2 h
before DNA was purified by phenol-chloroform extraction. Purified
DNAwas subjected tolibrary preparation using the SMARTer ThruPLEX
DNA-seq Kit (Takara Bio, R400676) and DNA HT Dual Index Kit—96N
Set A (TakaraBio, R400660) followed by next-generation sequencing
to reach approximately 30 million reads per sample.

ChIP-seqanalyses

A total of 50-bp single-end reads were mapped to the hg38 genome
using bowtie2 (v2.2.6). Aligned reads with mapping quality <5 were
filtered out. The read alignments fromall replicates were combined into
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single library and peaks were called with MACS2 (version 2.1.1.2016)
using input sequences as a background control. The peaks that
absorbed statistically significant tag density from all replicates were
selected for downstream analysis. MEME (version 4.9.1) was used to
detectknown and discovered new binding motifs among tag-enriched
sequences. For visualizing tag density and signal distribution heatmap,
theread coverageinawindow of +/-2.5or 5 kb of the peak midpoint was
generated using abinsize of10f100 of the window length. Differential
binding analysis (DiffBind) was performed as described previously*~.

ChIP-seq enrichment near regulated genes

The cumulative numbers of ChIP-seqbinding sites located within the
10-kb linear scale from the transcription start sites of substantially
upregulated genes were determined. As abackground control, binding
sites near an equal number of randomly expressed genes revealed by
the RNA-seq analyses were tested in100 permutations. The fraction of
bindingsites near these groups of genes was then visualized as curves,
including the s.d. for the random constitutively expressed control
genesaserror bars. For the circular visualization of functional relations
between the ChIP-seq and corresponding gene network, we used the
circlize packageinR (version4.4.36). Networking analysis of predicted
gene associations was performed using the STRING application plugin
with Cytoscape (version 3.10.3).

RNA-seq

Total RNA was purified using RNeasy kit (Qiagen, 74106) and mRNA
libraries were prepared using the stranded mRNA library preparation
kit (Illumina, 20020595) and IDT for lllumina—TruSeq RNA UD Indexes
(20022371). Samples were subjected to lllumina next-generation
sequencingto reacharound 30 million reads per sample. Four biologi-
calreplicates were conducted for all RNA-seq experiments.

RNA-seq analyses

A total of 50 bp single-end reads were aligned to the human genome
(GRCh37) or mouse genome (GRCm38) using STAR (version 2.6.1a).
Differentially expressed genes were identified based on the negative
binomial distribution using the DESeq2 package in R (version 1.14.1).
Heatmap visualization, clustering and various plotting functions were
used from statistical and bioinformatic modules in framework.

ATAC-seq

HPAF-II cells with HNF4G-KO and control, alongside FOXA1-OE with
empty vectors (EVs), were used for ATAC-seq protocol. Omni-ATAC-
seqwas performed as described previously*’. ATAC-seq resuspension
buffer (RSB) was prepared as follows: for 50 ml of the buffer, 500 pl of
1MTris-HCI, pH7.4,100 plof 5MNaCl, 150 pl of1 M MgCl,and 49.25 ml
sterile water were added. A total of 50 pl cold ATAC-RSB containing
0.1% NP-40, 0.1% Tween-20 and digitonin 0.01% (Promega, G9441) was
addedto50,000 viable cells and pipetted up and down thrice. The cells
were incubated onice for 3 min to lyse the cells and washed with 1 ml
of cold ATAC-RSB containing 0.1% Tween-20, but without NP-40 and
digitonin. The pellet was resuspended in 50 pl transposition mix (25 p
2x Tagment buffer, 2.5 pl transposase—100 nM final; [llumina Tagment
DNA Enzyme and Buffer Small Kit,20034197-16.5 pl PBS, 0.5 pl 1% digi-
tonin, 0.5 pl 10% Tween-20, 5 pl H,0) and the reaction was incubated
at 37 °C for 30 min in a thermomixer (1,000 rpm mixing). Zymo DNA
Cleanand Concentrator-5kit (D4014) was used to clean up the reaction
and DNA was eluted in 21 pl elution buffer and stored at —20 °C until
amplification. A total of 20 pl of the product was used for the follow-
ing PCR. Pre-amplification was performed for five cycles using 1 pl of
i5 primer, 1 pl of i7 primer, 25 pl 2x Q5 HotStart NEBNext master mix
(M0494L) and 20 pl transposed/cleaned-up sample. Thermocycler
conditions were as follows: 72 °C for 5 minand 98 °Cfor 30 s, followed
by five cycles of 98 °C for 10's, 63 °C for 30 s and 72 °C for 1 min, then
held at 4 °C. Using 5 pl (10%) of the pre-amplified mixture, 15 pl qPCR

was run to determine the number of additional cycles needed—3.85 pl
sterile water, 0.2 pul Nextera XT Index kit (24 indexes, FC-131-1001) i5
primer, 0.2 pli7 primer, 0.75 pul 20x EvaGreen (in DMSO), 5 pl 2x NEB-
Next master mixand 5 pl pre-amplified sample. Cycling conditions wer
as follows: 98 °C for 30 s, followed by 20 cycles of 98 °Cfor10 s, 63 °C
for30 sand 72 °Cfor1min. After gPCR amplification, the amplification
profiles were analyzed to determine the required number of additional
cyclesfor amplification. Samples were size selected and purified using
Ampure XP beads. Furthermore, NGS was performed using lllumina
NovaSeq 6000 with SP flow cell system with 50-bp paired end.

Western blot

Cellswere washed twicein cold PBS and collected in RIPA buffer (Pierce,
89901). Whole-cell extract was sonicated using the Bioruptor Plus
(Diagenode) for 2 min (30-s on/30-s off) to degrade the DNA, quanti-
fied by Direct Detect spectrometer Millipore) and run on NuPAGE
4-12% Bis-Tris gels (Invitrogen). Proteins were transferred to amem-
brane by iBlot2 (Invitrogen), and the membrane was then blocked with
Odyssey TBS blocking solution (Li-Cor, 927-50000) and incubated
with antibody overnight at 4 °C. After washing, the membrane was
then incubated with appropriate secondary antibodies (Li-Cor) and
developed using the Odyssey CLx Imaging System (Li-Cor). Primary
antibodies were as follows: FOXA1 (Abcam, ab23738), HNF4G, HNF4A,
GATAG6 (Cell Signaling Technology, 5851; monomethyl arginine, 8015;
Vinculin, 13901; -actin, 4970); asymmetric dimethyl (arginine, 13522;
Sigma-Aldrich, A5441). Secondary antibodies (Invitrogen) were as
follows: goat anti-rabbit (926-32211, 926-68071), goat anti-mouse (926-
32210, 926-68070) and donkey anti-goat (926-32214).

IHC staining

Five tumors per treatment arm were fixed in formalin for 24 h and sub-
sequently transferred to 70% ethanol and paraffinembedded. Sections
were cut,dewaxed, rehydrated and subsequently stained with antibodies
onVentana (Roche) using the fully automated Ventana Discovery ULTRA
(Roche) with Ventana solutions. Paraffin sections were pretreated with
heat using standard conditions (40 min) in CC1 solution. The primary
antibody was applied and incubated for specific times (listed below).
Afterincubation with a rabbit Impress HRP antibody (Vector Laborato-
ries), chromogenic revelation was performed with ChromoMap DAB kit
(Roche). Thus, IHC staining for FOXA1, HNF4G and PRMT1was performed
with antibodies described above. Slides were scanned using an Aperio
AT2 (Leica) at x20 magnification (resolution = 0.5 um per pixel).

Hi-ChIP

Hi-ChIP was performed using a previously published protocol. Once
theligation step was completed by adding 50 pl of 1U pl™ T4 DNA ligase
(Invitrogen, 15224-025) and incubating for 4 h at room temperature
with gentle mixing on shaker (lowest speed), the chromatin was spun
down, and the ChIP-seq protocol as described above was followed.

Hi-ChIP data processing

Hi-ChIP paired-end data processed using the HiC-Pro pipeline, followed
by theHichipper algorithm, reads were aligned to mm10 genomes using
the HiC-Pro pipeline. Default settings were used to remove duplicate
reads, assign reads to Dpn2 restriction fragments, filter for valid inter-
actions and generate binned interaction matrices***.

Animals

Allexperiments were performed inaccordance with the animal project
licenses PAOBD8F30, P1919999D and PP79993249 in accordance with
Home Office guidelines.

NSG mice (-8 weeks old) were obtained from Charles River Labora-
tories, keptin pathogen-free conditions on al2-hlight/12-hdark cycle
and allowed to acclimatize for a period of 7 days before any surgery.
Mice were grouped, housed with environmental enrichment, fedona
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maintenance diet (PicoLab) and housed with a room temperature of
+22°C/-2 °C and humidity of +55%/-10%. For survival studies, humane
endpoints were used with the loss of 15% of pre-implantation weight,
body condition score <2.0. Grimace scale (MSG >1.2/2) scoring was
adhered to alongside other clinical signs. All mice were randomly
assigned to cohorts as necessary, and analyses were performed in a
blinded manner.

Invivo orthotopic transplantations

Pancreatic orthotopic injections were performed as described previ-
ously*®. HPAF-Il cells were suspended in 50% Matrigel/PBS and injected
into the tail of the pancreas (2.5 x 10° cells in 50 pl), with the exception
of the FOXAI-OE study, which used 1 x 10# cells per cohort. (Fig. 3g).
Mice were allowed torecover from surgery before the onset of routine
palpations (weekly from 2 weeks postsurgery) to determine the pres-
ence of any pancreatic masses. Once confirmed, mice were serially
imaged (weekly) using the Vevo 2100 ultrasound imaging platform
(Visual Sonics; 13-24-MHz transducer) to monitor pancreatic tumor
progression until clinical endpoint. Images of all tumors were acquired
ataminimum of two different orientations. All study images were rand-
omized and blinded before calculating tumor volumes using 3D volume
analysis software (Vevo LAB, version 3.1.1) onimages taken at the same
orientation for each mouse throughout the study, whenever possible.
Mice were randomized into four groups (n = 9 mice for control vehicle
and HNF4G-KO vehicle arms; n = 14 for control + GSK3368715armand
n=15for HNF4G-KO + GSK3368715 arm). At 2 weeks postsurgery, mice
were treated with either vehicle (control, Vetivex saline) or GSK3368715
(75 mg kg™) by oral gavage (5 ml kg™), using a dosing regimen of 5 days
on/2 days off until clinical endpoint was reached.

Lung metastasis assay

Pancreatic cancer cells were injected into the tail vein of NSG mice
(n=12 per group). HPAF-II cells were prepared as a suspension (in
PBS) and injected (0.5 x 10° cells in 100 pl) into the tail vein of NSG
mice. Mice were monitored daily for signs of ill health or body weight
loss for the first 7 days postinjection and then, at routine, periodic
intervals until clinical endpoints were reached, whereby necropsies
were performed and metastatic burden assessed, complemented by
histological analyses. Mice were allowed to recover from surgery for 2
weeks before the onset of routine health checks. Mice were monitored
for clinical endpoints, and necropsies were performed to assess meta-
static burden by histology.

Statistical analysis

Survival analyses. InFigs. 1c, 2b and 4a, we displayed the survival prob-
ability of each group as a function of time by means of Kaplan-Meier
plots. Due to the absence of right censoring in the data considered in
Fig. 2b, we used a two-sided two-sample Mann-Whitney-Wilcoxon
test (function Wilcox test of R stats package) to test if the median of
the difference between a sample of each group is different from 0. In
Fig. 1c, due to the presence of right censoring in the TCGA group, we
used a log-rank test (function survdiff of the R survival package) to
assess whether thereis adifference between the two survival curves.In
Fig.4a, duetothe absence of right censoring, we considered one-sided
Welch tests (function ¢ test of the R stats package) to assess whether
the average log survival times of each group compared to the reference
(control-vehicle) were significant, and the Pvalues by means of aBon-
ferroni multiplicity correction. Sensitivity analyses, considering Wald
t-tests based on a log-normal model and Mann-Whitney-Wilcoxon
tests, led to the same conclusions.

Growth curves. In Figs. 2c and 4b,e, we used parametric linear mixed
models to fit tumor sizes of mice on the cube root (Figs.2cand 4b) and
log plus 1 (F3k) scale as a function of groups and time. These transfor-
mations were selected to obtain a linear relationship between tumor

size and time on the transformed scales and to tame heteroscedastic-
ity. In each analysis, groups (considered as factor with a reference
group), time (in days) and groups interacting with time were used as
fixed effects. Randomintercepts (Figs. 2c and 4b) and slopes (Figs. 2c
and 4e) were used to take the longitudinal within-mouse tumor size
dependenceinto account.

In Fig. 2c, the difference in growth between the control and
HNF4G-KO groups was assessed by means of a likelihood ratio test
comparing the likelihood (of the maximum likelihood estimator) of a
restricted model assuming the same average growth forbothgroupsand
afullmodelthat allows both groupsto have a different average growth.

In Fig. 4€, given the delayed growth of the HNF4G groups com-
pared to the control ones, we opted for a piecewise mixed model that
allows for the modeling of this time lag, whose value was obtained by
minimizing the Akaike criterion. Inference for the parametersrelated
tothe growthtime lag between the HNF4G and control groups, as well
as the difference in growth between each group and HNF4G-KO-GSK,
was based on Wald z tests, considering a multiplicity correction for
parametric models (function glht of the R multcomp package).

InFigs. 2c and 4e, models were fitted using standard R routines
(functionIme of the nlme R package). In Fig. 4e, due to the combination
of small sample size per group and the presence of left truncation, we
used anestimator based ontheiterative bootstrap. Thisallows us to cor-
rect for apotential left-truncation bias and to perform afinite sample
correction for the parameters. Its initial estimator wasarandom slope
modelwiththe fixed effects described above and alinear interpolation
of left-truncated observations. Two-sided inference for the target
parameters considered a Bonferroni correction for multiple testing.

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

Data availability

AllChIP-seq, Hi-ChIP, ATAC-seq and RNA-seq datahave been deposited
at Gene Expression Omnibus and can be accessed at GEO submission
(GSE245734).Please access data using the link https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE245734. All proteomic data have
been deposited at PRIDE and can be accessed at PXD045980. Source
data are provided with this paper.

Code availability

Refer to https://github.com/igorchern/jclabcode (https://doi.
0rg/10.5281/zen0d0.16925967)* and reporting summary for
code information.
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Extended Data Fig. 1| Discovery of FOXAl-associated orphan nuclear
receptors. a. The MA plot shows differential binding intensity in H3K27Ac
ChlIP-seqbetween tumor and normal adjacent tissue. Scatter plot highlights
the top enriched TF binding in the conditions. b. ChIP-seq was performed in
Whipple samples of normal adjacent (n = 4) and PDAC samples (n = 6). Heatmap
represents hierarchical clustering of H3K27Ac-normalized intensities of called
peaks (3,000 sites) in normal and tumor samples. c. Giggle cistrome analysis

reveals FOXAlas adominant TF in the H3K27Ac regions abundant in tumor tissue.

Higher Giggle scores indicate more enrichment. d. Box plots show the gene
expression levels of FOXALin clinical samples. Data adapted fromref. 5. e. Tagged
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intensity heatmaps showing binding of FOXA1, HNF4G and HNF4A across patient
samples. f. Top enriched motifs discovered during analysis of called peaks from
clinical samples (n = 4).g. RIME in a panel of pancreatic cancer cell lines. Three
biological replicates of the FOXA1RIME and one pooled immunoglobulin G (IgG)
control RIME were included in each experiment. To identify specificinteractors,
alabel-free quantification method was used. Significantly enriched interactors
are highlighted on the heatmap padj < 0.02. h. Heatmaps illustrate normalized
coverage density at common ChiIP-seq sites for FOXA1, HNF4G, HNF4A and
GATA6 in the AsPC-1 cell line model. UCSC tracks show common binding sites for
the respective pull downs.
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Extended Data Fig. 2 | Functional investigation of HNF4A and HNF4G as Significance was calculated with multiple comparison ANOVA (p-value
therapeutic targets. a. Heatmaps illustrate normalized coverage density at **+£<20.01, **<0.02).f. Colony formation assay performed in CRISPR clones/pools
common ChiP-seq sites for HNF4G, HNF4A in the AsPC-1 model. Venn diagram targeting HNF4G (CRISPR clones), HNF4G-rescue in the HPAF-II cells. g. Colony
shows shared binding between the factors. b. HNF4A ChIP-seq performed in formation assay (10 nM siRNA and CRISPR KO in HPAF-II cells) was performed
HPAF-Il human tumor cell line +/~ HNF4G-KO. Heatmapsillustrate normalized intandem with growth experiments. Cells were monitored, stained with crystal
coverage density at common ChIP-seq sites. HNF4A binding sites that were either  violet atendpoint (day 15). Representative images in HPAF-Il cells are from an
common, gained or lost in the +/- HNF4G-KO context represented as an MS plot independent well of a24-well plate. h. Anindependent set of siRNAs 1 (smart
(onthe right), subsets measured occupancy for each context using DiffBind at pool), siRNAs 2 (stealth pool) were used to treat HPAF-II cell line models, at 10 nM
padj < 0.05 threshold. c. Perturbation ChIP-seq performed in HPAF-Ilhuman to perform the proliferation assays using the Incucyte (72 h). Non-targeting
tumor cell line with the following conditions control (pink-GATA6 I.P), GATA-KO (NT), death oligo (DO) HNF4G and HNF4A siRNAs were used. i. Representative
(green-HNF4G-KO I.P), HNF4G-KO + GATA6-KO (red-FOXAL11.P).d. Western western blots showing the knockdown efficiency using the stealth siRNA targeted
blots in PDAC cell lines showing expression levels of FOXA1, GATA6, HNF4A towards HNF4A and HNF4G in the HPAF-II cells at endpoint (72 h) compared
and HNF4G. Normalization controls include vinculin, GAPDH and tubulin. e. to untreated cells and non-targeting control (NT).j. Anindependent set of 2
siRNA experiments performed in the KP-3, HPAF-Il and AsPC-1cells transfected siRNAs (smart pool and stealth siRNA) were used in the AsPC-1cell line, at 10 nM.
with10 nM siRNA for 72 h using stealth siRNA. Cell viability was assessed using Non-targeting (NT), HNF4G and HNF4A siRNAs were used, and CellTiter-Glow
CellTiter-Glo. Data presented are from three independent biological replicates. was performed at the endpoint (72 h).
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Extended Data Fig. 3| HNF4G-KO results insignificant changes in the
transcriptome analysis. a&b Two independent CRISPR guides were used
towards the KO of HNF4G and HNF4A in HPAF-II cell line models, proliferation
assays were performed using the Incucyte (72 h). c¢. Guide information and snap
gene information for the guides used (HNF4A and HNF4G). d. Proliferation assay
performed in 9 independent CRISPR HNF4G-KO clones compared to control
(Cas9) and wildtype (WT) cells using the Incucyte. e. Western blots performed in
the HPAF-II cells to determine knockout efficiency of the gRNAs targeting HNF4A
and HNF4G. The western blots were normalized using vinculin as aloading
control. f. IHC staining of the control and HNF4G-KO tumors stained for H&E,
HNF4G and vimentin. A representative image of the staining is shown. g. Results
of mRNA expression analysis comparing control versus HNF4G-KO tumors.
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Extended DataFig. 4 | Functional validation of PRMT1 & HNF4G dependency.
a.Dose-response curves for GSK3368715 treatment in the SUIT-II (+/- HNF4G-
KO) and HPAF-II cells (+/-~ HNF4G-KO) performed at 72 h using the CellTiter-Glow
(CTG). b. Treatment of SUIT-1I (+/- HNF4G-KO) cells with GSK3368715 (10 uM) for
72 hendpoint CTG and western blot representing CRISPR KO efficiency of HNF4G
in SUIT-I cells P-values ***<0.02, *<0.05. ¢. Treatment of HPAF-II (+/- HNF4G-KO)
cells with GSK3368715 (10 uM) for 72 hendpoint CTG. d. Colony formation assay
(day15) performed in the HPAF-II cells with control, HNF4G-KO, HNF4G-O.E,
FOXA1-O.E and HNF4G-KO + FOXAL (n = 3) cell were stained with crystal violet. e.
Crystal violet-stained colonies were solubilized and absorbance was measured
(592 nm) for the control and HNF4G-KO conditions treated with GSK3368715.
Two-way ANOVA analysis was performed on n = 3 independent experiments
padj<0.02.f. Western blots were performed in the HPAF-II cells treated with +/-
GSK3368715 for 72 h. Blots represent monomethyl-arginine (MMA), asymmetric
dimethyl-arginine antibody (ADMA) and PRMT1 protein levels. Western blots are
normalized to vinculin. g. Representative image of PRMT1IHC staining in control,

HNF4G-KO tumors +/- GSK3368715 treatment. h. Western blots were performed
inthe HPAF-II cells treated with non-targeting siRNA and FOXA1-siRNA cells in
the HPAF-II (treated for 72 hat 20 nM). Blots represent FOXA1 protein expression
levels from three independent biological replicates. i. Signal intensity heatmaps
of FOXA1binding in the control and HNF4G-KO HPAF-II cells. Signal intensity
heatmaps of HNF4G bindingin the non-targeting (NT) siRNA and FOXA1-siRNA-
transfected HPAF-II cells (transfected for 72 h at 20 nM). Data presented are the
cumulative intensity from three independent biological replicates. j. Western
blots were performed in the HPAF-1I cells with FOXA1and HNF4G overexpression
(FOXA1-O.E & HNF4G-0.E) and FOXA1-siRNA cells (transfected for 72 hwith 10 nM
and 20 nM siRNA). Blots represent Flag, FOXA1, HNF4G protein expression levels
from one representative biological replicate. k. GSEA analysis was performed

on tumors harvested from HPAF-Il orthotopic tumors, comparing HNF4G-

KO + FOXAI1-O.E primary tumors versus HNF4G-KO-EV primary tumors. HNF4G-
KO + FOXA1-O.E metastasis (mets) versus HNF4G-KO + FOXA1-O.E primary
tumors. GSEA snapshot representing EMT gene signature is presented.
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Extended Data Fig. 5| Mechanistic elucidation of HNF4G and FOXA1 context
specificity. a. Representative MA plots with log,-fold change between conditions
FOXAI-O.E vs control. b. Correlation of log,-fold change between FOXA1 ChIP-seq
and FOXA1-OE ATAC-seq densities compared to empty vector control (EV).c.
2,133 sites extracted from FOXA1 ChIP-seq. Heatmap represents the open regions
from ATAC-seq databetween control and FOXAI-OE (n = 4). d. Representative

MA plots with log,-fold change between conditions HNF4G-KO + FOXA1-OE vs
FOXAI-OE. Binding distribution changes between HNF4G-KO + FOXA1-OE vs
control from FOXA1 ChlIP-seq data. The sites are classified as highly enriched
using FDR (padj < 0.05). Color bar displays the distribution of the FDR values.
e.Binding distribution changes between HNF4G-KO + FOXA1-OE vs control

mean of normalised counts

-Classical primary
tumours
|:|Metastasis

from FOXA1 ChlP-seq data. The sites are classified as highly enriched using
FDR (padj < 0.05). Color bar displays the distribution of the FDR values. f-1.
Normalized counts of differentially expressed genes represented as a log,-fold
change between comparisons. Data extracted from RNA-seq analyses performed
on orthotopic tumors and metastatic samples of NSG mice. Differentially
regulated genes padj < 0.05, DESeq2. m. Differentially expressed genes from
RNA-seq analysis were evaluated in samples from the PanCuRx study (130
samples). The expression pattern of the selected subset of genes derived from
DeSeq2 analysis was assessed in classical subtype tumors and corresponding
metastasis (mets) samples. The data were integrated with the genes from the
HNF4G-KO + FOXAI-OE mets versus HNF4G-KO + FOXA1-OE primary tumors.
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significantly up-regulated or constantly expressed genes in HNF4G-KO + FOXA1-
OE.l.Model of FOXAland HNF4G binding between primary tumor and
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ATAC-seq data comparing KPC-derived primary tumor cell lines and matched
liver metastasis cell lines (n = 4). Red represents open regions; blue represents
closed regions. e. Genomic feature distribution from ATAC-seq profiles between
primary tumor cell lines and liver metastatic cell lines across four biological
replicates. f. RNA-seq analysis was performed in KPC-derived matched primary
tumor and liver metastasis cell lines (n = 4). Heatmaps highlight differentially
regulated genes, padj < 0.01, using DESeq2 across four independent biological
replicates. g.IGV (genome browser) screenshots representative of Foxal (red)
and Hnf4g (green) binding sites in the KPC-derived isogenic cell lines.
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Sample size In vivo orthotopic study of Figure 2:
this study considered 2 groups, Control and HNFAG-KO. The sample size per group (n=13, i.e., n=26 in total) was defined to detect a 30%
reduction in tumour size at day 25 between the two groups with a probability (power) greater than 0.9 assuming [i] that tumour size per
mouse and group as a function of time are normally distributed on the cube root scale with nuisance parameters estimated from data of a
pilot experiment, [ii] the use of two-sided Wald t-test for the interaction parameters corresponding to the shift in slopes between groups in a
random intercept and slope linear growth model [iii] a 5% type | error.

In vivo orthotopic study of Figure 4:

this study considered 4 groups, defined with combination of treatments (Control-Veh, Control-GSK) and mouse type (HNF4G-KO-Veh, HNF4G-
KO-GSK) levels. The sample size per group (n=9 for the vehicle groups and n=15 for the treatment groups, i.e., n=48 in total) was defined so
that the joint probability of detecting

* a median survival difference of 10 days between both vehicle groups,

* a median survival difference of 10 days between both HNF4G-KO groups,

* a median survival difference of 20 days between the groups 'Control-Veh' and '"HNF4-G-KO-GSK drug'

was greater than 80% (power) assuming [i] absence of censoring (full follow-up of all mice), [ii] survival times following a negative binomial
distribution with nuisance parameters estimated from a previous study, [iii] the use of one-sided Mann-Whitney-Wilcoxon's test with 5% type
| error, [iv] the use of unbalanced sample sizes per mouse type to optimise power.

In vivo Lung metastasis of Figure 4 (b &c)
This study involves four groups and was powered to detect pairwise differences in the average number of metastases between groups by
means of a Poisson generalised linear model without multiplicity correction. Sample size calculation results showed that a sample size of n=10
mice per group would allow us to detect predefined differences of interest at the 5% level without multiplicity correction, even if the variance
given the mean were to be inflated by 20% (when considering a Gamma mixture of Poisson, for example).

Data exclusions  NA

Replication Na

Randomization  For both RNAseq and ChIPseq experiments, samples were block-randomised in a 96 well plate.
Mice were randomised into 4 groups (n=9 mice for Control Vehicle and HNF4G-KO Vehicle arms; n= 14 for Control + GSK3368715 arm and
n=15 for HNF4G-KO + GSK3368715 arm). At 2 weeks post-surgery, mice were treated with either vehicle (Control, Vetivex saline) or
GSK3368715 (75mg/kg) by oral gavage (5mli/kg), using a dosing regimen of 5 days on / 2 days off until clinical endpoint was reached.

Blinding Ultra-sound volume measurements were done by two independent researchers completely blind to the cohorts of the drugs study.
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Antibodies
Antibodies used HNF4G (Atlas, HPA005438), HNF4A(Cell signalling, 3113S), PRMT1(Atlas, HPA072136), GATAG (Cell signalling 5851, R&D systems
AF1700) FOXA1 (abcam, ab5089), Mono-Methyl Arginine (MMA) #8015, Vinculin #13901 beta-actin #4970; Asymmetric Di-Methyl
Arginine #13522, Sigma, A5441. Secondary antibodies: Goat anti-rabbit (926-32211, 926-68071), goat anti-mouse (926-32210,
926-68070), donkey anti-goat (926-32214).
Validation Antibodies were validated with knockouts/knockdown experiments. Mass spectrometry-based approaches (RIME) and ChlIP seq.

Source data is provided in Table 1 for RIME experiments. GEO accessions numbers provided for all the ChIP seq data.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) AsPC-1, HPAF-II, BXPC-3, Panc-1 and MiaPaca (ATCC), KPC derived cell lines and CRISPR modified cell lines were generated at
the CRUK, Cambridge Institute.

Authentication Cells were routinely genotyped by short-tandem repeat (STR) genetic profiling using the Power Plex 16HS Cell Line panel and
analyzed using the Applied Biosystems Gene Mapper ID v3.2.1 software by the external provider Genetica DNA Laboratories
(LabCorp Specialty Testing Group).

Mycoplasma contamination Cells were tested (MycoProbe Mycoplasma detection kit, R&D) around every major experiment and at least every six months.
All cell lines were grown at 37°C.

Commonly misidentified lines  naA
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance NA
Specimen deposition NA
Dating methods NA
D Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight NA

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

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 All experiments were performed in accordance with the animal project licence (P40BD8F30) in accordance with home office
guidelines.




NOD scid gamma (NSG) mice were obtained from Charles River Laboratories, kept in pathogen-free conditions on a 12hr light-dark
cycle and allowed to acclimatise for a period of 7 days before any surgery (at ~8 weeks old). Mice were grouped, housed with
environment enrichment, fed on a maintenance diet (PicoLab) and housed with a room temperature of 22°C +/- 2°C and humidity of
55% +/- 10%.

Wild animals NA
Reporting on sex Wherever possible both genders were used in experimental procedures.
Field-collected samples  NA

Ethics oversight NA

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

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  This study was approved by the East of England — Cambridgeshire and Hertfordshire REC Committee and is in compliance with GCP,
local regulatory requirements and legal requirements for CAMPAN is 08/H0306/32. All patients provided written informed consent.
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical
standards. Release of data was also pseudo-anonymised as per the UK Human Tissue Act regulations.

Study protocol Matched flash frozen and FFPE samples from Whipple Biopsies, undergoing surgical resection at the Cambridge University Hospitals
were sectioned according to institutional protocols.
This study was approved by the East of England — Cambridgeshire and Hertfordshire REC Committee and is in compliance with GCP,
local regulatory requirements and legal requirements for CAMPAN is 08/H0306/32. All patients provided written informed consent.
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical
standards. Release of data was also pseudo-anonymised as per the UK Human Tissue Act regulations.

Histological staining of FOXA1 and HNF4G in stage IV primary tumours and liver metastases was performed according to
recommendations of the local ethics committee of the Medical Faculty of the University of Duisburg-Essen under approval No.
23-11451-B0. Clinical data were obtained from archives and electronic health records. All patients provided written informed
consent.

Data collection All data was anonymised. Data obtained from ChIP sequencing of the clinical samples has been deposited with GEO. Links to data has
been provided.

Outcomes NA

Dual use research of concern
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Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:
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Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

Plants

Seed stocks NA

Novel plant genotypes  NA

Authentication NA

ChlP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE245732
May remain private before publication.
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jc7845_jc7845_INPUT_Tumour_CRIO1_1.fq.gz
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jc8013_jc8013_PRMT1_Tumour_CRIO2_2.fq.gz
jc8014_jc8014_PRMT1_Tumour_CRIO2_1.fq.gz
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jc8136_HPAFII_PRMT1_Cas_9_CRI02_1.fq.gz
jc8136_HPAFII_PRMT1_Cas_9_CRI02_2.fq.gz
jc8137_HPAFII_PRMT1_Cas_9_CRI02_1.fq.gz
jc8137_HPAFII_PRMT1_Cas_9_CRI02_2.fq.gz
jc8138_HPAFII_PRMT1_HNF4G_KO_Rescue_CRI02_1.fq.gz
jc8138_HPAFII_PRMT1_HNF4G_KO_Rescue_CRI02_2.fq.gz
jc8139_HPAFII_PRMT1_HNF4G_KO_Rescue_CRI02_1.fq.gz
jc8139_HPAFII_PRMT1_HNF4G_KO_Rescue_CRI02_2.fq.gz
jc8140_HPAFII_PRMT1_HNF4G_KO_Rescue_CRI02_1.fq.gz
jc8140_HPAFII_PRMT1_HNF4G_KO_Rescue_CRI02_2.fq.gz
jc8142_HPAFII_PRMT1_Cas_9_NT_CRIO2_1.fq.gz
jc8142_HPAFII_PRMT1_Cas_9_NT_CRI02_2.fq.gz
jc8143_HPAFII_PRMT1_Cas_9_NT_CRI02_1.fq.gz
jc8143_HPAFII_PRMT1_Cas_9_NT_CRI02_2.fq.gz
jc8144_HPAFII_PRMT1_Cas_9_NT_CRI02_1.fq.gz
jc8144_HPAFII_PRMT1_Cas_9_NT_CRI02_2.fq.gz
jc8145_HPAFII_PRMT1_Cas_9_FOXA1_siRNA_CRI02_1.fq.gz
jc8145_HPAFII_PRMT1_Cas_9_FOXA1_siRNA_CRI02_2.fq.gz
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jc8150_HPAFII_PRMT1_Input_HNFAG_KO_CRI02_1.fq.gz
jc8150_HPAFII_PRMT1_Input_HNF4G_KO_CRI02_2.fq.gz
jc8363_HPAFII_FOXA1_Cas_9_EV_CRIO1_1.fq.gz
jc8363_HPAFII_FOXA1_Cas_9_EV_CRIO1_2.fq.gz
jc8363_HPAFII_FOXA1_Cas_9_EV_CRI02_1.fq.gz
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jc8364_HPAFII_FOXA1_Cas_9_FOXA1_CRI12_1.fq.gz
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jc8365_HPAFII_FOXA1_HNFAG_KO_FOXA1_CRIO1_2.fq.gz
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jc8365_HPAFII_FOXA1_HNF4G_KO_FOXA1_CRI11_1.fq.gz
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jc8367_HPAFII_FOXA1_Cas_9_FOXA1_CRIO1_1.fq.gz
jc8367_HPAFII_FOXA1_Cas_9_FOXA1_CRIO1_2.fq.gz
jc8367_HPAFII_FOXA1_Cas_9_FOXA1_CRI02_1.fq.gz
jc8367_HPAFII_FOXA1_Cas_9_FOXA1_CRI02_2.fq.gz
jc8367_HPAFII_FOXA1_Cas_9_FOXA1_CRI11_1.fq.gz
jc8367_HPAFII_FOXA1_Cas_9_FOXA1_CRI11_2.fq.gz
jc8367_HPAFII_FOXA1_Cas_9_FOXA1_CRI12_1.fq.gz
jc8367_HPAFII_FOXA1_Cas_9_FOXA1_CRI12_2.fq.gz
jc8368_HPAFII_FOXA1_HNFAG_KO_FOXA1_CRIO1_1.fq.gz
jc8368_HPAFII_FOXA1_HNFAG_KO_FOXA1_CRIO1_2.fq.gz
jc8368_HPAFII_FOXA1_HNFAG_KO_FOXA1_CRI02_1.fq.gz
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jc8376_HPAFII_HNFAG_Cas_9_FOXA1_CRIO1_2.fq.gz
jc8376_HPAFII_HNFAG_Cas_9_FOXA1_CRI02_1.fq.gz
jc8376_HPAFII_HNF4G_Cas_9_FOXA1_CRI02_2.fq.gz
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jc8376_HPAFII_HNF4G_Cas_9_FOXA1_CRI11_1.fq.gz
jc8376_HPAFII_HNF4G_Cas_9_FOXA1_CRI11_2.fq.gz
jc8376_HPAFII_HNFAG_Cas_9_FOXA1_CRI12_1.fq.gz
jc8376_HPAFII_HNFAG_Cas_9_FOXA1_CRI12_2.fq.gz
jc8377_HPAFII_HNFAG_HNF4G_KO_FOXA1_CRIO1_1.fq.gz
jc8377_HPAFII_HNFAG_HNF4G_KO_FOXA1_CRIO1_2.fq.gz
jc8377_HPAFII_HNFAG_HNF4G_KO_FOXA1_CRI02_1.fq.gz
jc8377_HPAFII_HNFAG_HNF4G_KO_FOXA1_CRI02_2.fq.gz
jc8377_HPAFII_HNFAG_HNF4G_KO_FOXA1_CRI11_1.fq.gz
jc8377_HPAFII_HNFAG_HNF4G_KO_FOXA1_CRI11_2.fq.gz
jc8377_HPAFII_HNFAG_HNF4G_KO_FOXA1_CRI12_1.fq.gz
jc8377_HPAFII_HNFAG_HNF4G_KO_FOXA1_CRI12_2.fq.gz
jc8378_HPAFII_HNFAG_Cas_9_EV_CRIO1_1.fq.gz
jc8378_HPAFII_HNF4G_Cas_9_EV_CRIO1_2.fq.gz
jc8378_HPAFII_HNF4G_Cas_9_EV_CRI02_1.fq.gz
jc8378_HPAFII_HNF4G_Cas_9_EV_CRI02_2.fq.gz
jc8379_HPAFII_HNF4G_Cas_9_FOXA1_CRIO1_1.fq.gz
jc8379_HPAFII_HNF4G_Cas_9_FOXA1_CRIO1_2.fq.gz
jc8379_HPAFII_HNFAG_Cas_9_FOXA1_CRI02_1.fq.gz
jc8379_HPAFII_HNFAG_Cas_9_FOXA1_CRI02_2.fq.gz
jc8379_HPAFII_HNFAG_Cas_9_FOXA1_CRI11_1.fq.gz
jc8379_HPAFII_HNF4G_Cas_9_FOXA1_CRI11_2.fq.gz
jc8379_HPAFII_HNF4G_Cas_9_FOXA1_CRI12_1.fq.gz
jc8379_HPAFII_HNF4G_Cas_9_FOXA1_CRI12_2.fq.gz
jc8380_HPAFII_HNF4G_Cas_9_EV_CRIO1_1.fq.gz
jc8380_HPAFII_HNF4G_Cas_9_EV_CRIO1_2.fq.gz
jc8380_HPAFII_HNFAG_Cas_9_EV_CRI02_1.fq.gz
jc8380_HPAFII_HNFAG_Cas_9_EV_CRI02_2.fq.gz
jc8380_HPAFII_HNF4G_Cas_9_EV_CRI11_1.fq.gz
jc8380_HPAFII_HNF4G_Cas_9_EV_CRI11_2.fq.gz
jc8380_HPAFII_HNF4G_Cas_9_EV_CRI12_1.fq.gz
jc8380_HPAFII_HNF4G_Cas_9_EV_CRI12_2.fq.gz
jc8381_HPAFII_HNF4G_Cas_9_FOXA1_CRIO1_1.fq.gz
jc8381_HPAFII_HNF4G_Cas_9_FOXA1_CRIO1_2.fq.gz
jc8381_HPAFII_HNF4G_Cas_9_FOXA1_CRI02_1.fq.gz
jc8381_HPAFII_HNFAG_Cas_9_FOXA1_CRI02_2.fq.gz
jc8381_HPAFII_HNFAG_Cas_9_FOXA1_CRI11_1.fq.gz
jc8381_HPAFII_HNF4G_Cas_9_FOXA1_CRI11_2.fq.gz
jc8381_HPAFII_HNF4G_Cas_9_FOXA1_CRI12_1.fq.gz
jc8381_HPAFII_HNF4G_Cas_9_FOXA1_CRI12_2.fq.gz
jc8382_HPAFII_HNF4G_Cas_9_EV_CRIO1_1.fq.gz
jc8382_HPAFII_HNF4G_Cas_9_EV_CRIO1_2.fq.gz
jc8382_HPAFII_HNF4G_Cas_9_EV_CRI02_1.fq.gz
jc8382_HPAFII_HNF4G_Cas_9_EV_CRI02_2.fq.gz
jc8384_HPAFII_H3K27Ac_Cas_9_EV_CRIO1_1.fq.gz
jc8384_HPAFII_H3K27Ac_Cas_9_EV_CRIO1_2.fq.gz
jc8384_HPAFII_H3K27Ac_Cas_9_EV_CRI02_1.fq.gz
jc8384_HPAFII_H3K27Ac_Cas_9_EV_CRI02_2.fq.gz
jc8385_HPAFII_H3K27Ac_Cas_9_FOXA1_CRIO1_1.fq.gz
jc8385_HPAFII_H3K27Ac_Cas_9_FOXA1_CRIO1_2.fq.gz
jc8385_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI02_1.fq.gz
jc8385_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI02_2.fq.gz
jc8385_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI11_1.fq.gz
jc8385_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI11_2.fq.gz
jc8385_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI12_1.fq.gz
jc8385_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI12_2.fq.gz
jc8386_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRIO1_1.fq.gz
jc8386_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRIO1_2.fq.gz
jc8386_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRI02_1.fq.gz
jc8386_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRI02_2.fq.gz
jc8387_HPAFII_Cas_9_EV_input_CRIO1_1.fq.gz
jc8387_HPAFII_Cas_9_EV_input_CRIO1_2.fq.gz
jc8387_HPAFII_Cas_9_EV_input_CRI02_1.fq.gz
jc8387_HPAFII_Cas_9_EV_input_CRI02_2.fq.gz
jc8387_HPAFII_Cas_9_EV_input_CRI11_1.fq.gz
jc8387_HPAFII_Cas_9_EV_input_CRI11_2.fq.gz
jc8387_HPAFII_Cas_9_EV_input_CRI12_1.fq.gz
jc8387_HPAFII_Cas_9_EV_input_CRI12_2.fq.gz
jc8388_HPAFII_Cas_9_FOXA1_input_CRIO1_1.fq.gz
jc8388_HPAFII_Cas_9_FOXA1_input_CRIO1_2.fq.gz
jc8388_HPAFII_Cas_9_FOXA1_input_CRI02_1.fq.gz
jc8388_HPAFII_Cas_9_FOXA1_input_CRI02_2.fq.gz
jc8389_HPAFII_HNF4G_KO_FOXA1_input_CRIO1_1.fq.gz
jc8389_HPAFII_HNF4G_KO_FOXA1_input_CRIO1_2.fq.gz
jc8389_HPAFII_HNFAG_KO_FOXA1_input_CRI02_1.fq.gz
jc8389_HPAFII_HNFAG_KO_FOXA1_input_CRI02_2.fq.gz
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jc8389_HPAFII_HNF4G_KO_FOXA1_input_CRI11_1.fq.gz
jc8389_HPAFII_HNFAG_KO_FOXA1_input_CRI11_2.fq.gz
jc8389_HPAFII_HNFAG_KO_FOXA1_input_CRI12_1.fq.gz
jc8389_HPAFII_HNFAG_KO_FOXA1_input_CRI12_2.fq.gz
jc8390_HPAFII_H3K27Ac_Cas_9_EV_CRIO1_1.fq.gz
jc8390_HPAFI_H3K27Ac_Cas_9_EV_CRIO1_2.fq.gz
jc8390_HPAFII_H3K27Ac_Cas_9_EV_CRI02_1.fq.gz
jc8390_HPAFII_H3K27Ac_Cas_9_EV_CRI02_2.fq.gz
jc8391_HPAFII_H3K27Ac_Cas_9_FOXA1_CRIO1_1.fq.gz
jc8391_HPAFII_H3K27Ac_Cas_9_FOXA1_CRIO1_2.fq.gz
jc8391_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI02_1.fq.gz
jc8391_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI02_2.fq.gz
jc8392_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRIO1_1.fq.gz
jc8392_HPAFI_H3K27Ac_HNF4G_KO_FOXA1_CRIO1_2.fq.gz
jc8392_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRI02_1.fq.gz
jc8392_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRI02_2.fq.gz
jc8392_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRI11_1.fq.gz
jc8392_HPAFII_H3K27Ac_HNFAG_KO_FOXA1_CRI11_2.fq.gz
jc8392_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRI12_1.fq.gz
jc8392_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRI12_2.fq.gz
jc8393_HPAFII_H3K27Ac_Cas_9_EV_CRIO1_1.fq.gz
jc8393_HPAFI_H3K27Ac_Cas_9_EV_CRIO1_2.fq.gz
jc8393_HPAFII_H3K27Ac_Cas_9_EV_CRI02_1.fq.gz
jc8393_HPAFII_H3K27Ac_Cas_9_EV_CRI02_2.fq.gz
jc8394_HPAFII_H3K27Ac_Cas_9_FOXA1_CRIO1_1.fq.gz
jc8394_HPAFII_H3K27Ac_Cas_9_FOXA1_CRIO1_2.fq.gz
jc8394_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI02_1.fq.gz
jc8394_HPAFII_H3K27Ac_Cas_9_FOXA1_CRI02_2.fq.gz
jc8395_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRIO1_1.fq.gz
jc8395_HPAFI_H3K27Ac_HNF4G_KO_FOXA1_CRIO1_2.fq.gz
jc8395_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRI02_1.fq.gz
jc8395_HPAFII_H3K27Ac_HNF4G_KO_FOXA1_CRI02_2.fq.gz
jc8396_HPAFII_flag_Cas_9_EV_CRIO1_1.fq.gz
jc8396_HPAFII_flag_Cas_9_EV_CRIO1_2.fq.gz
jc8396_HPAFII_flag_Cas_9_EV_CRI02_1.fq.gz
jc8396_HPAFII_flag_Cas_9_EV_CRI02_2.fq.gz
jc8397_HPAFII_flag_Cas_9_FOXA1_CRIO1_1.fq.gz
jc8397_HPAFII_flag_Cas_9_FOXA1_CRIO1_2.fq.gz
jc8397_HPAFII_flag_Cas_9_FOXA1_CRI02_1.fq.gz
jc8397_HPAFII_flag_Cas_S_FOXA1_CRI02_2.fq.gz
jc8398_HPAFII_flag_HNF4G_KO_FOXA1_CRIO1_1.fq.gz
jc8398_HPAFII_flag_HNF4G_KO_FOXA1_CRIO1_2.fq.gz
jc8398_HPAFII_flag_HNFAG_KO_FOXA1_CRI02_1.fq.gz
jc8398_HPAFII_flag_HNFAG_KO_FOXA1_CRI02_2.fq.gz
jc8398_HPAFII_flag_ HNFAG_KO_FOXA1 CRI11_1.fq.gz
jc8398_HPAFII_flag_ HNFAG_KO_FOXA1_CRI11_2.fq.gz
jc8398_HPAFII_flag_HNF4G_KO_FOXA1_CRI12_1.fq.gz
jc8398_HPAFII_flag_HNF4G_KO_FOXA1_CRI12_2.fq.gz
jc8399_HPAFII_flag_Cas_9_EV_CRIO1_1.fq.gz
jc8399_HPAFII_flag_Cas_9_EV_CRIO1_2.fq.gz
jc8399_HPAFII_flag_Cas_9_EV_CRI02_1.fq.gz
jc8399_HPAFII_flag_Cas_9_EV_CRI02_2.fq.gz
jc8399_HPAFII_flag_Cas_9_EV_CRI11_1.fq.gz
jc8399_HPAFII_flag_Cas_9_EV_CRI11_2.fq.gz
jc8399_HPAFII_flag_Cas_9_EV_CRI12_1.fq.gz
jc8399_HPAFII_flag_Cas_9_EV_CRI12_2.fq.gz
jc8400_HPAFII_flag_Cas_9_FOXA1_CRIO1_1.fq.gz
jc8400_HPAFII_flag_Cas_9_FOXA1_CRIO1_2.fq.gz
jc8400_HPAFII_flag_Cas_9_FOXA1_CRI02_1.fq.gz
jc8400_HPAFII_flag_Cas_9_FOXA1_CRI02_2.fq.gz
jc8400_HPAFII_flag_Cas_9_FOXA1_CRI11_1.fq.gz
jc8400_HPAFII_flag_Cas_9_FOXA1_CRI11_2.fq.gz
jc8400_HPAFII_flag_Cas_9_FOXA1_CRI12_1.fq.gz
jc8400_HPAFII_flag_Cas_S_FOXA1_CRI12_2.fq.gz
jc8401_HPAFII_flag_HNF4G_KO_FOXA1_CRIO1_1.fq.gz
jc8401_HPAFII_flag_HNF4G_KO_FOXA1_CRIO1_2.fq.gz
jc8401_HPAFII_flag_HNFAG_KO_FOXA1_CRI02_1.fq.gz
jc8401_HPAFII_flag_HNFAG_KO_FOXA1_CRI02_2.fq.gz
jc8404_HPAFII_FOXA1_HNFAG_KO_4 plates_CRIO1_1.fq.gz
jc8404_HPAFI|_FOXA1_HNFAG_KO_4 plates_CRIO1_2.fq.gz
jc8404_HPAFII_FOXA1_HNF4G_KO_4_plates_CRI02_1.fq.gz
jc8404_HPAFII_FOXA1_HNF4G_KO_4_plates_CRI02_2.fq.gz
jc8405_HPAFII_FOXA1_Cas_9_4_plates_CRIO1_1.fq.gz
jc8405_HPAFII_FOXA1_Cas_9_4_plates_CRIO1_2.fq.gz
jc8405_HPAFII_FOXA1_Cas_9_4_plates_CRI02_1.fq.gz
jc8405_HPAFII_FOXA1_Cas_9_4 plates_CRI02_2.fq.gz
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jc8405_HPAFII_FOXA1_Cas_9_4 plates_CRI11_1.fq.gz
jc8405_HPAFII_FOXA1_Cas_9_4_plates_CRI11_2.fq.gz
jc8405_HPAFII_FOXA1_Cas_9_4 plates_CRI12_1.fq.gz
jc8405_HPAFII_FOXA1_Cas_9_4 plates_CRI12_2.fq.gz
jc8406_HPAFI|_FOXA1_HNFAG_KO_4 plates_CRIO1_1.fq.gz
jc8406_HPAFI|_FOXA1_HNFAG_KO_4 plates_CRIO1_2.fq.gz
jc8406_HPAFII_FOXA1_HNF4G_KO_4_plates_CRI02_1.fq.gz
jc8406_HPAFII_FOXA1_HNF4G_KO_4_plates_CRI02_2.fq.gz
jc8406_HPAFII_FOXA1_HNF4G_KO_4_plates_CRI11_1.fq.gz
jc8406_HPAFII_FOXA1_HNF4G_KO_4_plates_CRI11_2.fq.gz
jc8406_HPAFII_FOXA1_HNF4G_KO_4_plates_CRI12_1.fq.gz
jc8406_HPAFII_FOXA1_HNF4G_KO_4_plates_CRI12_2.fq.gz
jc8407_HPAFII_FOXA1_Cas_9_2_plates_CRIO1_1.fq.gz
jc8407_HPAFII_FOXA1_Cas_9_2_plates_CRIO1_2.fq.gz
jc8407_HPAFII_FOXA1_Cas_9_2_plates_CRI02_1.fq.gz
jc8407_HPAFII_FOXA1_Cas_9_2_plates_CRIO2_2.fq.gz
jc8407_HPAFII_FOXA1_Cas_9_2_plates_CRI11_1.fq.gz
jc8407_HPAFII_FOXA1_Cas_9_2_plates_CRI11_2.fq.gz
jc8407_HPAFII_FOXA1_Cas_9_2_plates_CRI12_1.fq.gz
jc8407_HPAFII_FOXA1_Cas_9_2_plates_CRI12_2.fq.gz
jc8408_HPAFII_FOXA1_HNFAG_KO_2_plates_CRIO1_1.fq.gz
jc8408_HPAFI|_FOXA1_HNFAG_KO_2_plates_CRIO1_2.fq.gz
jc8408_HPAFII_FOXA1_HNF4G_KO_2_plates_CRI02_1.fq.gz
jc8408_HPAFII_FOXA1_HNF4G_KO_2_plates_CRI02_2.fq.gz
jc8409_HPAFII_FOXA1_Cas_9_4_plates_CRIO1_1.fq.gz
jc8409_HPAFII_FOXA1_Cas_9_4_ plates_CRIO1_2.fq.gz
jc8409_HPAFII_FOXA1_Cas_9_4_plates_CRI02_1.fq.gz
jc8409_HPAFII_FOXA1_Cas_9_4 plates_CRI02_2.fq.gz
jc8412_HPAFII_HNFAG_HNFAG_KO_4 plates_CRIO1_1.fq.gz
jc8412_HPAFII_HNFAG_HNFAG_KO_4 plates_CRIO1_2.fq.gz
jc8412_HPAFII_HNF4AG_HNF4G_KO_4_plates_CRI02_1.fq.gz
jc8412_HPAFII_HNFAG_HNF4G_KO_4_plates_CRI02_2.fq.gz
jc8414_HPAFII_HNF4G_HNF4G_KO_4_plates_CRIO1_1.fq.gz
jc8414_HPAFII_HNF4G_HNF4G_KO_4_plates_CRIO1_2.fq.gz
jc8414_HPAFII_HNFAG_HNF4G_KO_4_plates_CRI02_1.fq.gz
jc8414_HPAFII_HNFAG_HNF4G_KO_4_plates_CRI02_2.fq.gz
jc8415_HPAFII_Cas_9_input_CRI01_1.fq.gz
jc8415_HPAFII_Cas_9_input_CRI01_2.fq.gz
jc8415_HPAFII_Cas_9_input_CRI02_1.fq.gz
jc8415_HPAFII_Cas_9_input_CRI02_2.fq.gz
jc8416_HPAFII_HNF4G_KO_input_CRIO1_1.fq.gz
jc8416_HPAFII_HNF4G_KO_input_CRIO1_2.fq.gz
jc8416_HPAFII_HNFAG_KO_input_CRI02_1.fq.gz
jc8416_HPAFII_HNFAG_KO_input_CRI02_2.fq.gz
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Genome browser session hg38,mm10
(e.g. UCSC)

Methodology

Replicates A minimum of three biological replicates were performed for DiffBind analyses.
Sequencing depth NovaSeq 6000 was used for the ChIP-seq experiments. 20-30 million reads were aimed for most samples incorporated into the study.
Antibodies HNF4G (Atlas, HPA005438), HNF4A(Cell signalling, 3113S), PRMT1(Atlas, HPA072136), GATAG (Cell signalling 5851, R&D systems

AF1700) FOXA1 (abcam, ab5089)
Peak calling parameters = macs2 callpeak -t <chip> -c <input> -f BAM -g hs -n <chip name>-X-<input name> -q 0.05 -m 5 50 --nomodel
Data quality Peak quality was assessed with quality evaluation tool which is the integral part of analysis pipeline.

Software MACS2 v 2.2.6, bedtools v 2.26.0-97, DiffBind v 2.2.12, Meme 4.9.1,5.0.5




Flow Cytometry

Plots
Confirm that:

D The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

D The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

D All plots are contour plots with outliers or pseudocolor plots.

\:I A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software

Cell population abundance

Gating strategy

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.q. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] Used

Preprocessing

Preprocessing software
Normalization
Normalization template

Noise and artifact removal

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

\:I Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).
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Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ |whole brain | | ROl-based || Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
& \:I Functional and/or effective connectivity
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& D Multivariate modeling or predictive analysis
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