Pancreas and liver

®

OPEN ACCESS

» Additional supplemental
material is published online
only. To view, please visit the
journal online (http://dx.doi.org/
10.1136/gutjnl-2021-325405).

For numbered affiliations see
end of article.

Correspondence to

Dr Darjus F Tschaharganeh,
German Cancer Research
Centre, Heidelberg, Baden-
Wirttemberg, Germany;
d.tschaharganeh@dkfz.de

Received 14 June 2021
Accepted 31 August 2021
Published Online First

11 September 2021

| '.) Check for updates

© Author(s) (or their
employer(s)) 2022. Re-use
permitted under CC BY.
Published by BMJ.

To cite: Revia S, Seretny A,
Wendler L, et al. Gut
2022;71:1613-1628.

Original research

Histone H3K27 demethylase KDM6A is an epigenetic
gatekeeper of mTORC1 signalling in cancer

Steffie Revia,' Agnieszka Seretny,' Lena Wendler,' Ana Banito,” Christoph Eckert,'
Kersten Breuer,® Anand Mayakonda, Pavlo Lutsik,> Matthias Evert,” Silvia Ribback,’
Suchira Gallage,® Ismaiel Chikh Bakri,’ Kai Breuhahn,’ Peter Schirmacher,’

Stefan Heinrich,® Matthias M Gaida,”'®""'* Mathias Heikenwélder,® Diego F Calvisi*

Christoph Plass,® Scott W Lowe, "' Darjus F Tschaharganeh

ABSTRACT

Objective Large-scale genome sequencing efforts of
human tumours identified epigenetic modifiers as one

of the most frequently mutated gene class in human
cancer. However, how these mutations drive tumour
development and tumour progression are largely
unknown. Here, we investigated the function of the
histone demethylase KDM6A in gastrointestinal cancers,
such as liver cancer and pancreatic cancer.

Design Genetic alterations as well as expression
analyses of KDM6A were performed in patients with liver
cancer. Genetic mouse models of liver and pancreatic
cancer coupled with Kdm6a-deficiency were investigated,
transcriptomic and epigenetic profiling was performed,
and in vivo and in vitro drug treatments were conducted.
Results KDM6A expression was lost in 30% of
patients with liver cancer. Kdméa deletion significantly
accelerated tumour development in murine liver and
pancreatic cancer models. Kdméa-deficient tumours
showed hyperactivation of mTORC1 signalling, whereas
endogenous Kdméa re-expression by inducible RNA-
interference in established Kdm6a-deficient tumours
diminished mTORC1 activity resulting in attenuated
tumour progression. Genome-wide transcriptional and
epigenetic profiling revealed direct binding of Kdm6a to
crucial negative regulators of mTORC1, such as Deptor,
and subsequent transcriptional activation by epigenetic
remodelling. Moreover, in vitro and in vivo genetic
epistasis experiments illustrated a crucial function of
Deptor and mTORC1 in Kdméa-dependent tumour
suppression. Importantly, KDMBA expression in human
tumours correlates with mTORC1 activity and KDM6A-
deficient tumours exhibit increased sensitivity to mTORC1
inhibition.

Conclusion KDM6A is an important tumour suppressor
in gastrointestinal cancers and acts as an epigenetic
toggle for mTORC1 signalling. Patients with KDM6A-
deficient tumours could benefit of targeted therapy
focusing on mTORC1 inhibition.

INTRODUCTION

Recent whole-genome sequencing efforts of human
tumours catalogued the mutational landscape of
virtual every cancer type.' These data revealed
many well-known driver genes but also implicated
novel genes to be involved in tumourigenesis. In
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Significance of this study

What is already known on this subject?

= Large-scale next generation cancer genome
sequencing efforts consistently reveal that
alterations in genes involved in establishing
and interpreting epigenetic landscapes are
among the most frequent events in human
tumourigenesis. Despite this prevalence,
mechanistic insights into how these mutations
functionally contribute to cancer development
and intersect with other pathways involved in
tumourigenesis remain largely unknown.

What are the new findings?

= By integrating genomic, genetic and preclinical
data we identify the histone demethylase
KDMB6A as a potent tumour suppressor in liver
and pancreatic cancer, provide a mechanistic
explanation how KDM6A mediates tumour
suppression and a therapeutic strategy how
KDM6A-deficient tumours can be treated.

How might it impact on clinical practice in the

foreseeable future?

= By demonstrating that KDM6A acts as an
epigenetic toggle for mTORC1 signalling and
that KDM6A deficient tumours respond to
mTORC1 inhibitors, we envision to implement
KDM®6A as a biomarker for mTORC1 centred
therapies in gastrointestinal cancers and
therefore aid to the emerging field of
personalised medicine.

particular, genes encoding chromatin modifiers
were found to be altered in many different cancer
types,”™ implying their important role in tumour
development. However, although some studies
could functionally validate their contribution to
tumourigenesis,” ¢ it is still largely unknown for
most of these genes how they are mechanistically
involved in cancer progression.

The mixed-lineage leukemia protein 3/4
(MLL3/4) complex proteins associated with setl
(COMPASS)-like complex is a multicomponent
complex involved in remodelling the epigenetic
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landscape to facilitate efficient transcriptional activation.”” This
complex contains KMT2C (MLL3) and KMT2D (MLL4), both
histone H3K4 methyltransferases, KDM6A (UTX), a H3K27
demethylase, several scaffold proteins (ASH2, WDRS, RBBPS
and hDPY30) also present in other COMPASS complexes, and
other proteins specific for this complex (PTIP/PAXIP1, PA1/
PAGR1 and NCOA6)." "' Importantly, sequencing data of
human tumours identified truncating mutations of the catalyt-
ically active components KMT2C, KMT2D and KDM6A of this
complex,'*™® suggesting that disruption of their activity can
contribute to tumourigenesis. However, despite these observa-
tions, mechanistic insights into how these mutations function-
ally contribute to cancer development and intersect with other
pathways involved in tumourigenesis remain largely unknown.

RESULTS

To gain a complete overview of genetic alterations of all MLL3/4
COMPASS-like complex members, we mined publicly available
pan-cancer sequencing data (www.cbioportal.org!” '*) for trun-
cating mutations, deep deletions and shallow deletions (online
supplemental figure 1) and found that indeed the three catalytic
subunits showed the highest alteration frequencies (KDMO6A:
21%, KMT2D: 15%, KMT2C: 14%). Notably, these three genes
showed high numbers of truncating mutations (online supple-
mental figure 1), indicating that tumours select for loss of func-
tion of respective proteins. Considering these genetic events only
in KDM6A, KMT2D and KMT2C clearly demonstrated that the
highest frequencies are observed in solid cancers (online supple-
mental figure 2, online supplemental figure 3A), such as gastro-
intestinal or urological cancer types, whereas functional studies
of these genes had previously focused on haematological cancer
types.”” ™ We further analysed the The Cancer Genome Atlas
Project (TCGA) data set for hepatocellular carcinoma (HCC),
which is an extremely aggressive solid tumour that has emerged
as the fourth most frequent cause of cancer deaths worldwide.**
HCC is commonly characterised by the frequent amplifications
encompassing the MYC oncogene, mutations in Wnt-pathway
components and/or inactivating mutations in the TP53 and
CDKN2A tumour suppressor genes but also exhibits frequently
alterations in chromatin modifiers.” Our analyses revealed
that similar to other solid tumour types KDM6A, KMT2D and
KMT2C showed high frequencies of deep and shallow dele-
tions as well as truncating mutations (online supplemental
figure 3B). Notably, KDM6A appeared to be the most frequently
mutated gene, accounting for 28% of patient samples. Interest-
ingly, KDMG6A is located on the X-chromosome and was previ-
ously shown to escape X-inactivation,”®?’ thus being a putative
monoallelic tumour suppressor exclusively in men. To gain
further insights into the role of KDM6A in human liver cancer,
we analysed KDM6A messenger RNA (mRNA) transcript in a
cohort containing 76 HCCs and corresponding normal liver
tissue (online supplemental table 1). From this cohort, we found
that 30% of HCCs expressed lower mRNA levels in compar-
ison to the normal livers (figure 1A) and some HCCs exhibited
higher KDM6A mRNA levels. Moreover, we probed for KDM6A
protein expression in a tissue microarray comprising 39 normal
liver tissues and 459 HCCs (online supplemental table 2) and
found that nearly all normal liver tissues expressed a detectable
but low nuclear expression of KDM6A, whereas KDM6A was
absent in approximately 30% of HCCs (figure 1B) and a small
proportion of HCC cases showed elevated KDM6A expres-
sion. Interestingly, we already observed a decrease in KDM6A
expression in dysplastic nodules, the bonafide precursor lesion

of HCCs. Thus, our results demonstrate that KDMG6A is lost in
more than 30% of human HCCs and that this loss could poten-
tially be attributed to genomic deletions of the KDM6A locus.

To determine the functional consequences of Kdméa loss
in liver tumour development, we exploited a powerful mouse
model in which genetic elements can be introduced directly into
adult wild-type hepatocytes using hydrodynamic gene delivery
via tail vein injection (HDTVi). This procedure can introduce
cancer predisposing lesions into a subset of hepatocytes using
recombinant transposon vectors that permit stable integration of
oncogenic complementary DNAs (cDNAs) (transposon vector)
or by introducing plasmids encoding Cas9 and single guide RNAs
(sgRNAs) that disrupt tumour suppressor genes through genome
editing.?*° Strikingly, C57BL/6 mice injected with a transposon
vector expressing c-myc (Myc) in conjunction with two inde-
pendent CRISPR/Cas9 constructs targeting Kdmé6a (sgKdméa)
(figure 1C) succumbed as rapid from disease as mice injected with
CRISPR/Cas9 construct targeting TpS3 (sgTp53), whereas mice
receiving c-myc and a control CRISPR/Cas9 plasmid remained
healthy (figure 1D), as described before.’’ Myc;sgKdméa and
Myc;sgTp53 injected mice developed bonafide HCCs and as
expected Kdméa expression was only absent in Myc;sgKdméa
tumours (figure 1E). Accordingly, T7-endonuclease assay (online
supplemental figure 3C) and DNA sequencing (online supple-
mental figure 3D) of the genomic target region in tumuor-
derived cell lines revealed indel mutations in Kdm6a and western
blot analyses of these cells showed loss of Kdméa protein (online
supplemental figure 3E). Furthermore, sustained suppression by
two validated Kdmé6a short hairpin RNAs (shRNAs) also coop-
erated with Myc to produce HCCs on HDTVi, providing further
validation of the tumour suppressive action of Kdméa using an
orthogonal approach (figure 1F-I, online supplemental figure
3F). As we also found human HCCs with elevated KDM6A
expression, we tested the ability of enforced Kdmé6a overexpres-
sion to cooperate with c-myc to form liver tumours. However,
animals receiving transposon vectors encoding Kdmé6a cDNA
and c-myc did not succumb from disease (online supplemental
figure 3G). Therefore, Kdméa loss cooperates with c-myc to
drive liver tumour development.

Next, we asked if sustained Kdméa suppression is important
for tumour maintenance. To this end we injected C57/Bl6 mice
with transposon vectors encoding for c-myc and the reverse-
tetracycline transactivator (rtTA) and a second transposon vector
with expressing a Tet-responsive element (TRE) promoter regu-
lated shRNA targeting Kdméa linked to turbo red fluorescence
protein (tRFP) (figure 2A). Of note, this system allows potent
Kdméa suppression in cells receiving both vectors only when
mice are fed doxycycline (Dox) containing food, whereas mice
receiving normal chow express endogenous levels of Kdméa
protein. One week before the injection mice were fed with Dox-
chow and tumour onset was monitored via MRI (figure 2A). Once
tumours were detected, we divided the cohort in two groups:
one group further receiving Dox-food (sustained Kdméa repres-
sion) and the second group was placed on normal chow (endog-
enous Kdméa reactivation). Remarkably, we found a significant
survival benefit of tumour bearing mice on Dox-withdrawal
(figure 2B) and analyses of MRI time-courses showed rapid
tumour progression in mice with sustained Kdméa suppression,
whereas tumours were stalled in mice with endogenous Kdméa
re-expression, however they eventually progressed at later time
points (figure 2C). As expected tumours on-Dox mice expressed
tRFP (and thus the shRNA) whereas tRFP was absent in off-Dox
tumours (online supplemental figure 4A). Consequently, Kdméa
protein levels were undetectable in on-Dox tumours, but strong
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Figure 1  Kdméa disruption causes liver tumour formation in conjunction with oncogenic Myc. (A) Messenger RNA expression of KDM6A in

a clinical cohort of 76 human hepatocellular carcinomas (HCCs). KDM6A expression was assessed both in the surrounding healthy liver tissue

and tumour tissues. Unpaired t-test, p=0.0001. (B) Left, quantification of KDMG6A expression as evaluated by immunohistochemistry in the tissue
microarrays classified into normal liver tissues, cirrhotic tissues, dysplastic nodules and HCCs. Right, representative results of KDM6A staining. Image
of HCC that scored 0 in the upper panel and normal liver tissue that scored 2 in the lower panel. (C) Vectors permitting transient expression of Cas9
and single guide RNAs (sgRNAs) targeting Kdméa (top), and Sleeping Beauty transposon-based stable expression of c-myc (bottom) were used to
generate Myc;sgKdméa liver tumour via hydrodynamic gene delivery via tail vein injection. (D) Histopathology of liver tumours generated by c-myc
overexpression and either Kdméa or Tp53 knockout. Top, tumour nodules in Myc;sgTp53 and Myc;sgkdmé6a injected mice visualised by dissection
microscope. Middle, HE staining. Bottom, Kdméa staining. (E) Survival of mice injected with sgRNAs targeting Kdméa (red and blue line, each n=10),
Tp53 (yellow line, n=6) or green fluorescence protein (GFP) (black line, n=3) as control. (F) Vectors for in vivo short hairpin RNA (shRNA)-mediated
gene silencing in the setting of c-myc overexpression. The shRNAs targeting Kdm6a or Renilla luciferase as control, were constitutively expressed and
linked to GFP expression. (G) Survival of Myc;shkdm6a mice with two independent shRNA (red and blue line, each n=10) and Myc;shRenilla mice
(black line, n=10); log-rank test, **p value=0.0014 (H) Dissection microscope pictures of tumour nodules observed in Myc;shKdm6a mice, note that
shRNA-expression in linked to GFP. (I) Histopathology of Myc;shKdmé6a liver tumours. Left, HE staining of liver tumours depicted above. Right, Kdmé6a
staining of corresponding tumours. Scale bars, 50 pm.

Myc;shKdmé6a.2

nuclear expression of Kdméa was visible in off-Dox tumours
(figure 2D). Although tumour cell proliferation was unchanged
between both groups (data not shown), we found a massive induc-
tion of apoptosis in off-Dox tumour cells indicated by cleaved-
caspase 3 (c-casp3) staining (figure 2D). Using primary cell lines
derived from tumours before Dox switch (Myc;TREshKdméa

cells), we observed potent Kdméa induction on mRNA (online
supplemental figure 4B) and protein levels (figure 2E) on Dox
withdrawal. Kdmé6a re-expressing cells formed fewer colo-
nies (figure 2F) and we detected rapid induction of apoptosis
on Kdméa restoration (figure 2G). Importantly, re-expression
of Kdmé6a cDNA in Myc;sgKdmé6a cells (online supplemental
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Dox, n=6 mice per group; red line, on-Dox, n=4) (D) Left, representative immunohistochemistry (IHC) stainings of Myc; TREshKdméa liver tumours.
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mean=SD; n=3. Paired t-test **p=0.0039 *p=0.0124. Dox, doxycycline; FC,

figure SA,B) was accompanied by a disadvantage in cell compe-
tition assays (online supplemental figure 5C), reduced colony
formation (online supplemental figure 5D,E) and induction of
apoptosis (online supplemental figure 5F), thus mirroring the
results of endogenous Kdméa re-expression. Collectively, these
experiments demonstrate that sustained Kdméa suppression
protects from apoptosis and is required for tumour maintenance
in vivo and in vitro.

lines grown for 6 days with or without Dox. Error bars represent
fold change; HDTVi, hydrodynamic gene delivery via tail vein injection.

Kdméa is part of the MLL3/MLL4 COMPASS-like complex,
which epigenetically regulates gene expression by influencing
chromatin accessibility on histone modifications.” '' Thus, to
interrogate potential target genes mediating the tumour suppres-
sive activity of Kdméa, we profiled the transcriptome of Myc;s-
gKdméa cell lines. We found 331 genes upregulated (log2-fold
change < —1, pvalue<0.05) and 910 genes downregulated (log2-
fold change >1, p value<0.05) compared with Myc;sgTp53
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genes revealed by RNA-seq of Myc;sgKdméa and Myc;sgTp53 liver tumour-derived cell lines, n=3 independent cell lines per group. Genes with more
than twofold expression change and exceeding adjusted p value<0.05 are indicated in red. (B) Top 10 affected canonical pathways from RNA-seq
data based on Ingenuity Pathway Analysis. (C) Heatmap of differentially regulated mTOR pathway genes in Myc;sgKdméa and Myc;sgTp53 cell lines,
n=3 independent cell lines per group. (D) Left, representative immunohistochemistry (IHC) images of Kdméa and pS6RP staining in Myc;sgTp53

and Myc;sgKdm6a murine livers at endpoint of experiment. Scale bar, 50 pm. Right, quantification of IHC staining for pS6RP. Unpaired t-test, *p
value=0.0103. (E) Immunoblot analyses of Myc;sgTp53 and Myc;sgAxin1 cell lines expressing either single guide RNAs targeting Kdméa or empty
vector as control; representative results of n=3. (F) Time course immunoblotting of Myc; TREshKdméa cell line for mTOR signalling pathway in the
presence (off-Dox) or absence (on-Dox) of Kdm6a; representative results of n=3. (G) Left, representative images of Kdméa and pS6RP expression
detected by IHC in murine livers at endpoint of experiment in the presence or absence of Dox. Scale bar, 50 ym. Right, quantification of IHC staining
for pS6RP. Unpaired t-test, p=0.0494. Dox, doxycycline.

cell lines (figure 3A), Interestingly, Ingenuity Pathway Analyses and ribosomal proteins, which are crucial downstream factors of
revealed upregulation of EIF2 signalling, regulation of elF4 and mTORC1 (online supplemental figure 6A). Quantitative reverse
p70S6K signalling, and mTOR signalling as the most signifi- transcription quantitative PCR (RT-qPCR) analyses of Myc;s-
cant upregulated pathways in Myc;sgKdméa cells (figure 3B). gKdmé6a and Myc;sgTpS53 cell lines validated upregulation of

Closer examination for expression changes of individual compo- ~ Deptor in Myc;sgTpS53 cell lines (online supplemental figure
nents in the mTOR pathway (figure 3C) revealed that negative 6B). Moreover, we could observe a marked mRNA upregula-
regulators (Deptor, Tsc1) were downregulated across all three tion of Deptor 6days after endogenous Kdméa restoration in

Myc;sgKdméa cell lines, whereas translation initiation factors Myc; TREshKdméa cell lines (online supplemental figure 6C),
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further indicating a direct relationship between Kdméa expres-
sion levels and transcriptional activation of Deptor in an isogenic
setting.

Next, we investigated if the observed transcriptional changes
translate into mTORC1 pathway activation. Immunohistochem-
ical analyses of murine Myc;sgKdméa liver tumours revealed
increased phosphorylation of the mTORC1 downstream target
S6RP (pS6RP) compared with Myc;sgTpS3 liver tumours
(figure 3D), indicating hyperactivation of mTORC1 in these
tumours. Additionally, Deptor protein was highly abundant in
Myc;sgTp53 cells compared with Myc;sgKdméa cells (online
supplemental figure 6D). Strikingly, we observed decrease of
Deptor expression and accompanied increase in S6RP phos-
phorylation on CRISPR/Cas9 mediated knockout of Kdméa
in isogenic murine cancer cell lines derived from Myc;sgTp53
and Myc;sgAxinl tumours (figure 3E). Furthermore, using
Myc;TREshKdméa cells as an additional isogenic system
we found increased protein expression of Deptor as well as
decreased pS6RP 6 days after endogenous Kdméa re-expression
(figure 3F). Furthermore, immunohistochemical staining pS6RP
of murine liver tumours derived from our previous in vivo reac-
tivation experiments corroborated these results (figure 3G).
Hence, these data suggest that Kdméa can serve as an epigen-
etic toggle by fostering the transcriptional activation of Deptor
resulting in downregulation of mMTORCI signalling.

Next, to further identify direct targets of Kdméa we profiled
genome-wide binding of Kdméa. We decided to use Myc; TREsh-
Kdméa with (off-Dox) or without (on-Dox) endogenous Kdméa
re-expression to interrogate direct changes caused by Kdméa.
Cleavage under target and release using nuclease (CUT&RUN)
analyses identified 1028 genes enriched in Kdméa binding 6 days
after endogenous Kdméa re-expression (online supplemental
table 3). Interestingly, we found that about 25% of Kdméa peaks
were located close to promoter sites (figure 4A), suggesting
Kdméa could potentially permit transcriptional activation at
these genes. Further, we profiled histone marks (H3K27me3,
H3K4mel, H3K4me3 and H3K27ac) in cells with (off-Dox)
or without (on-Dox) endogenous Kdméa re-expression and
did not identify global changes in these marks. However, when
we focused on chromatin regions with Kdméa binding we
could observe reduction of H3K27me3 and gain of H3K4me3
(figure 4B), indicating changes towards permissive chromatin on
Kdmeéa restoration, particular in promoter regions (figure 4C).
Interestingly, we identified strong Kdméa binding within
Kdmeéa itself, accompanied by H3K4me3 gain and H3K27me3
loss (figure 4D) and the same changes were also observed in
the negative mTORC1 pathway regulator Deptor (figure 4D).
Hence, Kdmé6a restoration leads to distinct binding of Kdméa to
chromatin accompanied with permissive chromatin changes at
promoters, among others in Deptor.

As Deptor is a potent negative regulator of mTORC1 signal-
ling’>>* and we identified strong Kdmé6a binding as well as
pronounced protein expression changes of Deptor on Kdméa
restoration, we next aimed to dissect the role of Deptor in
mediating phenotypic effects on Kdméa restoration. To this end
we deleted Deptor in Myc;TREshKdméa cells using CRISPR/
Cas9 and monitored these cells following Kdméa restoration.
Consistent with our previous results, re-expression of endoge-
nous Kdméa in Myc; TREshKdmé6a harbouring a control sgRNA
induced apoptosis, whereas this apoptotic response was mark-
edly reduced in Myc; TREshKdméa cells with deletion of Deptor
(figure SA). Furthermore, we also designed an in vivo experi-
ment to further validate this causal relationship. Using hydro-
dynamic delivery, we injected mice with a transposon vector

expressing c-myc in conjunction with CRISPR/Cas9 constructs
targeting Kdmé6a and additionally either with a transposon
vector expressing Deptor cDNA or a control vector. Remark-
ably, we observed a significant survival benefit (figure 5B) and
a significant reduction in tumour nodules in mice with Deptor
co-expression compared with controls (figure 5C). Moreover,
to clarify the role of mTORCT signalling in Kdméa-dependent
tumour suppression, we used hydrodynamic delivery of a trans-
poson vector expressing c-myc in conjunction with double
CRISPR/Cas9 constructs targeting Kdm6a and Mtor or S6K1,
two key downstream molecules of mMTORCTI signalling, simulta-
neously. Whereas mice receiving double CRISPR/Cas9 constructs
with Kdméa and control guide succumbed rapidly from disease,
mice with double CRISPR/Cas9 constructs encoding for Kdméa
and Mtor or S6K1 sgRNAs showed prolonged survival and
massive reduction in tumour nodules (figure 5D). Thus, Deptor
and mTORCT1 signalling are crucial determinants for Kdméa-
dependent tumour suppression.

The mTORCI signalling pathway is aberrantly expressed in
many different cancer types and consequently potent inhibitors
of this pathway were developed. As our results revealed that
Kdmé6a-deficient tumours exhibit a high mTORC1 activity, we
next tested if they are particularly sensitive to pharmacological
mTORCT1 inhibition. Indeed, we observed a strong sensitivity
to Torin-1, a potent mTORCI inhibitor, in Myc;sgKdméa cell
lines compared with Myc;sgTp53 cells (online supplemental
figure 7A), whereas we could not observe a different response
to Dactolisib, a drug inhibiting PI3K (online supplemental
figure 7B). Importantly, we observed in an isogenic setting that
Myc; TREshKdméa cells without Kdméa expression as well as
Myc;sgTp53 cells and Myc;sgAxinl cells with CRISPR/Cas9
mediated Kdmé6a knockout (sgKdméa) exhibited remarkable
increase in Torin-1 sensitivity (figure SE), whereas we could
not reveal a difference in treatment response with Dactolisib in
respect to the Kdméa status (figure SF). Inspired by our in vitro
observations, we generated mouse cohorts harbouring either
autochthonous Myc;sgTp53 or Myc;sgKdméa liver tumours
via hydrodynamic delivery and treated them with rapamycin.
As observed in our in vitro experiments, only mice with Myc;s-
gKdmé6a tumours responded to rapamycin treatment, which led
to significant prolonged survival (figure 5G). Hence, Kdméa-
deficiency predicts therapeutic response towards mTORCI1
inhibitors.

To address the question if the observed effects of Kdmé6a
are only applicable to liver tumours and only valid in the
context of oncogenic c-myc, we additionally created a Kdméa-
deficient mouse model of pancreatic cancer. Harnessing a
previously established model of pancreatic cancer that relies
on multiallelic embryonic stem cells that harbour a pancreas-
specific Cre driver (p-48 Cre), a conditional mutant Kras
allele (LSL-KrasG12D), a conditional reverse tetracycline
transactivator allele (Caggs-LSL-rtTA3-IRES-Kate) as well
as a homing cassette in the ColA1 locus, we inserted TRE-
promoter driven and GFP-labelled shRNAs targeting Kdm6a
(shKdmé6a) or Renilla luciferase (shRenilla) using recombinase
mediated cassette exchange and generated chimeric mice for
further experimental use (figure 6A). Whereas pancreata of
mice expressing shRenilla did not exhibit macroscopic abnor-
malities despite GFP and thus shRNA expression, pancreata
of shKdméa expressing mice showed macroscopically cystic
changes and enlargement as well as tumour nodules (figure 6B).
Consequently, we observed a significant shorter survival of
mice with pancreas-specific Kdméa suppression (figure 6C).
Histologically, we observed bonafide invasive pancreatic ductal

1618

Revia S, et al. Gut 2022;71:1613-1628. doi:10.1136/gutjnl-2021-325405

"6uAdoo Ag paiosiold 1senb Ag 20z ‘0T |1dy uo /wod fwgnby:dny wouy papeojumoq TzZ0z J8quiaidas TT U0 GO¥SZE-TZ0Z-Ulnb/9ETT 0T St paysiignd 1s11y 1IN


https://dx.doi.org/10.1136/gutjnl-2021-325405
https://dx.doi.org/10.1136/gutjnl-2021-325405
https://dx.doi.org/10.1136/gutjnl-2021-325405
https://dx.doi.org/10.1136/gutjnl-2021-325405
https://dx.doi.org/10.1136/gutjnl-2021-325405
https://dx.doi.org/10.1136/gutjnl-2021-325405
https://dx.doi.org/10.1136/gutjnl-2021-325405
https://dx.doi.org/10.1136/gutjnl-2021-325405
http://gut.bmj.com/

=3UTR
Promoter (<1kb)
=5UTR

Kdméa

1
02

= Promoter (2-3kb)
=Exon
= Downstream (<300kb)

= Promoter (1-2kb)
mIntron
mDistal intergenic

H3K27me3

B 100 Off-dox
75 On-dox
50
25
0.0

: A
: W

normalized read count

COWPHEH eguipy

EOWLDUEH

H3K4me3

Pancreas and liver

H3K27Ac

On-dox Off-dox

Exon

| l Promoter
Exon

| Promoter

UTR _Intron

UTR__Intron

<l
S
=
=
=

H3K4me1
n-d

Off-dox Off-dox

Exon
| Promoter

Exon

UTR__Intron
UTR__Intron

I} L 2 2 )
e € € c
5 3 g 00 O 00 ©
> 9 S
g 1) kil L] 5’ LI
= E £ N £
0.0 . .
5 0 55 5 0 5-5 0 5300 0 oo 3
Distance to TSS, [kb] Distance to TSS, [kb] Distance to TSS, [kb] Distance to TSS, [kb] Distance to TSS, [kb]
D .. e =
ome #0971 e
Kambia }
S
Kanga 020
P _ fl
HaKkame3 0030
g
oo -
i "“’} A
m&;‘lma el
e med A b e - . 3k
HakzTme 00010 :
o omhumn&. by biakiie o de ok biem v ll
o) mw}
iy
Vokime 00010
s A
o000,
wokzAC ww-‘
oom R - e et e s i i e
yarAc ow«ul
i
ooco. e e M i e e Ao i e -~ -
. omw}
00050 -
™| - . )
p Gm3920 Deptor,
oz Topior
encontivbs 620 0
Deptor,
e ow]
S
oo, - - - - -
kanga 0010
RT™ R PR i i 4
HOKAme3. nead
A a ———— — - -
My 0030
- i G e - A
g 0o L
idis it k& bl ik s b re ki ko ke sl s deereinh e 8 b emad o s b
g"m’"“ ""“‘
s T R T IR

ahod wine ond lom ade dia
H3Kdme °°‘7‘3 i
Ondon W

1oxame pres

HaTAC 00040

| DUEDRIT U ST T ¥ U

vl b b

shea vy

bl
PR W
e

It
do
A

. e

0000
HaGTAC 00040
Offdox

00000 b aa st bl il bbb it

prees
&

00000 e
% 0050
Fdox

00000 bt i b - P

ST O U SV WO

Figure 4 Genome-wide profiling of histone modifications and Kdmé6a. (A) Binding sites of Kdm6a genome-wide based on cleavage under target
and release using nuclease (CUT&RUN) profiling. (B) Profile plots of Kdm6a, H3K4me3 and H3K27me3 in the proximity of Kdm6a binding sites; n=1.
(C) Global heatmaps of Kdm6a and histone modifications (H3K4me3, H3K4me1, H3K27ac, H3K27me3) from CUT&RUN signals in Myc; TREshKdméa
cell line in the presence (off-Dox) or absence (on-Dox) of Kdm6a sorted by Kdméa signal; n=1. (D) Kdm6a, H3K27ac, H3K4me3, H3K4me1 and
H3K27me3 occupancies at Kdméa (top), and Deptor (bottom) loci in the Myc;TREshKdmé6a liver tumour-derived cell line. TSS, transcriptional start site;

UTR, ultranslated region.

adenocarcinomas with infrequent metastatic spread to the liver
in shKdmeéa expressing mice, whereas only pancreatic intraep-
ithelial neoplasias (PanIN) of different degrees and no inva-
sive tumours were detected in shRenilla mice (figure 6D). As
expected tumours showed GFP expression (indicating shRNA
expression) and Kdméa expression was absent in shKdméa
tumour samples (figure 6D). Further, we generated primary
cell lines of these tumours and performed similar Kdméa
re-expression experiments as conducted before in liver cell
lines. Strikingly, as observed in liver cells endogenous Kdmé6a

re-expression triggered expression of Deptor and Tsc2 and
consequently led reduced phosphorylation of mTORC1 down-
stream targets (figure 6E,F). Moreover, we also observed a
similar shift towards pharmacological mTORC1 inhibitor
sensitivity dependent on Kdméa expression status (figure 6G).
Moreover, we examined the expression status of KDM6A
in a unique patient cohort comprising matched high-grade
PanIN and pancreatic ductal adenocarcinomas (PDAC) of
the same patient (online supplemental table 4). Interestingly,
we observed that most of the high-grade PanINs showed still
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Figure 5 Kmdba-deficient cells and tumours are dependent on mTORC1 signalling. (A) Caspase-3/7 assay in Myc; TREshKdméa cells expressing
either single guide RNAs targeting Deptor or empty vector as control 6 days after endogenous Kdméa restoration. Error bars represent mean+SD;
n=3. Two-way analysis of variance (ANOVA) test, *p value<0.05. (B) Survival curves of Myc;sgkdm6a mice with ectopic Deptor overexpression (black
line, n=7) or without ectopic Deptor expression (red line, n=6); log-rank test, *p value=0.0231 (C) Left, quantification of number of tumour nodules
of Myc;sgkdméa mice with ectopic Deptor overexpression (n=7) or without ectopic Deptor expression (n=6). Unpaired t-test, **p value=0.043.
Right, representative tumour nodules visualised by dissection microscope. (D) Survival curves of in Myc;sgkdm6a mice (red line, n=6) compared with
combined S6K7 knockout (blue line, n=5) or Mtor knockout (black line, n=5); log-rank test, *p value=0.0246, **p value=0.0017. (E) Dose response
curve of Torin-1 and (F) Dactolisib in Myc; TREshKdméa, Myc;sgTp53 and Myc;sgAxin1 cells as analysed by CellTiter-Blue in the presence (red line)

or absence (blue line) of Kdmé6a. Error bars represent mean=SD. Dose response curves are representative results of n=3 independent experiments.
Differences between loglC50 values were determined with unpaired t-test for Myc;TREshKdméa cell lines and one-way ANOVA for Myc;sgTp53 and
Myc;sgAxin1 cell lines, *p value<0.0001. (G) Survival curve of Myc;sgkdméa mice treated with mTOR inhibitor (rapamycin, red line; n=5) or vehicle
(saline, black line; n=3); log-rank test, *p value=0.0274 and Myc;sgTp53 mice with rapamycin (green dotted line, n=4) or vehicle (blue dotted line,
n=>5); log-rank test, p value=0.8777.

retained KDMG6A expression and that expression decreased Kdméa is a potent tumour suppressor in pancreatic cancer and
during the progression to PDAC (figure 6H), implicating an Kdméa-deficient pancreatic adenocarcinomas show hyperac-
active selection for low KDM6A during carcinogenesis. Thus, tive mTORCI1 signalling analogous to liver tumours.
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Figure 6 Loss of Kdm6a in combination with oncogenic KrasG12D leads to pancreatic ductal adenocarcinomas. (A) Schematic display of embyonic
stem cell (ESC)-based PDAC mouse model generation. (B) Tumour nodules with cyst or normal pancreas observed in KrasG12D;shKdm6a and
KrasG12D;shRenilla mice expressing short hairpin RNA (shRNA)-linked green fluorescent protein (GFP) and rtTA3-linked red fluorescent protein

(RFP). (C) Survival of KrasG12D;shKdm6a mice (blue and red lines; n=15 for each shRNA) and KrasG12D;shRenilla (black line; n=13) mice as control;
log-rank test, **p value=0.0024, ****p value<0.0001. (D) Immunohistochemical staining of HE, GFP and Kdmé6a, in KrasG12D;shKdméa and
KrasG12D;shRenilla mice. Scale bar, 50 pm. (E) Quantitative PCR for Kdméa and Deptor expression in KrasG12D;shKdmé6a cell lines in the presence

or absence of Dox. Representative results of n=3 independent experiments. Paired t-test, *p value<0.0482. (F) Immunoblot analyses of mTORC1
signalling in KrasG12D;shKdmé6a cell line in the presence (off-Dox) or absence (on-Dox) of Kdm6a. Representative result of n=3. (G) Dose response
curve of Torin-1 in KrasG12D;shKdmé6a cell in the presence (red line; off-Dox) or absence (blue line; on-Dox) of Kdméa. Error bars represent mean+SD;
n=3. Differences between loglC50 values were determined with unpaired t-test, p value>0.0001. (H) Visual representation of changes in KDM6a
expression over time in progression from high-grade PanINs to PDAC in clinical cohort of 90 patients. KDM6A expression was scored on the scale from
0 to 3. Size of nodes represents number of patients and size of arrows corresponds to proportional changes in KDM6a levels over time. BF, bright field.

Finally, to translate our findings into the human setting,
we first correlated mRNA expression levels of KDM6A and
DEPTOR in a cohort of 76 human HCCs and corresponding
normal liver samples and found that only in HCC samples
KDM6A and DEPTOR transcripts showed a strong positive
correlation (R=0.4236, p=0.0022vs R=0.04983, p=0.7311)
(figure 7A,B). Additionally, we wused publicly available

transcriptomic data (GEPIA portal) for the TCGA liver cancer
data set and confirmed a strong positive correlation between
KDM6A and DEPTOR (R=0.32, p=3.9¢"'%) (online supple-
mental figure 8A). This correlation was not only confined to
liver cancer, as using a pan-cancer data set (GEPIA portal)
for KDM6A and DEPTOR mRNA expression also revealed a
significant positive correlation of both transcripts (R=0.25,
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Figure 7 KDMBG6A expression correlates with DEPTOR expression and activation of mTORC1 in human HCC and cholangiocarcinoma (CCA).
Correlation between KDM6A and DEPTOR expression in (A) HCC and (B) in normal surrounding tissue of clinical cohort consisting of 76 human
HCCs. (C) Immunohistochemical staining of HE, KDM6A, DEPTOR and pS6RP in two representative patients with HCC. Scale bar represent

100 ym. The significance of the correlation between KDM6A/DEPTOR and KDM6A/pS6RP are shown in the table below using Fisher's exact test.
Correlation between KDM6A and DEPTOR expression in (D) CCA and (E) in normal surrounding tissue of clinical cohort consisting of 80 human
CCAs. (F) Immunohistochemical staining of HE, KDM6A, DEPTOR and pS6RP in two representative patients with CCA. Scale bar represent 100 pm.
The significance of the correlation between KDM6A/DEPTOR and KDM6A/pS6RP are shown in the table below using Fisher's exact test. HCC,

hepatocellular carcinoma; mRNA, messenger RNA.

p=9.1¢""*") (online supplemental figure 8B). Moreover, we
also determined immunohistochemically protein expression in
76 human HCCs for KDM6A, DEPTOR and pS6RP. By classi-
fying tumours in low and high expression levels of individual
proteins, we found a significant correlation of low KDM6A
expression with low DEPTOR expression and vice versa
(figure 7C). Furthermore, tumours with low KDMG6A levels

were typically associated with high pS6RP levels. Additionally,
we performed the same analyses also for a cohort of patients
with cholangiocarcinoma (n=80), the second most common
liver cancer, and found similar results as observed for HCCs,
where low KDMG6A protein levels are accompanied with low
DEPTOR and high pS6RP levels (figure 7D-F). Collectively,
these data show that KDM6A expression correlates with
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DEPTOR expression in human tumours and is accompanied
with activation of mTORCI1.

DISCUSSION

Emerging technological advances to interrogate cancer genomes
have pointed us to chromatin modifiers as important compo-
nents for tumourigenesis.®® *¢ Still, it appears obscure how these
genes are functionally involved in this process. By combining
powerful genetics, genomics and animal modelling tools
as well as human patient data, we surprisingly identify the
histone H3K27-demethylase KDM6A as an epigenetic switch
for mTORCT signalling via transcriptional activation of nega-
tive pathway regulators in solid cancers. Thus, our results link
a poorly understood epigenetic tumour suppressor gene with a
major signalling hub in human cancer.

Using publicly available sequencing data of human tumours,
we found that in particular the catalytically active components
of the MLL3/MLL4 COMPASS-like complex MLL3, MLL4 and
KDMG6A show a high alteration frequency that presumably lead
to reduced protein expression. Notably, these analyses revealed
that solid cancers have the highest prevalence of these alter-
ations, whereas previous studies that functionally analysed these
proteins in tumourigenesis were focusing on haematological
malignancies.” > %7 We concentrated on KDM6A, as it showed
the highest alteration frequencies, and identified by screening
a large amount of human liver cancers that KDM6A protein
expression was lost in about 30% of patients. This high inci-
dence could be due to the genomic location of KDM6A on the
X-chromosome, where a single allelic loss in men could lead
to complete loss of expression. Indeed, this phenomenon was
previously observed in leukaemias, where KDM6A acts as a
gender-specific tumour suppressor.”’

To interrogate the function of KDM6A in liver cancer we applied
a powerful mouse model and found that Kdméa loss in combina-
tion with c-myc leads rapidly to liver tumours and further by estab-
lishing an endogenous reactivation system for Kdméa we show
that sustained loss of Kdméa is important for liver tumour mainte-
nance, thereby clearly underscoring the importance of Kdméa as a
tumour suppressor in liver cancer. We identified apoptosis as one
of the main tumour suppressive capacities mediated by Kdméa and
elevated mTORC1 activity on Kdméa loss. It is widely accepted
that aberrant c-myc expression leads to an apoptotic response***!
in healthy tissue preventing transformation and that addition of
an additional genetic alteration that blocks the apoptotic response
governs rapid oncogenic transformation.®” ** * Interestingly, a
synergistic effect of mMTROCT activation and c-myc was previously
described in liver tumours and lymphomas.** * Thus, it seems
reasonable that Kdméa-dependent mTORC1 deregulation is the
main driver of transformation in our system.

Transcriptional and epigenetic profiling identified Deptor as
a target gene of Kdméa, which is bound by Kdméa and epige-
netically remodelled fostering its transcriptional activation.
DEPTOR was initially identified as a crucial negative regulator of
mTOR? and it was shown that decreased DEPTOR expression
promotes cell growth and survival by mTOR. Interestingly, we
found in genetic epistasis experiments that Kdméa-dependent
tumour suppression was largely Deptor dependent, indicating
that Deptor is one of the main Kdméa targets mediating its
tumour suppressive abilities. While several genetic alterations
leading to aberrant mTORCT1 signalling and cancer progression
are well-characterised,**™® this is to our knowledge the first
study that reveals an epigenetic component that toggles signal-
ling activity of this pathway.

Finally, we were able to translate our findings to patients with
cancer. We found that KDM6A expression positively correlates
with DEPTOR expression in liver cancer samples. Strikingly,
by expanding our murine studies to pancreatic cancer we also
found the association between Kdméa, Deptor and mTORC1
signalling, indicating that these observations are valid beyond
liver cancer. Indeed, by mining human patient data, we found
a positive correlation between KDM6A and DEPTOR also
in other solid cancer types. Although KDM6A undoubtedly
controls other cancer relevant genes and pathways beyond
mTORCI1, our data reveal that KDM6A-deficient tumours are
sensitive to mTORCT1 inhibition and suggest that KDM6A could
serve as a biomarker for therapies focussing on mTORCI. It will
be important to determine in future experiments, if this rela-
tionship between KDM6A and mTORCI1 is only restricted on
cancer cells or is also important in normal physiology. Interest-
ingly, it was recently shown that metformin can directly bind to
KDMB&6A and it is tempting to speculate that this could influence
mTORCT1 signalling and therefore explain some of the mecha-
nistic mode of action of metformin treatment.*” One avenue for
addressing the function of KDM6A in normal physiology could
be patients suffering from Kabuki syndrome, which have a germ-
line deletion in KDM6A.*°

Collectively, our results reveal an unanticipated epigenetic
mechanism that connects a somatically mutated chromatin
modifier to a well-characterised signalling pathway network
with a major role in cancer.

MATERIALS AND METHODS

Molecular cloning

For CRISPR/Cas9-mediated genome editing, sgRNAs were
subcloned into pX330 or pLentiCRISPR v2 according to Feng
Zhang protocol.’’ Briefly, Bbsl-digested pX330 or pLenti-
CRISPR v2 were ligated to the annealed and phosphorylated
sgRINA. All constructs were subjected to Sanger sequencing with
human U6 primer before used in the study.

For shRNA cloning, potent shRNAs were predicted using
the algorithm by Pelossof et al’? and cloned into the MLPe
vector (MSCV-LTR-miR-E-PGK-Puro-IRES-GFP) as described
before.’® The hairpins were ordered as 97-mer oligos and were
PCR amplified with miRE-Xhol and miRE-EcoRI primer. The
PCR product was then digested with EcoRI-HF and Xhol and
purified before ligated to the EcoRI-HF/Xhol-digested MLPe
backbone. To evaluate the knockdown efficiency of the shRNAs,
target cells were transduced with a multiplicity of infection
(MOI) <0.7to achieve single copy integration. After puro-
mycin selection cells were harvested and subjected to western
blot. Knockdown efficiency was compared with cells transduced
with Renilla luciferase, a non-targeting control. Two most potent
shRNAs against KDM6A were chosen and further cloned into
pT3-TRE-tRFP-miR-E and pCol-TGM. Both plasmids were also
digested with EcoRI-HF and Xhol, and ligated to the EcoRI-HF/
Xhol-digested PCR amplicons (hairpin). All plasmids were
sequenced with miR-E primer before used in the study. Oligonu-
cleotides sequences of sgRNA, shRNA and primers are listed in
online supplemental table 5.

For overexpression plasmid, pT3-EF1a-MYC-IRES-Deptor
was constructed by PCR amplification of Deptor from Addgene
plasmid 21334 and was cloned into pT3-EFla-MYC-IRES-
rtTA3, which was digested with Mscl and Xmal with NEBuilder
HiFi DNA Assembly (NEB) according to the manufacturer’s
protocol.
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Animal experiments

The group size for individual animal experiments was deter-
mined on the basis of our experience with previous similar
experiments. For hydrodynamic tail vein injections, 8 weeks
old female C57Bl/6 animals were purchased from Envigo. 5pug
DNA of pT3-EF1a-MYC, 20 pg of pX330 expressing indicated
sgRNAs together with CMV-SB13 Transposase (1:5 ratio); 20 pg
of pT3-TRE-tRFP-shRNA, 5ug of pT3-myc-IRES-rtTA3 and
CMV-SB13; 5ug of pT3-EF1a-MYC-IRES-Deptor, 20pug of
pX330 sgRNA and CMV-SB13 were prepared in a sterile 0.9%
Sodium chloride (NaCl) solution and injected into the lateral tail
vein with a total volume corresponding 10% of body weight in
5-7s as described before.

All animals were monitored daily and animal experiments
were performed in compliance with all relevant ethical regu-
lations determined in the animal permit. On euthanasia, rele-
vant organs from experimental mice were visually inspected,
harvested and photographed. Tumour samples were taken to
obtain genomic DNA, RNA, protein and the rest were incubated
in 4% paraformaldehyde for at least 24 hours for further use. All
animal experiments were approved by the regional board Karl-
sruhe, Germany.

ESC-based pancreatic cancer

Embryonic stem cells (ESCs) harbouring disease predisposing
alleles as described before were used to introduce the condi-
tional KDM6A knockdown by generating pCol-TGM plasmids
containing the shRNA. Two shRNAs against KDM6A and one
control shRNA against Renilla luciferase were cloned into
pCol-TGM plasmid and were electroporated into the ESCs
together with pCAGs-FLPe to mediate recombinase-mediated
cassette exchange. After electroporation ESCs were selected for
hygromycin resistance and only ESCs with successful integration
of the targeting construct at the ColAla locus confer hygro-
mycin resistance. After selection, resistant clones were picked
and expanded. Targeted clones were used for blastocyst injec-
tions (in cooperation with the DKFZ transgenic core facility) to
generate cohorts of chimeric mice, which were directly used for
further experiments. Mice received Dox-containing diet at the
age of 4 weeks in order to activate shRNA expression and thus
KDM6A knockdown. Disease onset was monitored by weekly
palpation.

MRI

MRI was carried out by our small animal imaging core facility
in DKFZ using a Bruker BioSpec 1Tesla (Ettlingen, Germany).
For the imaging, mice were anaesthetised with 3% sevoflu-
rane in air. T2-weighted imaging were performed using a
T2 RARE_ sequence axial: TE=84 ms, TR=4806.1582 ms,
FOV 30x30mm, slice thickness 1 mm, averages=4, Scan Time
461.39s, echo spacing 8 ms, rare factor 10, slices 20, image
size 192x192, flip angle 180. If liver lesions can be observed
in T2, contrast-enhanced T1 measurement (80ul ProHance,
0.5 mmol/kg, Bracco, intraperitoneal injection) were carried
out to visualise and quantify tumour growth. Unfortunately, the
liver tumours did not accumulate the contrast reagent and thus
a volumetric size determination with T1 was not possible. The
size determination was then performed using T2-weighted MRI
images. The region of interest (ROI) were drawn manually in
each layer and total volume of the lesion from the individual
ROI was calculated with ParaVision software (Bruker). The eval-
uation was carried out by the same person throughout the study.

Immunohistochemistry

Samples were fixed in 4% paraformaldehyde for at least 72 hours,
embedded in paraffin and sliced into 2um thick sections for
immunohistochemistry (IHC) staining.

For Kdméa and GFP staining in mouse tissue, slides were depa-
raffinised with xylene, rehydrated through a descending alcohol
series and washed in water. For antigen retrieval, slides were
put in sodium citrate buffer (pH 6.0) and boiled in a pressure
cooker for 8 min followed by cooling down under running water
for 5 min. Subsequently slides were blocked with 3% hydrogen
peroxide for endogenous peroxidase activity, washed for 1 min
under running water and twice with phosphate-buffered saline
(PBS) and blocked with 5% bovine serum albumine (BSA) in
PBS with 0.05% Triton X-100 at room temperature for 1hour.
Slides were incubated with the rabbit monoclonal anti-KDM6A
overnight at 4°C. Slides were then washed three times with
PBS+0.05% Triton X-100, incubated with InmPRESS goat anti
rabbit or mouse IgG Polymer Kit, peroxidase reagent (Vector
Laboratories #MP-7451) for 30 min at room temperature and
washed further twice with PBS+0.05% Triton X-100. Staining
was visualised using InmPACT DAB Peroxidase Substrate Kit
(Vector Laboratories #SK-4105) according to the manufac-
turer’s protocol and were counterstained with haematoxylin.
Finally, the slides were washed through ascending alcohol series
that ended with xylol and mounted with Surgipath Micromount
Mounting Medium (Leica # 3801731).

For c-casp3 and both pS6RP staining in mouse tissue, the
BOND-MAX (Leica Biosystems) was used to carry out auto-
mated THC staining of slides. Antigen retrieval was carried out
with BondTM citrate solution (AR9961, Leica) or BondTM
EDTA solution (AR9640, Leica). Thereafter sections were incu-
bated with the specific antibodies against antigens in BondTM
primary antibody diluent (AR9352, Leica Biosystems). Primary
antibody exposure was followed by secondary antibody (Leica
Biosystems) and staining using the Bond Polymer Refine Detec-
tion Kit (DS9800, Leica Biosystems). For quantification of stain-
ings, slides were scanned using a SCN400 slide scanner (Leica
Biosystems) at 20 X magnification.

For human tissues, liver specimens were fixed overnight in
49% paraformaldehyde and embedded in paraffin. Sections were
done at 5 um in thickness. For immunohistochemical staining,
slides were deparaffinised in xylene, rehydrated through a
graded alcohol series and rinsed in PBS. Antigen retrieval was
performed in 10 mM sodium citrate buffer (pH 6.0) by place-
ment in a microwave oven on high for 10 min, followed by a
20 min cool down at room temperature. After a blocking step
with the 5% goat serum and Avidin-Biotin blocking kit (Vector
Laboratories, Burlingame, California, USA), the slides were
incubated with the primary antibodies overnight at 4°C. Slides
were then subjected to 3% hydrogen peroxide for 10 min to
quench endogenous peroxidase activity and, subsequently, the
biotin conjugated secondary antibody was applied at a 1:500
dilution for 30min at room temperature. The immunoreac-
tivity was visualised with the Vectastain Elite ABC kit (Vector
Laboratories) and Vector NovaRed (Vector Laboratories) as
the chromogen. Slides were counterstained with haematoxylin.
Slides were evaluated semi-quantitatively by comparing each
tumour with its surrounding non-neoplastic counterpart, thus
defining ‘high’ and ‘low”’ the levels of a given protein in a HCC
sample when compared with the corresponding non-tumourous
counterpart.
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Derivation of primary liver tumour cell lines

Liver tumours were resected with sterile instruments and washed
in sterile PBS prior to digestion. Then tumour tissue was minced
and resuspended in a mix of 4mg/mL collagenase intravenous
and dispase (w/v in sterile, serum free Dulbecco’s Modified
Eagle Medium (DMEM, Sigma)) at 37°C for 30 min with gentle
shaking. The dissociated tumour cells were then washed with
complete DMEM (supplemented with 10% (v/v) fetal bovine
serum and 1% penicillin/streptomycin) and plated on collagen-
coated plates (PurCol, Cell Systems; 0.05mg/mL). Primary
cultures were passaged until visibly free from other contami-
nating cell types.

Derivation of primary pancreatic tumour cell lines

Pancreatic tumours were dissected with sterile instruments,
washed in sterile Hanks balanced salt solution (HBSS) and were
minced with a blade until chunks were about 1-2 mm. Tumour
tissues were resuspended in 1 mg/mL collagenase V (Sigma) (w/v
in sterile, serum free HBSS with Ca**/Mg**) and incubated at
37°C for 30min with gentle shaking. The dissociated tumour
cells were then washed with PBS, resuspended in 0.25% trypsin
and incubated at 37°C for 5 min to break up some extracellular
matrix. Trypsin was then neutralised with complete DMEM.
Before plated on collagen-coated plates, cells were further
washed twice with complete medium. Primary cultures were
passaged until the GFP positive population >90%.

Cell culture

All cell lines were maintained in complete DMEM at 37°C with
5% carbon dioxide. Liver and pancreatic cancer cells were split
twice per week at a ratio of 1:30-40 and 1:5 correspondingly
using collagen-coated plates. Myc;shKdméa and KrasG12D;sh-
Kdméa cells were cultivated in complete DMEM, with Dox
(VWR; 1 pug/mL) when applicable.

Virus production

For lentivirus production, HEK293T cells were plated 1day
before transfection into 10cm plates and transfected when
nearly full confluence was reached using a plasmid mix of 2.5 pg
pMD.2G, 8 ug psPAX2 (Addgene plasmid #12259 and # 12260,
both were a gift from Didier Trono) and 10 ug pLenti CRISPR
v2 harbouring respective guides in 1000 ul serum-free DMEM
and 60 pl polyethylenimine (PEL 1pg/ul). The plasmid mix was
then vortexed for s, incubated at room temperature for 30 min
incubation and added drop-wise to cells. Twenty-fourhours
following the transfection, medium was exchanged and lenti-
viral supernatant was harvested 48 hours post-transfection using
0.45 um Cellulose Acetate Membrane filters (VWR) and stored
at —80°C until use.

For retrovirus production, HEK-gp-cells were also seeded out
as for lentivirus production and transfected using a plasmid mix
of 2.5ug pMD.2G and 20 pg retroviral plasmid such as MLPe
vector, pSIN or pMSCV-rtTA3-PGK-Puro in 1000 ul serum-free
DMEM and 60 pl PEI (1 ug/ul). The viruses were harvested as
lentivirus.

Transduction

Target cells were plated on 10cm plate and 1day following the
plating, cells were transduced with viral supernatants in the pres-
ence of polybrene (4 pug/mL). Two days post-transduction cells
were selected with puromycin (2 pg/mL), blasticidin (10 pg/mL)
or G418 (neomycin; 1 mg/mL) dependent on the plasmid.

Immunoblotting

Cells were harvested and lysed in cell lysis buffer (Cell Signaling
Technology) supplemented with both protease (Complete Mini;
Roche) and phosphatase inhibitors. To ensure lysis, cells were
sonicated for Smin in ice and subsequently centrifuged at 4°C
at 13000rpm to collect protein lysates. Furthermore, protein
lysates were equalised using BCA protein assay (Thermo Scien-
tific), equal amount of protein were mixed with Laemmli buffer
(100mM Tris-HCI pH 6.8, 5% glycerol, 2% sodium dodecyl
sulfate (SDS), 5% 2-mercaptoethanol) and boiled at 95°C for
5 min. Proteins were separated by SDS-PAGE, transferred onto
polyvinylidene fluoride (PVDF) membrane, and detected by
immunoblotting using the appropriate antibodies. Image detec-
tion was performed with AlphaView software (ProteinSimple)
using the Clarity Western ECL substrate Solution (Bio-Rad). The
list of antibodies and their sources can be found in online supple-
mental table 6.

Mutation detection by T7 assay
CRISPR/Cas9-mediated mutations were detected using the T7
Endonuclease I (New England Biolabs). Briefly, genomic DNAs
was isolated using Gentra Puregene Tissue Kit (Qiagen) in accor-
dance to manufacturer’s protocol. An approximately 700bp
region surrounding the CRISPR/Cas9-targeted site was ampli-
fied using the Q5 Hot Start DNA Polymerase (New England
Biolabs), column-purified (Qiagen) and subjected to a series of
melting and annealing cycles with the annealing temperature
gradually lowered in each successive cycle. T7 Endonuclease 1
was then added to selectively digest heteroduplex DNA. Digest
products were visualised on a 2%-3% agarose gel.

Alternatively, Sanger nucleotide sequencing analysis was
performed on PCR products using a T7 primers to detect
mutations.

Clonogenic assay

To assess cell survival and proliferation, 500 cells were plated in
6-well plates as triplicate. Both tetracycline inducible-shKdméa
or Kdm6a-cDNA expressing cells were grown in the presence or
absence of doxycycline, and cells were fixed with methanol and
stained with 0.05% crystal violet after 10 days.

For quantification, depending on confluency of the plates, two
methods were used. Either, the amount of crystal violet taken up
by the cells were dissolved in solubilisation buffer (50% meth-
anol, 5% acetic acid and 0.1% SDS) and quantified in a spec-
trophotometer by reading the absorbance at 570 nm or with an
Image] Plugin.’*

Competition assay

To evaluate the effect of Kdméa overexpression in cell prolif-
eration/viability, Myc;sgKdmeéa cells expressing rtTA3 (GFP
negative) were mixed with either GFP-positive Kdméa overex-
pressing or control cells with 30:70 ratio. The GFP*/GFP™ ratio
were evaluated with Guava easyCyte benchtop flow cytometer
(Merck Millipore) over time in the presence or absence of Dox.

Apoptosis assay

Apoptosis was assessed in liver cancer cell lines via CellEvent
Caspase-3/7 Green Detection Reagent (Invitrogen) according to
manufacturer’s protocol. Briefly, 10000 cells were grown with
and without Dox for 6 days in 6-well plate, trypsinised and resus-
pended in complete DMEM. About 100 000 cells were incubated
with 2uM final concentration of CellEvent Caspase-3/7 Green
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Detection Reagent for 45 min at 37°C and subsequently analysed
with Guava flow cytometer.

Drug treatment and cell viability assay

For assessment of cell sensitivity towards Torin-1 (Cayman
Chemical), cells were plated in 96-well plate 1day prior to
treatment and cell viabilities were assessed with CellTiter-Blue
(Promega) 72 hours following the drug treatment. The reagent
was added into each well of 96-well plate with 1:10 dilu-
tion, incubated for 4 hours at 37°C and fluorescent signal was
recorded (560, /590, ) using FLUOstar Omega (BMG Labtech).

Em

Quantitative reverse transcription PCR

Total RNA was isolated using RNeasy Mini Kit (Qiagen) and
RNase-Free DNase Set (Qiagen) in accordance to manufactur-
er’s protocol. Purified RNA 1pg was reverse transcribed using
TagMan Reverse Transcription Reagents (Thermo Fisher Scien-
tific) and diluted 1:20 before subjected to qPCR. For the qPCR
reaction, cDNA was mixed with Power SYBR Green Master
Mix (Thermo Fisher Scientific) and target-specific primers and
performed in triplicate. Transcript levels were normalised to
the levels of tubulin mRNA expression and calculated using the
deltaCt (ACt) method. qPCR was carried out using QuantStudio
3 Real-Time PCR system (Applied Biosystems).

For human patient quantification, Gene Expression Assays
for human UTX/KDM6A (ID# Hs00253500_m1), Deptor
(Hs00961900_m1) and B-Actin (ID # 4333762T) genes were
purchased from Applied Biosystems (Foster City, California,
USA). Quantitative values for each gene were calculated by using
the PE Biosystems Analysis software and expressed as number
target (NT). NT=2—ACt, wherein ACt value of each sample was
calculated by subtracting the average Ct value of the target gene
from the average Ct value of the f-Actin gene.

RNA sequencing and differential expression analysis

For RNA sequencing, total RNA from three independent
tumour-derived cell lines (Myc;sgMIl3 and Myc;sgTp353) was
isolated using RNeasy Mini Kit (Qiagen), QIAshredder Columns
and RNase-Free DNase Set (Qiagen). RNA-seq library construc-
tion and sequencing were performed according to protocols
used by the integrated genomics operation Core at Memorial
Sloan Kettering Cancer Center (MSKCC). From each repli-
cate sample 5-10million reads were acquired. After removing
adaptor sequences with Trimmomatic,”> RNA-seq reads were
aligned to GRCh37.75(hg19) with STAR.** Genome-wide tran-
script counting was performed by tool for the analysis of high-
thoughput sequencing data (HTSeq) to generate a fragments per
kilobase per million mapped reads (FPKM) matrix.’” Differ-
entially expressed genes were identified by DESeq2 (V.1.8.2,
package in R) and plotted in the volcano plot. The complete data
set is available at NCBI Gene Expression Omnibus GSE155630.

CUT&RUN

CUT&RUN was performed as previously described by Skene et
al.*® Briefly 250 000 Myc; TREshKdméa cells grown in the pres-
ence or absence of Dox were harvested and immobilised on acti-
vated concanavalin A—coated beads at room temperature for
10 min, permeabilised with 0.025% digitonin and incubated with
antibody with rotation overnight at 4°C. All the antibodies used
in this study were diluted 1:100 for CUT&RUN experiment and
are listed in online supplemental table 3. Following the incuba-
tion, cells were incubated with the pA-MNase to a final concen-
tration of 700 ng/mL at 4°C for 1hour, washed and digested on

Ca** addition at 0°C for 30min. To release the DNA-protein
complex, cells were further incubated at 37°C for 10min and
the supernatant was collected. The DNA fragments in the super-
natant were then extracted using the spin column (Qiagen) and
libraries were prepared using NEBNext Ultra II DNA Library
Kit for Illumina (New England Biolabs) following the manufac-
turer’s protocol. The libraries were sequenced using HiSeq2500
(lumina) in 25 bp paired-end rapid mode (library concentration
of flowcell: 12pM, 1% PhiX spike-in) and HiSeq Rapid SBS Kit
v2 (50 cycles; FC-402-402) was used for the HiSeq PE 25 R
sequencing type. The complete data set is available at European
Nucleotide Archive with accession ID PRJEB39876.

CUT&RUN processing and analysis
Adapter and quality trimming of raw sequencing reads was
performed using Trim Galore V.0.4.4°° in conjunction with
Cutadapt V.1.14°° and the non-default parameters ‘--length 1
35°, and ‘--length 2 35°, ‘--paired’, and ‘--illumina’. Bowtie2
with the ‘--very-sensitive’” flag®’ was deployed to separately
align trimmed reads to both the Genome Reference Consortium
Mouse Build V.38 and the Saccharomyces cerevisiac R64 reference
genome. Removal of PCR duplicates was performed by means of
Picard MarkDuplicates V.2.17.4.°% Unpaired alignments as well
as mappings with a quality below 20 on the Phred scale were
filtered out using SAMtools view V.1.5.% Filtered alignments to
the R64 genome were counted. The minimal yeast alignment
count observed among all libraries of a specific antibody target
was determined. Library-specific scaling factors were calculated
by dividing minimal yeast alignment counts by the library-
specific count. Coverage tracks were generated by deploying
the bamCoverage functionality of deepTools V.3.1.1%* with the
non-default parameters ‘--effectiveGenomeSize 2652783500’
and ‘--ignoreForNormalization chrM chrY chrX’. Additionally,
the scaling factors were included via the ‘--scaleRatio’ option.
For peak calling, MACS2 callpeak V.2.1.0.20140616°* was used
with an false discovery rate (FDR) cut-off of 0.05 and the param-
eters ‘--nomodel’, ‘--format BAMPE’, ‘--gsize 2652783500’,
‘--keep-dup all’ and optionally the ‘--broad’ flag for the histone
marks H3K4me1 and H3K27me3. The data processing proce-
dure was implemented as a fully containerised pipeline using the
Common Workflow Language V.1.0%° and is publicly available.®®
UTX peaks were associated with the closest TSS using the
mouse gene model annotation information from R/Biocon-
ductor packages TxDb.Mmusculus.UCSC.mm10.knownGene
(V.3.10.0) and BSgenome.Mmusculus.UCSC.mm10 (V.1.4.0).
Association with gene model features was performed using
package ChIPseeker (V.1.24.0).%” Coverage at genomic features
was summarised using bwtool suite®® and visualised as profile
plots and heatmaps using custom R code. For the global anal-
ysis of histone marks at TSSs, the read coverage at a 2kb radius
around TSSs obtained from Gencode Mouse Release 23 was
summarised using the Genomation package (V.1.12.0).*> Empir-
ical cumulative distribution functions for coverage at TSSs being
close (<3kb) or not close to Kdméa peaks were estimated and
visualised using the stats_ecdf functionality of ggplot2.”

Human patient samples
Seventy-six HCCs and corresponding surrounding non-tumour
liver tissues were used for the study. Liver tissues were collected
at the Universities of Greifswald (Greifswald, Germany) and
Regensburg (Regensburg, Germany).

Pancreatic cancer samples were collected from patients
undergoing surgery at the University Hospital Mainz (Mainz,

1626

Revia S, et al. Gut 2022;71:1613-1628. doi:10.1136/gutjnl-2021-325405

"6uAdoo Ag paiosiold 1senb Ag 20z ‘0T |1dy uo /wod fwgnby:dny wouy papeojumoq TzZ0z J8quiaidas TT U0 GO¥SZE-TZ0Z-Ulnb/9ETT 0T St paysiignd 1s11y 1IN


https://dx.doi.org/10.1136/gutjnl-2021-325405
http://gut.bmj.com/

Pancreas and liver

Germany). Samples from 84 patients were included in the study
from which both high-grade PanINs and PDAC samples were
available.

Human HCC tissue microarray

The HCC tissue microarray used in this study contained 720
representative tissue cores (diameter: 1 mm) distributed on seven
slides. In total, 40 histologically normal livers, 174 cirrhosis, 14
dysplastic nodules and 476 HCCs were spotted (87x G1, 311x
G2, 76x G3, 2x G4 HCCs). For the evaluation of individual
immunohistochemical stains, the KDM6A intensity were eval-
uated. Staining intensity was scored from 0 to 3; O=unstained,
1=weakly, 2=moderately and 3 =strongly positive.
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Suppl. Fig 2 Frequencies of Kdmé6a, Kmt2¢c and Kmt2d alteration in different cancers as

illustrated by cBioportal.
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Suppl. Fig 3 CRISPR/Cas9-mediated editing and RNA interference-mediated suppression of
Kdme6a. (A) Alteration frequencies of MLL3/MLL4 COMPASS-like complex across different cancer
types in publicly available TCGA data sets. (B) OncoPrints displaying different deletions and mutations
of MLL3/MLL4 COMPASS-like complex in publicly available TCGA data sets of sequenced HCCs.
(C) T7 endonuclease assay of Kdmé6a and Tp53 CRISPR cleavage sites. Cleaved bands are indicated by
arrowheads. (D) Sanger sequencing of the CRISPR targeted Kdmo6a locus. Dashed lines indicate the
cutting site. (E) Immunoblot analyses for Kdm6a in tumor derived cell lines from Myc;sgTp53 and
Myc;sgKdmé6a; representative result of n = 3. (F) Immunoblot analyses of Kdmo6a knockdown
performed with two different shRNAs; representative result of n = 3. (G) Survival of Kdmé6a
overexpression mice with c-myc background (Myc;pT3 Kdmé6a, red lines; n = 5) and linker
(Myc;pT3_linker, blue line; n = 5) as control.
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Suppl. Fig 4 Endogenous Kdmo6a re-expression restrains tumor progression in vivo. (A) Tumor
nodules observed in Myc; TREshKdmo6a mice express shRNA-linked tRFP; Representative picture of
n=6 for each group. (B) Quantitative PCR for Kdm6a expression in Myc; TREshKdmé6a cell lines in the
presence or absence of doxycycline. Representative results of n = 3 independent experiments.
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Suppl. Fig 5 Kdmé6a overexpression causes apoptosis in Kdméa deficient cells. (A) Top, vector
constructs expressing rtTA and doxycycline-inducible vectors to overexpress either Kdmé6a or linker
(control) which is linked to GFP expression. Bottom, schematic workflow to generate rescue cell lines
in Myc;sgKdmeé6a cell lines. (B) Immunoblot analyses of Kdmo6a overexpression in Myc;sgKdmoé6a cell
line with or without doxycycline. Actin was used as loading control. Representative result of n = 3.
(C) Time course competition assay of Myc;sgKdmo6a with either Kdm6a overexpression (red line) or
linker as control (blue line). Error bars represent mean + SD; n = 3. (D) Colony formation assay of
Myc;sgKdmé6a cell lines in the presence (Off-dox) or absence (On-dox) of Kdmé6a for 10 days.
Representative results of n = 3. (E) Colorimetric quantification of colony formation assay. Values are
mean + SD; n = 3. Unpaired t-test, *p-value = 0.0143. (F) Active caspase-3/7 labeling in the indicated
cell lines grown for 6 days with and without doxycycline. Error bars represent mean + SD; n = 3.
Unpaired t-test, **p-value < 0.0094. FC = fold change.
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Suppl. Fig 6 Kdmo6a dictates the transcriptional levels of Deptor. (A) Schematic display of mTORC1
signaling. (B) mRNA expression of Deptor and Kdm6a in Myc;sgKdm6a and Myc;sgTp53 cell lines, n
= 2. Error bars represent mean = SD. Unpaired t-test, *p-value = 0.0265. (C) mRNA expression of
Deptor and Kdmé6a in both Myc;TREshKdm6a cell lines with and without doxycycline on day 3 and
day 6, n = 3. Error bars represent mean + SD. Paired t-test, *p-value > 0.044. (D) Immunoblot of Deptor
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in three independent Myc;sgKdmé6a and Myc;sgTp53 cell lines. Representative result of n=3. E
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Suppl. Fig 7 Kmdé6a-deficient cells are more vulnerable to mTOR inhibition. Dose response curve
of (A) Torin-1 and (B) Dactolisib in Myc;sgTp53 and Myc;sgKdmé6a cells as analyzed by CellTiter-
Blue in the presence (red line) or absence (blue line) of Kdm6a. Dose response curves are representative
results of n = 3 independent experiments. Error bars represent mean + SD. Differences between logIC50
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Suppl. Fig 8 Correlation between KDM6A and DEPTOR from publicly available HCC (A) and
pan-cancer (B) data.
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Supplementary Table 1. Clinicial and pathology data for HCC patients (cohort 1)

KDM6A ‘ Deptor ‘ p-S6RP

Survival KDMG6A | Deptor

Sex | (months) | Etiology Tumor size mRNA IHC

M |72 HCV >3cm 0.202 0.412 | High High High
M | 60 HCV >3cm 0.11 0.135 | Low Low High
M |45 HBV > 3cm 0.129 0.089 | Low Low High
F 88 HBV < 3cm 0.345 0.426 | High High Low
M |95 Ethanol < 3cm 0.212 0.328 | High High Low
M |86 HBV > 3cm 0.278 0.212 | High High Low
F 52.9 HBV > 3cm 0.086 0.039 Low Low Low
M 431 HCV >3cm 0.245 0.402 | High High High
F 52.6 HBV > 3cm 0314 0.416 | High High Low
F 42 Ethanol > 3cm 0.318 0.428 | High High Low
M | 482 HBV < 3cm 0.284 0.402 | High High Low
M | 48.6 HCV > 3cm 0.256 0.464 | High High Low
M |39 HCV >3cm 0.31 0.415 | High High Low
M |383 HBV < 3cm 0.415 0.422 | High High High
M |80.9 Ethanol > 3cm 0.075 0.118 | Low Low Low
M | 883 Ethanol >3cm 0.054 0.092 | Low Low High
M |50.8 HBV < 3cm 0.124 0.272 | Low High Low
M | 497 HCV < 3cm 0.126 0.076 | Low Low High
M [439 HBV > 3cm 0.338 0.248 | High High Low
F 62 Wilson's disease | > 3cm 0.210 0.439 | High High Low
M |38.2 HBV > 3cm 0.086 0.105 | Low Low High
M |36 HCV < 3cm 0.324 0.234 | High High High
M |42 HCV > 3cm 0.291 0.312 | High High Low
M |48 HBV > 3cm 0.312 0.358 | High High High
F 62 HBV > 3cm 0.228 0.235 High High Low
M |59 HBV < 3cm 0.354 0.262 | High High Low
M |65 HCV > 3cm 0.128 0.348 | High High Low
F 80 HBV >3cm 0.052 0.078 | Low Low High
M |44 HCV < 3cm 0.314 0.106 | High Low Low
F 56.4 NA >3cm 0.035 0.114 | Low Low High
F 86 HBV > 3cm 0.102 0.05 Low Low High
F 78 HCV < 3cm 0.019 0.122 | Low Low High
M | 724 HBV > 3cm 0.506 0.624 | High High Low
M [ 422 HCV > 3cm 0.122 0.448 | Low High Low
F 38 HBV < 3cm 0.434 0.445 | High High High
M |45 HCV < 3cm 0.074 0.125 | Low Low High
M |72 NA >3cm 0.04 0.022 | Low Low High
M |58 NA > 3cm 0.286 0.348 | High High High
M |26 HCV > 3cm 0.512 0.338 | High High Low
M |325 HBV < 3cm 0.108 0.320 | Low High Low
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F 6 HBV < 3cm 0.578 0.386 | High High Low
F 25 HBV > 3cm 0.422 0.48 High High Low
M |34 HCV < 3cm 0.312 0.78 High High Low
M | 104 Ethanol >3cm 0.212 0.088 | High Low High
M |2 Ethanol > 3cm 0.386 0.84 High High Low
M |95 HCV >3cm 0.142 0.115 | Low Low High
M |5 HBV >3cm 0.102 0.55 Low High Low
F 15.2 HBV < 3cm 0.48 0.108 | High Low High
M |16.2 Ethanol >3cm 0.376 0.65 High High Low
M |11.8 HCV > 3cm 0.312 0.96 High High Low
F 1.2 HCV > 3cm 0.561 0.58 High High High
M |16 HCV > 3cm 0.442 0.62 High High Low
M [14 HBV > 3cm 0.356 0.54 High High Low
M |5 HBV >3cm 0.536 0.76 High High Low
M | 189 HBV > 3cm 0.408 0.58 High High Low
F 28 HCV > 3cm 0.274 0.66 High High Low
F 11.8 Ethanol >3cm 0.405 0.058 | High Low Low
M |104 HBV > 3cm 0.612 0.76 High High Low
M |18 Ethanol >3cm 0.568 0.44 High High High
M |23.2 HBV < 3cm 0.345 0.55 High High High
M |28 HCV < 3cm 0.408 0.212 | High High Low
M |204 HCV < 3cm 0.585 0.096 | High Low Low
F 12.2 HBV > 3cm 0.292 0.416 | High High High
F 18 HBV < 3cm 0.515 0.626 | High High High
M |14 Ethanol > 3cm 0.089 0.112 | Low Low High
M |22 HCV > 3cm 0.644 0.289 | High High Low
M | 242 HCV > 3cm 0.125 0.068 | Low Low High
F 18 Ethanol < 3cm 0.185 0.215 | High High High
M |30 HBV >3cm 0.296 0.472 | High High Low
F 25.4 Ethanol > 3cm 0.385 0.285 | High High High
M |222 HBV < 3cm 0.276 0.516 | High High Low
M |16 HCV > 3cm 0.488 0.478 | High High High
M |10 HCV > 3cm 0.064 0.102 | Low Low High
M |82 Ethanol < 3cm 0.046 0.091 | Low Low High
M |262 NA <3cm 0.285 0.412 | High High Low
F 18.2 NA > 3cm 0.346 0.614 | High High Low
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Supplementary Table 2. Clinicial and pathology data for HCC patients (cohort 2)

Internal identifier Diagnosis pT pN M | Grade Kdmé6a Score
E/2004/028304 Dysplastic Nodule | 0 0 0 |0 0
E/2006/007886 HCC 1 X X | G2 0
E/2007/014308 HCC 3b X X | G2 0
E/2008/029178 HCC 1 0 x | G2 0
E/2007/012137 HCC 1 X x | G2 0
E/2007/034388 HCC 2 X x | G2 0
E/2010/017603 HCC 2 X G2 0
E/2007/041191 HCC 2 0 X | G2 0
E/2006/000447 HCC 3 0 x | G2 0
E/2004/017009 HCC 3 X x | G2 0
E/2004/018421 HCC 2 X x | G2 0
E/2009/030482 HCC 3 X X | G2 0
E/1998/042551 HCC 3 X X | G2 0
E/2011/021776 HCC 1 X G2 0
E/2004/022839 HCC 2 0 x | G2 0
E/2004/001725 HCC 1 X x | G2 0
E/2011/000105 HCC 2 X G4 0
E/2004/028025 HCC 2 0 X | G2 0
E/2009/035176 HCC 3 X X | G2 0
E/2007/030051 HCC 3 X x | G2 0
E/1996/028145 HCC 3 X x | G2 0
E/1998/015362 HCC 4 X x | G2 0
E/1995/050173 HCC 2 0
E/2008/009763 HCC X 0 X | G2 0
E/2008/006069 HCC 3 X x | G3 0
E/2009/025984 HCC 2 X x | G2 0
E/2008/009941 HCC 2 0 x | G2 0
E/2009/011339 HCC 2 X X | G2 0
E/2004/004436 HCC 2 X Gl 0
E/2009/028054 HCC 2 X 1 | G2 0
E/2009/029835 HCC 1 X x | G2 0
E/2009/018621 HCC 3 X x | G2 0
E/2007/026344 HCC 3 0 x | G2 0
E/2006/011051 HCC 2 X x | G3 0
E/2006/019880 HCC 1 X X | G2 0
E/2008/002589 HCC 3 0 x | G2 0
E/2010/024944 HCC 3a X Gl 0
E/2007/011423 HCC 1 X x | G2 0
E/2007/021831 HCC 3 X x | G3 0
E/2009/000198 HCC 2 0 x |Gl 0
E/2009/035176 HCC 3 X x | G2 0
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E/2010/014817 HCC 2 X G3 0
E/2010/012277 HCC 2 0 x | G2 0
E/2010/014498 HCC 1 0 G2 0
E/2004/022161 HCC 3 0 x | G3 0
E/2010/011229 HCC 2 X x | G3 0
E/2010/004233 HCC 3a X x | G2 0
E/2008/020958 HCC 2 X x | G3 0
E/2006/000590 HCC 3m 0 x | G2 0
E/2009/028419 HCC 2 0 x | G2 0
E/2009/025448 HCC 2 X x | G2 0
E/2010/001867 HCC 2 X x | G2 0
E/2009/024478 HCC 3 X x | G2 0
E/2009/020906 HCC 2 X x |G3 0
E/2009/009219 HCC 2 X x | G2 0
E/2010/025847 HCC 2 0 G2 0
E/2010/025898 HCC 1 X G2 0
E/2008/015562 HCC 2 0 x | G2 0
E/1997/012198 HCC 2 X x | G2 0
E/1996/008217 HCC 1 0 x | G2 0
E/2007/029008 HCC 2 X X | G2 0
E/2007/030803 HCC 2 X x | G2 0
E/2007/013409 HCC 1 X x | G2 0
E/2008/018813 HCC 2 0 x | G2 0
E/2009/040780 HCC 3 X x | G2 0
E/2009/040171 HCC 2 X X | G2 0
E/2010/031126 HCC 2 0 G3 0
E/2010/035713 HCC 2 X x | G2 0
E/2010/043247 HCC 2 X x | G3 0
E/2010/045216 HCC 1 X x | G2 0
E/2007/044946 HCC 2 X x | G2 0
E/2007/032756 HCC 3 X x | G2 0
E/2011/013695 HCC 1 X x |Gl 0
E/2011/012581 HCC 2 X x | G2 0
E/2011/005176 HCC 2 0 G2 0
E/2005/041203 HCC 1 X x | G2 0
E/2005/041203 Dysplastic Nodule | 0 0 0 10 0
E/2007/030453 HCC 2 X x | G2 0
E/2007/020487 HCC 2 X x | G3 0
E/2007/010212 HCC 1 X x | G2 0
E/2009/012459 HCC 2 X x | G2 0
E/2009/042916 HCC 2 X x |Gl 0
E/1998/003592 HCC 2 0 x | G2 0
E/1996/024632 HCC 2 X x | G2 0
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E/1997/005823 HCC 1 Gl 0
E/1998/018449 HCC 4 X x | G2 0
E/2005/017677 HCC 2 X 1 |G3 0
E/2005/033465 HCC 1 X x |Gl 0
E/2009/025693 HCC 2 X x | G2 0
E/2005/008055 HCC 3 X x | G3-4 0
E/2004/029790 HCC 1 0 x | G2 0
E/2003/017887 HCC 3 X x | G2 0
E/2003/018009 HCC 3 X x | G2 0
E/2011/020620 HCC 2 X x | G2 0
E/2001/040755 HCC 2 X x |Gl 0
E/1999/020380 HCC 2 X x | G2 0
E/2005/003715 HCC 2 0 x | G2 0
E/2003/012759 HCC 1 X x | G4 0
E/1997/001948 HCC 2 X x | G2 0
E/1999/007528 HCC 1 X x | G2 0
E/1996/031312 HCC 1 0 x | G2 0
E/1997/000552 HCC 4 0 x | G2 0
E/2003/033612 HCC 3 X G2 0
E/2002/044818 HCC 1 X X | G2 0
E/1996/011606 HCC 4 0 x | G2 0
E/2002/003448 HCC 4 X x | G2 0
E/2005/034265 HCC 2 X x | G1-2 0
E/2005/012216 HCC 1 0 x | G2 0
E/2005/037923 HCC 3 X x | G1-2 0
E/2005/025841 HCC 0
E/1999/022828 HCC 3 X x | G2-3 0
E/1998/024408 HCC 4 0 x | G2-3 0
E/1998/002519 HCC 4 X x | G3-4 0
E/1998/042449 HCC 2 0 x | G2 0
E/1998/003592 HCC 2 0 x | G2 0
E/1998/018449 HCC 4 X x | G2 0
E/1999/002809 HCC 1 G2 0
E/2009/028054 HCC 2 X 1 1G2 0
E/2004/024468 HCC 1 0 x | G2 0
E/2004/025562 HCC 2 X X | G2 0
E/1996/011606 HCC 4 0 x | G2 0
E/1991/048989 HCC 0
E/2004/018421 HCC 2 X x | G2 0
E/1990/017144 HCC 0
E/2006/012756 HCC 1 X X | G2 0
E/1991/011475 HCC 0
E/2001/038508 HCC 2 G2 0
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E/1992/044329 HCC 0
E/2003/021642 HCC 1 Gl 0
E/1991/041134 HCC 0
E/2001/014497 HCC G3 0
E/2005/003199 HCC 2 G2 0
E/1999/036052 HCC 2 x | G2 0
E/2001/038508 HCC 2 G2 0
E/2001/024904 HCC 3 G2 0
E/2000/012801 HCC 4 X | G2 0
E/1992/044329 HCC 0
E/1989/047976 HCC 0
E/1992/049560 HCC 0
E/1993/062954 HCC 0
E/1993/034711 HCC 0
E/1992/033976 HCC 0
E/1986/048762 HCC 0
E/1989/021987 HCC 0
E/1998/024408 HCC 4 x | G2-3 0
E/1991/031949 HCC 0
E/1992/005817 HCC 0
E/2000/031217 HCC 4 X 0
K/1984/033946 HCC 0
K/1999/016913 HCC 0
K/1999/016913 HCC 0
K/1994/017900 HCC Gl 0
K/1994/011127 HCC 0
K/1983/028808 HCC G2 0
K/1989/012158 HCC 0
K/1991/021219 HCC G2 0
K/1991/021219 HCC G2 0
K/2003/017553 HCC G2 0
K/1998/021957 HCC G2 0
K/????/0BL456 HCC 0
K/2003/001161 HCC 0
K/2001/016619 HCC G3 0
K/2003/008445 HCC Gl 0
K/2001/024085 HCC Gl 0
K/2001/024085 HCC Gl 0
K/2000/024181 HCC G2 0
K/2002/026419 HCC G3 0
K/1999/017688 HCC G2 0
K/2001/014588 HCC Gl 0
K/2003/004020 HCC 0
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K/2001/008049 HCC 0
K/2003/008645 HCC 0
K/2003/008645 HCC 0
K/2003/017553 HCC 0
K/7?22/014195 HCC 0
E/2009/035364 HCC 3 X x | G2 0
E/2009/009219 Cirrhosis 0 0 0 |0 0
E/1997/026558 HCC 2 X x | G3 0
E/2008/042858 HCC 1 X x | G3 0
E/2004/003991 Liver 0 0 0 |0 0
E/2005/009944 Cirrhosis 0 0 0 |0 0
E/2004/029790 Liver 0 0 0 |0 0
E/2004/002479 Dysplastic Nodule | 0 0 0 |0 0
E/2001/004766 Cirrhosis 0 0 0 |0 0
E/2009/037136 Cirrhosis 0 0 0 |0 0
E/2010/014817 Cirrhosis 0 0 0 |0 0
E/2010/004233 Cirrhosis 0 0 0 |0 0
E/2010/017174 HCC 1 X G2 0
E/2011/005176 Cirrhosis 0 0 0 10 0
E/1999/008866 Liver 0 0 0 |0 0
E/2009/000196 Cirrhosis 0 0 0 |0 0
E/2004/028304 Cirrhosis 0 0 0 |0 0
E/2003/034246 Cirrhosis 0 0 0 |0 0
E/2006/034961 Liver 0 0 0 10 0
E/2009/042679 Cirrhosis 0 0 0 |0 0
E/2004/006851 Cirrhosis 0 0 0 |0 0
E/2006/010461 Dysplastic Nodule | 0 0 0 |0 1
E/2004/028304 Dysplastic Nodule | 0 0 0 |0 1
E/1990/026199-200 Dysplastic Nodule | 0 0 0 |0 1
E/1991/011476 Dysplastic Nodule | 0 0 0 |0 1
K/2003/004020 Dysplastic Nodule | 0 0 0 |0 1
K/2003/004020 Dysplastic Nodule | 0 0 0 |0 1
K/2003/004020 Dysplastic Nodule | 0 0 0 |0 1
K/2003/004020 Dysplastic Nodule | 0 0 0 |0 1
E/2010/023237 HCC 1 0(0/2) x | G2 1
E/2008/027517 HCC 1
E/2007/022919 HCC 1 X x | G2 |
E/2007/008140 HCC 2 X x | G4 1
E/2002/043876 HCC 2 X Gl 1
E/2007/026955 HCC 2 0 x | G3 1
E/2003/005487 HCC 2 X x | G2 1
E/2007/035264 HCC 3 X x | G2 |
E/2004/017664 HCC 3 0 x | G2 1
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E/2005/040894 HCC 2 0 Gl 1
E/2003/000607 HCC 1 X x | G2 1
E/2006/007119 HCC 1 X G3 1
E/2005/041510 HCC 1 X x |Gl 1
E/2004/003991 HCC 2 0 Gl 1
E/1995/050790 HCC 2 X x |Gl 1
E/2011/014660 HCC 1 X Gl 1
E/1997/000685 HCC 2 X G2 1
E/2004/002479 HCC 1 0 X | G2 1
E/2001/032824 HCC 3 X G2 1
E/2002/027472 HCC 3 X x | G2 1
E/2005/040112 HCC 1 X G3 1
E/2011/000782 HCC 1 0 Gl 1
E/2011/000481 HCC 2 X G3 1
E/2011/000209 HCC 1 Gl 1
E/2001/024406 HCC 4 X x | G2 1
E/2001/041821 HCC 1
E/2004/003991 Cirrhosis 0 0 0 10 1
E/2005/030013 HCC 4 X x | G3 1
E/2009/044473 HCC 1 0 x |Gl 1
E/2009/033157 HCC 1 X x | Gl 1
E/1997/017638 HCC 2 X x |Gl 1
E/1998/021651 HCC 2 Gl 1
E/2009/030380 HCC 3 0 x | G2 1
E/2008/004571 HCC 2 X x | G3 1
E/2008/007151 HCC 1 X x | Gl 1
E/2009/018573 HCC 2 X x | G2 1
E/2004/007196 HCC 2 X x | G2 1
E/2009/014727 HCC 2 X x | G3 1
E/2007/026167 HCC 3 0 x | G2 1
E/2006/010995 HCC 2 X x | G3 1
E/2006/015021 HCC 1 X x |Gl 1
E/2008/003977 HCC 3 X x | G3 1
E/1997/005823 HCC 1 X x |Gl 1
E/2007/039285 HCC 2 X x | G2 1
E/2007/041922 HCC 2 0 x | G3 1
E/2010/001721 HCC 1 X x | G2 1
E/2009/037136 HCC 2 X x |Gl 1
E/2008/045418 HCC 2 X x | G2 1
E/2010/014879 HCC 1 X x | G2 1
E/2004/022542 HCC 2 X x | G2 1
E/2004/021502 HCC 1 0 X 1
E/2010/004099 HCC 2 X x | G2 1
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E/2010/014033 HCC 1 X x | G2 1
E/2006/007405 HCC 2 X x | G2 1
E/2008/043988 HCC 2 X x | G2 1
E/2009/033316 HCC 1 X X | G2 1
E/2009/024478 HCC 3 X x | G2 1
E/1996/006473 HCC 4 G2 1
E/2010/002483 HCC 1 0 G2 1
E/2009/040174 HCC 2 X x | G2 1
E/2009/036423 HCC 2 G2 1
E/2009/025981 HCC 2 X x | G2 1
E/2009/010532 HCC 1 X x | G2 1
E/2007/043261 HCC 2 X x | G2 1
E/2007/007337 HCC 2m X x | G2 1
E/2009/002634 HCC 4 X x | G3 1
E/2008/038544 HCC 4 X G3 1
E/2006/032130 HCC 2 0 x | G2 1
E/2010/032931 HCC 2 X x | G4 1
E/2010/041694 HCC 3a 0 x | G2 1
E/2010/045776 HCC 2 X x | G3 1
E/2010/043646 HCC 2 X X | G2 1
E/2011/011212 HCC 3b X x | G3 1
E/2011/012974 HCC 1 X Gl 1
E/2011/006575 HCC 2 0 x | G1-G3 1
E/2011/003385 HCC 1 X x | G2 1
E/2009/000196 HCC 1 X x | G4 1
E/2005/038343 HCC 1 X x | Gl 1
E/2007/020487 HCC 2 X x | G3 1
E/2004/020608 HCC 2m X x | G2 1
E/2001/010465 HCC 2 X x | G4 1
E/1995/048004 HCC 2 X x | G2-3 1
E/2005/021847 HCC X X x | G2 1
E/2004/028304 HCC 2 0 x | G2 1
E/2009/020754 HCC 2 X x | G2 1
E/2008/029361 HCC 2 0 x | G2 1
E/2004/032822 HCC 2 0 x |Gl 1
E/2002/026552 HCC 1 0 0 |G2 1
E/2003/009358 HCC 1 X x | Gl 1
E/2011/021154 HCC 1 X G2 1
E/2011/019779 HCC G2 1
E/2011/018062 HCC 1 X x | G2 1
E/2011/019063 HCC 2 X X | G2 1
E/2010/031062 HCC 1 X x | G2 1
E/2001/004766 HCC 3 X X 1
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E/2002/003822 HCC 1
E/2004/037769 HCC 1 0 x |G3 1
E/1997/009588 HCC 2 X x |Gl 1
E/2004/028139 HCC 2 X X | G2 1
E/2004/002479 HCC 1 0 x | Gl 1
E/2000/008312 HCC 2 X x |Gl 1
E/1997/028938 HCC 3 1
E/2005/001443 HCC 1 X x | G2 1
E/2005/015088 HCC 2 X | G2 1
E/2003/000858 HCC 1 X Gl 1
E/2002/022770 HCC 2 1
E/2003/034246 HCC 2 0 x | G2 1
E/2002/022417 HCC 2 X x | G2 1
E/2009/030716 HCC 2 X x | G3 1
E/2007/026775 HCC 1 X x | G2 1
E/2001/005936 HCC 1 X X 1
E/2010/024944 HCC 3a 0 Gl 1
E/1997/026558 HCC 2 X x | G3 1
E/2005/037157 HCC 1 G3 1
E/2005/039994 HCC 2 X X | G2 1
E/2005/040894 HCC 2m 0 G1-2 1
E/1998/042551 HCC 3 X x | G2 1
E/1997/034035 HCC 3 X x |Gl 1
E/1997/004270 HCC 2 0 x | G2 1
E/1996/005766 HCC 4 0 X | G2 1
E/1997/020433 HCC 3 X x | G2 1
E/1999/006733 HCC 2 X x | G2 1
E/1997/012198 HCC 2 X x | G2 1
E/2005/024190 HCC 2 X x |Gl 1
E/2000/036797 HCC 3 X x | G3 1
E/2006/013613 HCC 2m X x | G2 1
E/2004/000056 HCC 2 G3 1
E/1997/001792 HCC 2 X x | G2-3 1
E/1999/026565 HCC 2 X x | G2-3 1
E/1996/006771 HCC 2 X x | G2 1
E/2006/013613 HCC 2m X X | G2 1
E/2006/013613 HCC 2m X x | G2 1
E/2006/013613 HCC 2m X x | G2 1
E/2009/045549 HCC 2 0 x | G2 1
E/1996/028145 HCC 3 X x | G2 1
E/2001/004766 HCC 3 X X 1
E/2004/006851 HCC 1 G2 1
E/2005/022026 HCC 2 G2 1
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E/2004/037769 HCC 1 0 x | G3 1
E/1991/039754 HCC 1
E/1991/009304 HCC 1
E/1992/005818 HCC 1
E/1991/039753-4 HCC 1
E/1991/039753-5 HCC 1
E/2004/031688 HCC 1 0 X 1
E/2003/001779 HCC 4 X x | G2 1
E/1993/034711 HCC 1
E/1988/041821 HCC 1
E/1994/021334 HCC 1
E/1995/027279 HCC 1
E/1987/026364 HCC 1
E/1991/037828 HCC 1
E/1994/047444 HCC 1
E/2010/025157 HCC 1 X x | G2 1
E/2002/036027 HCC 3 0 x |Gl 1
E/2002/042302 HCC 4 0 x |Gl 1
E/2002/018622 HCC 4 X x | G2 1
E/1998/015362 HCC 4 X X | G2 1
E/2005/002871 HCC 2 X x | G2 1
E/2005/002871 HCC 2 X x | G2 1
E/2005/001757 HCC 1 X x | G2 1
E/2003/014116 HCC 3 X X 1
E/1998/037054 HCC 1
E/2001/002474 HCC 4 X x | Gl 1
E/2001/020437 HCC 2 X X 1
E/2001/017599 HCC 1 X x |Gl 1
E/2001/016345 HCC 2 X X 1
E/1992/006774 HCC 1
E/1992/010240 HCC 1
E/1992/019414 HCC 1
E/1989/021229 HCC 1
E/1989/048366 HCC 1
E/1994/043436 HCC 1
E/1994/021334 HCC 1
E/1994/059493 HCC 1
E/1994/059493 Cirrhosis 0 0 0 10 1
E/1992/058644 HCC 1
E/1989/017053 HCC 1
E/1992/027251 HCC 1
E/1995/027299 HCC 1
E/1989/041327 HCC 1
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E/1991/020186 HCC 1
E/1992/021074 HCC 1
E/1992/050504 HCC 1
E/1991/009304 HCC 1
E/1991/033152 HCC 1
E/1995/025186 HCC 1
E/1991/041134 HCC 1
E/1990/051371 HCC 1
E/2005/012583 HCC X | G2 1
K/1984/033973 HCC 1
K/1996/071738 HCC Gl 1
K/1985/035678 HCC G2 1
K/1998/006621 HCC G2 1
K/1987/012432 HCC G2 1
K/1989/012158 HCC 1
K/1989/012158 HCC 1
K/1991/071146 HCC G2 1
K/1987/004624 HCC 1
K/1995/008822 HCC G3 1
K/2002/026419 HCC G3 1
K/1998/019340 HCC G2 1
K/1998/006621 HCC G2 1
K/2002/024313 HCC Gl 1
K/1998/021957 HCC Gl 1
K/2002/026419 HCC G2 1
K/2003/028245 HCC 1
K/1998/025561 HCC 1
K/2003/024747 HCC 1
K/2002/030710 HCC G3 1
K/2002/030710 HCC G4 1
K/2000/007461 HCC G1-2 1
K/2003/008654 HCC Gl 1
K/2003/008445 HCC G3 1
K/2003/009610 HCC Gl 1
K/2002/017690 HCC Gl 1
K/2002/017690 HCC Gl 1
K/2002/017690 HCC Gl 1
K/2002/024313 HCC G2 1
K/2003/009610 HCC G2 1
K/2002/031041 HCC 1
K/2002/030947 HCC 1
K/2002/030947 HCC 1
E/2005/040894 Cirrhosis 0 10 1
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K/2000/007461 HCC GI1-2 1
K/2001/004502 HCC GI1-2 1
K/2000/019523 HCC 1
K/2002/018880 HCC 1
K/2002/018880 HCC 1
K/2000/019523 HCC 1
K/2003/001161 HCC 1
K/2003/001161 HCC 1
K/2003/004020 HCC 1
K/2001/008049 HCC 1
K/2003/008445 HCC 1
K/2003/009610 HCC 1
K/2003/009610 HCC 1
K/2003/017553 HCC 1
E/2008/003977 HCC 3 X x | G3 1
E/2008/022550 HCC 2 0 x | G2 1
E/2004/025846 Dysplastic Nodule | 0 0 0 |0 1
E/1998/015362 Dysplastic Nodule | 0 0 0 |0 1
E/2002/032143 HCC 2 X x |Gl 1
E/1991/052469 Cirrhosis 0 0 0 |0 1
E/2007/008140 Cirrhosis 0 0 0 |0 1
E/2007/012137 Cirrhosis 0 0 0 10 1
E/2007/034388 Cirrhosis 0 0 0 10 1
E/2004/030407 Liver 0 0 0 10 1
E/2010/017603 Liver 0 0 0 |0 1
E/2007/041191 Cirrhosis 0 0 0 |0 1
E/2007/035264 Cirrhosis 0 0 0 10 1
E/2004/017664 Cirrhosis 0 0 0 10 1
E/2006/007119 Cirrhosis 0 0 0 10 1
E/2004/025846 HCC 1 X x | G2 1
E/2004/025846 Cirrhosis 0 0 0 |0 1
E/1996/011606 Cirrhosis 0 0 0 10 1
E/1998/018449 Liver 0 0 0 10 1
E/2005/001446 Liver 0 0 0 10 1
E/2004/017009 Cirrhosis 0 0 0 10 1
E/2004/032822 Liver 0 0 0 |0 1
E/2004/028139 Cirrhosis 0 0 0 |0 1
E/1996/028145 Cirrhosis 0 0 0 10 1
E/2011/014660 Liver 0 0 0 10 1
E/2011/016480 Liver 0 0 0 10 1
E/2011/017295 Cirrhosis 0 0 0 |0 1
E/2007/026167 Liver 0 0 0 |0 1
E/2004/035017 Cirrhosis 0 0 0 10 1
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E/2001/032824 Cirrhosis 0 0 0 10 1
E/2004/020608 HCC 2 X x | G2 1
E/2005/040112 Cirrhosis 0 0 0 10 1
E/2011/000782 Liver 0 0 0 10 1
E/2008/013199 Cirrhosis 0 0 0 10 1
E/2009/044075 Cirrhosis 0 0 0 10 1
E/1996/005766 Cirrhosis 0 0 0 10 1
E/1996/005033 Cirrhosis 0 0 0 10 1
E/2005/008055 Cirrhosis 0 0 0 10 1
E/2011/000105 Liver 0 0 0 10 1
E/2002/028552 Liver 0 0 0 10 1
E/2009/035176 Cirrhosis 0 0 0 10 1
E/2009/033157 Cirrhosis 0 0 0 10 1
E/1998/015362 Cirrhosis 0 0 0 0 1
E/2004/028025 Cirrhosis 0 0 0 10 1
E/2009/030380 Cirrhosis 0 0 0 10 1
E/2008/009763 Cirrhosis 0 0 0 10 1
E/2009/025984 Cirrhosis 0 0 0 10 1
E/2008/009941 Cirrhosis 0 0 0 10 1
E/2009/011339 Cirrhosis 0 0 0 10 1
E/2004/004436 Cirrhosis 0 0 0 10 1
E/2004/007196 Cirrhosis 0 0 0 10 1
E/2009/011339 Cirrhosis 0 0 0 10 1
E/2009/018621 Liver 0 0 0 10 1
E/2007/026344 Cirrhosis 0 0 0 10 1
E/2006/010995 Cirrhosis 0 0 0 10 1
E/2008/003977 Cirrhosis 0 0 0 10 1
E/2010/024944 Cirrhosis 0 0 0 10 1
E/2007/039285 Cirrhosis 0 0 0 10 1
E/2009/002258 Liver 0 0 0 10 1
E/2007/021831 Cirrhosis 0 0 0 10 1
E/2009/000198 Cirrhosis 0 0 0 10 1
E/2009/035176 Cirrhosis 0 0 0 10 1
E/1992/015858 Cirrhosis 0 0 0 10 1
E/2010/014879 Cirrhosis 0 0 0 10 1
E/2010/012277 Cirrhosis 0 0 0 10 1
E/2004/021502 Cirrhosis 0 0 0 10 1
E/2010/011229 Cirrhosis 0 0 0 10 1
E/2010/004099 Cirrhosis 0 0 0 10 1
E/2006/004144 Cirrhosis 0 0 0 10 1
E/2009/033316 Cirrhosis 0 0 0 10 1
E/2009/024478 Cirrhosis 0 0 0 10 1
E/2010/017174 Cirrhosis 0 0 0 10 1

Revia S, et al. Gut 2021;0:1-16. doi: 10.1136/gutjnl-2021-325405



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut
E/2005/002492 Liver 0 0 0 10 1
E/2010/002483 Cirrhosis 0 0 0 10 1
E/2010/001867 Cirrhosis 0 0 0 10 1
E/2009/040174 Cirrhosis 0 0 0 10 1
E/2009/024478 Cirrhosis 0 0 0 10 1
E/2009/020375 Cirrhosis 0 0 0 10 1
E/2009/017473 HCC 2 X x | G2 1
E/2009/020906 Cirrhosis 0 0 0 10 1
E/2009/036423 Cirrhosis 0 0 0 10 1
E/2010/025847 Liver 0 0 0 10 1
E/2009/025981 Cirrhosis 0 0 0 10 1
E/2004/019059 Liver 0 0 0 10 1
E/2004/017788 Liver 0 0 0 10 1
E/2004/010370 Liver 0 0 0 0 1
E/2004/018778 Liver 0 0 0 10 1
E/2004/019092 Liver 0 0 0 10 1
E/1996/008217 Cirrhosis 0 0 0 10 1
E/2008/042399 Cirrhosis 0 0 0 10 1
E/2006/032130 Cirrhosis 0 0 0 10 1
E/2009/035364 Cirrhosis 0 0 0 10 1
E/2009/040171 Cirrhosis 0 0 0 10 1
E/2010/031126 Liver 0 0 0 10 1
E/2010/032451 Cirrhosis 0 0 0 10 1
E/2010/033638 Cirrhosis 0 0 0 10 1
E/2010/036261 HCC 2b X G3 1
E/2010/036261 Liver 0 0 0 10 1
E/2010/038187 HCC 2 X G2 1
E/2010/038187 Cirrhosis 0 0 0 10 1
E/2010/043247 Cirrhosis 0 0 0 10 1
E/2010/043247 Cirrhosis 0 0 0 10 1
E/2006/025887 HCC 2m X x | G3 1
E/2007/032756 Cirrhosis 0 0 0 10 1
E/2011/013695 Cirrhosis 0 0 0 10 1
E/2011/012989 Cirrhosis 0 0 0 10 1
E/2011/011212 Cirrhosis 0 0 0 10 1
E/2011/012974 Liver 0 0 0 |0 1
E/2011/012978 Liver 0 0 0 10 1
E/2011/021154 Liver 0 0 0 10 1
E/2002/020190 Liver 0 0 0 10 1
E/2000/030911 Liver 0 0 0 10 1
E/2005/009676 Liver 0 0 0 10 1
E/2009/031122 HCC 2 X x | G2 1
E/2005/041203 Cirrhosis 0 0 0 10 1
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E/2007/030453 Cirrhosis 0 0 0 10 1
E/2007/020487 Cirrhosis 0 0 0 10 1
E/2004/017489 Cirrhosis 0 0 0 10 1
E/2004/017489 Dysplastic Nodule | 0 0 0 10 1
E/1997/005823 Cirrhosis 0 0 0 10 1
E/1995/048004 Cirrhosis 0 0 0 10 1
E/2005/017677 Cirrhosis 0 0 0 10 1
E/2004/028304 Cirrhosis 0 0 0 10 1
E/2008/023254 Cirrhosis 0 0 0 10 1
E/2006/010461 Cirrhosis 0 0 0 10 1
E/2009/025693 Cirrhosis 0 0 0 10 1
E/2009/025693 Cirrhosis 0 0 0 10 1
E/2002/026552 Cirrhosis 0 0 0 10 1
E/2003/009358 Cirrhosis 0 0 0 0 1
E/2011/018062 Cirrhosis 0 0 0 10 1
E/2011/019063 Liver 0 0 0 10 1
E/2011/018511 Cirrhosis 0 0 0 10 1
E/2001/004766 Cirrhosis 0 0 0 10 1
E/2001/040755 Cirrhosis 0 0 0 10 1
E/1997/009588 Cirrhosis 0 0 0 10 1
E/2004/028139 Cirrhosis 0 0 0 10 1
E/2002/000820 Liver 0 0 0 10 1
E/2003/038855 Liver 0 0 0 10 1
E/2005/010014 Liver 0 0 0 10 1
E/2004/028304 Cirrhosis 0 0 0 10 1
E/2001/031372 Liver 0 0 0 10 1
E/1996/031312 Cirrhosis 0 0 0 10 1
E/2005/015088 Cirrhosis 0 0 0 10 1
E/1999/028893-1 Cirrhosis 0 0 0 10 1
E/1999/028893-3 Cirrhosis 0 0 0 10 1
E/1999/028893-4 Cirrhosis 0 0 0 10 1
E/1999/028893-5 Cirrhosis 0 0 0 10 1
E/2001/005936 Cirrhosis 0 0 0 10 1
E/1998/009456 Cirrhosis 0 0 0 10 1
E/2007/026775 Cirrhosis 0 0 0 10 1
E/2008/029361 Cirrhosis 0 0 0 10 1
E/2010/024944 Cirrhosis 0 0 0 10 1
E/2005/034265 Cirrhosis 0 0 0 10 1
E/2005/012216 Cirrhosis 0 0 0 10 1
E/2005/037923 Liver 0 0 0 10 1
E/2005/039994 Cirrhosis 0 0 0 10 1
E/2005/025841 Cirrhosis 0 0 0 10 1
E/1997/004270 Cirrhosis 0 0 0 10 1
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E/1998/002519 Cirrhosis 0 0 0 10 1
E/1998/042449 Cirrhosis 0 0 0 10 1
E/1999/002809 Cirrhosis 0 0 0 10 1
E/1998/003592 Cirrhosis 0 0 0 10 1
E/2005/024190 Cirrhosis 0 0 0 10 1
E/2005/012583 HCC 2 0 x | G2 1
E/2005/012583 Cirrhosis 0 0 0 10 1
E/2005/012583 Cirrhosis 0 0 0 10 1
E/1994/021334 Cirrhosis 0 0 0 10 1
E/1988/041821 Cirrhosis 0 0 0 10 1
E/1988/045489 Cirrhosis 0 0 0 10 1
E/1989/048366 Cirrhosis 0 0 0 10 1
E/1992/049560 Cirrhosis 0 0 0 10 1
E/1994/021334 Cirrhosis 0 0 0 0 1
E/1992/058644 Cirrhosis 0 0 0 10 1
E/1989/017053 Cirrhosis 0 0 0 10 1
E/1989/041327 Cirrhosis 0 0 0 10 1
E/1989/021987 Cirrhosis 0 0 0 10 1
E/1991/052577 Cirrhosis 0 0 0 10 1
E/1991/052469 Cirrhosis 0 0 0 10 1
E/1992/021074 Cirrhosis 0 0 0 10 1
E/1992/050504 Cirrhosis 0 0 0 10 1
E/1991/011476 Cirrhosis 0 0 0 10 1
E/1991/011475 Cirrhosis 0 0 0 10 1
E/1995/025186 Cirrhosis 0 0 0 10 1
E/1991/041134 Cirrhosis 0 0 0 10 1
K/2003/008654 HCC G4 1
E/2010/023237 Cirrhosis 0 0 (0/00) 0 10 1
E/2009/020375 HCC 2 X x |Gl 1
E/2011/015155 Cirrhosis 0 0 0 10 1
E/2007/004509 HCC 2 X x | G3 2
E/1996/011606 HCC 4 0 x | G2 2
E/2004/007677 HCC 2 Gl 2
E/2005/009944 HCC 3 X x | G2 2
E/2009/044075 HCC 2 X G2 2
E/1997/014451 HCC 4 X x | G2 2
E/2009/028425 HCC 2 1 x | G3 2
E/2007/025835 HCC 2 X x | G3 2
E/1995/048712 HCC 2 0 x | G2 2
E/2009/002258 HCC 3 X x | G3 2
E/2006/000447 HCC 3 0 X | G2 2
E/2010/011453 HCC 2 0 G3 2
E/2006/004144 HCC 1 X x | G3 2
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E/2009/008389 HCC 3 X G2 2
E/2010/032451 HCC 2 X x | G3 2
E/2010/037089 HCC 2a 0 G4 2
E/2011/012989 HCC 2 0 X | G2 2
E/1996/005033 HCC 2 0 G2 2
E/1991/052469 HCC 2
E/1994/014307 HCC 2
E/1991/052469 HCC 2
E/2003/024605 HCC 1 X x | G3 2
E/2002/018495 HCC 1 G2 2
E/1992/015858 HCC 2
E/1992/061426 HCC 2
E/1989/021987 HCC 2
E/1991/052469 HCC 2
E/1993/020702 HCC 2
E/1991/011475 HCC 2
E/1991/011475 HCC 2
K/2003/006266 HCC 2
K/2003/008445 HCC 2
E/2004/018421 Cirrhosis 0 0 0 10 2
E/2003/005487 Cirrhosis 0 0 0 10 2
E/2003/000607 Cirrhosis 0 0 0 10 2
E/1998/003592 Liver 0 0 0 10 2
E/2005/040894 Cirrhosis 0 0 0 10 2
E/2005/037579 HCC 1 0 x | G2 3
E/1997/014451 HCC 4 X x | G2 3
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Supplementary Table 3. List of Kdmé6a bound genes

12fc_on_vs_of | distance |
gene_name | transcr_id f 0_tss seqnames start end
Kdmé6a ENSMUST00000225336.1 -7,942166999 0 | chrX 18245964 18246418
E130202H0
7Rik ENSMUST00000228107.1 -5,797167797 5585 | chrl4 76520775 76521006
Gm34417 ENSMUST00000228293.1 -5,788317985 6493 | chrl4 1,02E+08 1,02E+08
Ccl8 ENSMUST00000009329.2 -5,666514102 752 | chrll 82115939 82116137
Fank1 ENSMUST00000211077.1 -5,662307413 3921 | chr? 1,34E+08 1,34E+08
Gm26972 ENSMUST00000237281.1 -5,612479589 0 | chrl8 63417065 63417275
Mir7681 ENSMUSTO00000184834.1 -5,592479859 3834 | chrl 53845372 53845589
Cyb5r3 ENSMUST00000162178.7 -5,560254063 7 | chrl5 83157073 83157392
Kdm5b ENSMUST00000133725.1 -5,529296406 11848 | chrl 1,35E+08 1,35E+08
Bcl2l1l ENSMUSTO00000173755.1 -5,509397275 4551 | chr2 1,53E+08 1,53E+08
Hipk2 ENSMUST00000114855.2 -5,459017517 27448 | chr6 38845357 38845571
R3hdml ENSMUST00000191016.6 -5,45889499 239 | chrl 1,28E+08 1,28E+08
Echl ENSMUST00000066264.12 -5,44127647 0 | chr7 28824875 28825284
Rassf8 ENSMUST00000111704.7 -5,32031334 995 | chr6 1,46E+08 1,46E+08
Tepllll ENSMUST00000132600.1 -5,312544142 620 | chr2 1,05E+08 1,05E+08
Gm15545 ENSMUST00000141011.1 -5,296679568 0 | chr7 44986544 44986924
Gm15545 ENSMUSTO00000141011.1 -5,296679568 0 | chr7 44986544 44986924
Ndstl ENSMUST00000237070.1 -5,294799494 9636 | chrl8 60722680 60722873
Pfdnl ENSMUST00000237499.1 -5,265760731 11114 | chrl8 36415321 36415608
Akap6 ENSMUST00000095737.4 -5,251163528 2886 | chrl2 52702271 52702695
Gm14002 ENSMUST00000123574.1 -5,231554743 4079 | chr2 1,25E+08 1,25E+08
Gm14002 ENSMUST00000123574.1 -5,231554743 4079 | chr2 1,25E+08 1,25E+08
Gm28694 ENSMUSTO00000190681.1 -5,223390795 25060 | chrl 1,57E+08 1,57E+08
Lipc ENSMUST00000215814.1 -5,206425424 11257 | chr9 70834783 70835168
Gm49968 ENSMUST00000234828.1 -5,200106132 2552 | chrl8 11915685 11915998
Gm49968 ENSMUST00000234828.1 -5,200106132 2552 | chrl8 11915685 11915998
Tbeld31 ENSMUST00000022992.12 -5,188320755 19629 | chrl5 57892247 57892569
Kctd9 ENSMUST00000078053.12 -5,185483385 0 | chri4 67715859 67716104
Mrpl48 ENSMUST00000127253.1 -5,17375047 6785 | chr?7 1,01E+08 1,01E+08
Gm24407 ENSMUSTO00000177864.1 -5,167936122 53 | chr5 1,15E+08 1,15E+08
Gm25767 ENSMUSTO00000158572.1 -5,163603226 7213 | chr5 36678873 36679094
Gm22031 ENSMUSTO00000116945.1 -5,158247896 22638 | chrl5 3580325 3580633
Gm44507 ENSMUST00000206249.1 -5,155977038 3381 | chr? 98391474 98391818
BB123696 ENSMUST00000223209.1 -5,147208315 5989 | chrl3 52735913 52736135
Rab27b ENSMUST00000117692.7 -5,137674685 8626 | chrl8 69992284 69992679
1830134H01
Rik ENSMUSTO00000181592.1 -5,126132437 18468 | chrl19 38032992 38033305
Gm16278 ENSMUST00000148064.1 -5,095731414 841 | chrl7 25919932 25920497
Gm16278 ENSMUST00000148064.1 -5,095731414 841 | chrl7 25919932 25920497
Mroh4 ENSMUST00000176767.1 -5,085865187 6031 | chrl5 74622171 74622399
3300002A1
1Rik ENSMUST00000046994.1 -5,077809375 5474 | chrl2 99351874 99352247
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3300002A1

1Rik ENSMUST00000046994.1 -5,077809375 5474 | chrl2 99351874 99352247
Scamp| ENSMUST00000022197.14 -5,067185826 7607 | chrl3 94193482 94193702
Sp2 ENSMUST00000062652.6 -5,058172621 23562 | chrll 96977783 96977996
Gm29243 ENSMUST00000188318.1 -5,032709454 8397 | chr8 34225258 34225499
Gm50021 ENSMUST00000234097.1 -5,025667315 32938 | chrl? 74819878 74820059
Gm50021 ENSMUST00000234097.1 -5,025667315 32938 | chrl? 74819878 74820059
Gm43441 ENSMUST00000201458.1 -4,997884217 72154 | chr6 36515283 36515622
Cleclla ENSMUST00000004587.10 -4,986917958 2365 | chr7 44305054 44305512
Pde8b ENSMUST00000160957.8 -4,953116574 4039 | chrl3 95038483 95038982
Gm34005 ENSMUST00000215834.1 -4,945911105 3061 | chr9 75960936 75961142
Gm50363 ENSMUST00000237942.1 -4,94498443 9230 | chrl9 16562735 16562929
Gm11623 ENSMUST00000120176.1 -4,93856907 39569 | chrll 1,05E+08 1,05E+08
Gm16938 ENSMUST00000205893.1 -4,932294215 5602 | chr?7 98171135 98171591
Gm33111 ENSMUST00000219954.1 -4,930075773 54776 | chrl2 32018261 32018509
Gm15599 ENSMUST00000122283.2 -4,924475912 | 110607 | chrl7 5221375 5221612
Gm47416 ENSMUST00000217446.1 -4,883628006 6339 | chr9 1,03E+08 1,03E+08
Ngf ENSMUST00000106925.8 -4,882918247 4584 | chr3 1,02E+08 1,02E+08
Sf1 ENSMUSTO00000113488.7 -4,880801645 0 | chr19 6363473 6363830
Sfl ENSMUSTO00000113488.7 -4,880801645 0 | chrl9 6363473 6363830
Cda ENSMUST00000030535.3 -4,8782693 4903 | chr4 1,38E+08 1,38E+08
Gmfg ENSMUST00000108292.8 -4,874665285 814 | chr7 28436418 28436632
Hecw?2 ENSMUST00000152870.1 -4,870606753 357 | chrl 53838386 53838659
Gm15774 ENSMUST00000141810.2 -4,86559528 280 | chr7 1,21E+08 1,21E+08
Gm15774 ENSMUST00000141810.2 -4,86559528 280 | chr7 1,21E+08 1,21E+08
D930028M

14Rik ENSMUST00000186424.1 -4,839290361 1165 | chr7 25153720 25153903
D930028M

14Rik ENSMUSTO00000186424.1 -4,839290361 1165 | chr7 25153720 25153903
Prkar2b ENSMUST00000036497.15 -4,833135435 7658 | chrl2 31950299 31950817
Gm42892 ENSMUST00000196227.1 -4,82689232 10409 | chr3 1,17E+08 1,17E+08
Gm22923 ENSMUST00000174952.1 -4,821654224 2526 | chrl6 75766850 75767064
Gm3436 ENSMUST00000179930.2 -4,803314237 4621 | chr9 70847768 70847954
Sertad3 ENSMUST00000068641.7 -4,803035679 827 | chr? 27474597 27474819
Cdkn2d ENSMUST00000213407.1 -4,796870932 2301 | chr9 21291288 21291634
Tarbp2 ENSMUST00000141266.7 -4,776811406 0 | chrl5 1,03E+08 1,03E+08
Arhgef28 ENSMUST00000225663.1 -4,765562005 419 | chrl3 97927971 97928210
Fbxw2 ENSMUST00000145660.7 -4,737598276 744 | chr2 34813484 34813830
Mcc ENSMUST00000164666.5 -4,728547104 43446 | chrl8 44472728 44473136
F830112A2

ORik ENSMUST00000194249.1 -4,725423956 492 | chrl 36923291 36923533
F830112A2

ORik ENSMUST00000194249.1 -4,725423956 492 | chrl 36923291 36923533
Sipall3 ENSMUST00000183081.1 -4,713286357 22803 | chr7 29471545 29471749
Rapgefl ENSMUST00000147488.1 -4,698170167 9408 | chr2 29711892 29712079
Spatal3 ENSMUST00000162945.1 -4,693276307 6337 | chrl4 60726313 60726568
Kalrn ENSMUSTO00000132569.1 -4,69176191 47149 | chrl6 34559900 34560113
Fkbp2 ENSMUST00000237119.1 -4,683031987 1859 | chr19 6980251 6980437
Akap13 ENSMUST00000207998.1 -4,681349108 663 | chr7 75642368 75642655
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Gm13472 ENSMUST00000120948.1 -4,666264582 53584 | chr2 48441623 48442089
F930017D2

3Rik ENSMUST00000217420.1 -4,665071782 11133 | chrl0 43604574 43605110
Gm41442 ENSMUST00000232234.1 -4,663752279 434 | chrl6 31235253 31235687
Gne ENSMUST00000133709.7 -4,661988493 3006 | chr4 44042750 44042948
Mir3109 ENSMUST00000175301.1 -4,660653063 173 | chr9 69456554 69456770
Dnah3 ENSMUST00000208910.1 -4,649184468 0 | chr7 1,2E+08 1,2E+08
Reep3 ENSMUST00000217841.1 -4,647515805 5095 | chrl0 67016769 67016951
Reep3 ENSMUST00000217841.1 -4,647515805 5095 | chrl0 67016769 67016951
Itgblbpl ENSMUST00000172962.1 -4,642834268 13066 | chrl2 21227321 21227758
Gm49735 ENSMUST00000232267.1 -4,641973331 3874 | chrl6 43697973 43698257
Slc16a10 ENSMUST00000213488.1 -4,636756883 1774 | chrl0 40073375 40073616
Snx9 ENSMUST00000231803.1 -4,628520821 4866 | chrl7 5846220 5846401
Synpo ENSMUST00000137894.1 -4,625873768 299 | chrl8 60606184 60606435
Kdm2a ENSMUST00000047898.13 -4,618277064 732 | chrl9 4315153 4315407
Tiam2 ENSMUST00000226748.1 -4,615456223 3143 | chrl7 3442918 3443136
Gm13274 ENSMUST00000137624.1 -4,615338776 6606 | chr4 88745539 88745955
Hspa2 ENSMUST00000080449.6 -4,611274705 0 | chri2 76404137 76404381
Gm47494 ENSMUST00000221204.1 -4,601612725 45938 | chrl3 11864188 11864411
Pxylpl ENSMUST00000136987.1 -4,600188667 2407 | chr9 96863212 96863398
Gm8210 ENSMUSTO00000178557.1 -4,594916405 19465 | chrl 43169463 43169690
Z{p469 ENSMUSTO00000187142.2 -4,594916155 72147 | chr8 1,22E+08 1,22E+08
Izumo4 ENSMUST00000218184.1 -4,579719465 0 | chrl0 80701923 80702576
Izumo4 ENSMUST00000218184.1 -4,579719465 0 | chrl0 80701923 80702576
Al480526 ENSMUST00000162697.1 -4,570450508 0 | chr 1,23E+08 1,23E+08
AlI480526 ENSMUST00000162697.1 -4,570450508 0 | chr5 1,23E+08 1,23E+08
Smad?7 ENSMUST00000172718.1 -4,568740657 9988 | chrl§ 75384904 75385167
ApS5sl ENSMUST00000153097.2 -4,562747878 1207 | chr2 1,31E+08 1,31E+08
Gm35715 ENSMUST00000197421.1 -4,550117535 14947 | chr9 1,11E+08 1,11E+08
Abhdl1 ENSMUST00000111216.7 -4,544578045 0 | chr5 1,35E+08 1,35E+08
Abhdl1 ENSMUSTO00000111216.7 -4,544578045 0 | chr5 1,35E+08 1,35E+08
Mir1961 ENSMUSTO00000158643.1 -4,543966632 24594 | chr5 92763636 92763856
Ankrd55 ENSMUST00000223871.1 -4,535616594 7807 | chrl3 1,12E+08 1,12E+08
n-R5s188 ENSMUST00000122646.1 -4,534393045 38663 | chr4 82400447 82400746
Kyatl ENSMUST00000149522.1 -4,534114492 8658 | chr2 30199782 30200100
Gm49319 ENSMUST00000228533.1 -4,532815223 11414 | chrl4 46516428 46516761
Gm33055 ENSMUST00000234743.1 -4,52635846 5097 | chrl7 79738973 79739213
Baiap2 ENSMUST00000146960.1 -4,525501407 15896 | chrll 1,2E+08 1,2E+08
Praf2 ENSMUST00000033489.7 -4,523035349 0 | chrX 7728237 7728468
Praf2 ENSMUST00000033489.7 -4,523035349 0 | chrX 7728237 7728468
Nuprl ENSMUST00000151105.7 -4,520708413 1503 | chr7 1,27E+08 1,27E+08
Gm34068 ENSMUST00000193310.1 -4,519737859 29468 | chrl 1,84E+08 1,84E+08
Arhgef101 ENSMUST00000154979.1 -4,507401734 41784 | chr4 1,41E+08 1,41E+08
Ssc4d ENSMUST00000153823.7 -4,506323251 431 | chr5 1,36E+08 1,36E+08
C2cd3 ENSMUST00000051777.14 -4,502092685 0 | chr7 1E+08 1E+08
C2cd3 ENSMUST00000051777.14 -4,502092685 0 | chr7 1E+08 1E+08
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Gm49546 ENSMUST00000229200.1 -4,498151221 1119 | chrl6 31291054 31291410
Srgap1 ENSMUST00000162710.1 -4,492020158 8513 | chrl0 1,22E+08 1,22E+08
Btd ENSMUST00000090147.6 -4,491809643 21080 | chrl4 31662139 31663393
Gm4876 ENSMUST00000166070.1 -4,491466339 43 | chr6 17171434 17171687
Eya4 ENSMUST00000218956.1 -4,488717158 19812 | chrl0 23203306 23203618
Babam?2 ENSMUST00000202270.1 -4,485195036 34464 | chrS 31750545 31750918
Zbtb7a ENSMUST00000117956.1 -4,48513751 366 | chrl0 81137406 81137586
Thrap3 ENSMUST00000163176.1 -4,474552848 1650 | chr4 1,26E+08 1,26E+08
Rasa3 ENSMUST00000132439.2 -4,471288412 46771 | chr8 13644868 13645178
Ptarl ENSMUST00000099560.4 -4,468263625 10499 | chrl19 23698245 23698473
Myctl ENSMUST00000051809.9 -4,466446101 95685 | chrl0 5497374 5498089
Gm29099 ENSMUST00000187370.1 -4,464628062 | 143654 | chrl 92180376 92180855
Gm27970 ENSMUSTO00000184854.1 -4,460759053 45003 | chrl19 17011376 17011777
Celf4 ENSMUST00000225927.1 -4,458161749 6575 | chrl8 25510797 25511063
Gm5444 ENSMUST00000065956.4 -4,454439733 0 | chri3 4771429 4771873
Mir5623 ENSMUST00000176631.1 -4,45273445 27327 | chrl9 58022830 58023839
Gm33570 ENSMUST00000207608.1 -4,450704442 0 | chr7 66580685 66580988
Ctsb ENSMUST00000225540.1 -4,449531339 3133 | chrl4 63132205 63132384
Gm11453 ENSMUST00000117318.1 -4,435593097 8347 | chr2 1,63E+08 1,63E+08
Itsnl ENSMUST00000114001.7 -4,434706148 17 | chrl6 91728766 91729263
Itsnl ENSMUST00000114001.7 -4,434706148 17 | chrl6 91728766 91729263
Mir763 ENSMUST00000103249.1 -4,426116245 24798 | chr10 1,2E+08 1,2E+08
Gm37024 ENSMUST00000192224.1 -4,419879962 6238 | chr3 30482004 30482187
Ccenk ENSMUST00000221167.1 -4,41507477 0 | chrl2 1,08E+08 1,08E+08
Gm12304 ENSMUST00000120312.1 -4,404423291 3131 | chrll 68092204 68092448
Sgee ENSMUST00000204897.1 -4,400624768 3275 | chr6 4740419 4740652
Fbxo17 ENSMUST00000167118.1 -4,394854209 4321 | chr7 28727870 28728178
Parml ENSMUST00000040576.9 -4,394565384 15360 | chrS 91532977 91533300
Rfx1 ENSMUST00000211046.1 -4,393546555 83 | chr8 84066484 84066750
Slc44al ENSMUST00000107647.7 -4,393532337 5658 | chr4 53446344 53446685
Dazapl ENSMUST00000156935.7 -4,393225232 0 | chrl0 80261131 80261679
Hivep3 ENSMUST00000227491.1 -4,387266163 99585 | chr4 1,2E+08 1,2E+08
Mknk?2 ENSMUST00000199949.1 -4,385632136 4425 | chrl0 80676373 80676747
Gm22685 ENSMUST00000082848.1 -4,382144817 91751 | chr4 49197346 49197546
Gm5802 ENSMUST00000224324.1 -4,377366767 9043 | chrl4 62530819 62531449
Aigl ENSMUST00000162869.1 -4,368990723 3384 | chrl0 13832681 13833287
111203 ENSMUSTO00000156895.7 -4,35855929 6848 | chrl 1,74E+08 1,74E+08
Ecel ENSMUST00000129607.1 -4,357732622 17223 | chr4 1,38E+08 1,38E+08
Gm10280 ENSMUST00000212238.1 -4,355508384 91505 | chr8 1,13E+08 1,13E+08
Pde3b ENSMUST00000140007.1 -4,354487573 25669 | chr7 1,14E+08 1,14E+08
Gtf2h2 ENSMUST00000232447.1 -4,349358617 1122 | chrl3 1E+08 1E+08
Spl ENSMUST00000170884.7 -4,344748567 0 | chrl5 1,02E+08 1,02E+08
Cntrob ENSMUST00000148490.1 -4,343585387 1277 | chrll 69311322 69311880
Lgals3 ENSMUST00000142734.7 -4,341398634 1564 | chrl4 47371348 47372248
4933413Cl1

9Rik ENSMUST00000162380.1 -4,335164201 43978 | chrl9 28624513 28624826
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Gm46587 ENSMUST00000234992.1 -4,328213716 4791 | chrl7 87563970 87564611
Nfatc2 ENSMUSTO00000171689.7 -4,32590896 107 | chr2 1,69E+08 1,69E+08
Jagl ENSMUST00000028735.7 -4,322988167 13407 | chr2 1,37E+08 1,37E+08
Gm7041 ENSMUST00000201227.1 -4,317315184 34789 | chrS 1,51E+08 1,51E+08
Ugcg ENSMUST00000133996.1 -4,311462863 7120 | chr4 59196680 59196900
Gm44130 ENSMUST00000205157.1 -4,306486537 9447 | chr6 71422476 71422656
Gm23517 ENSMUST00000082830.1 -4,30019862 3495 | chrl5 85347187 85347567
Cdca3 ENSMUST00000150120.7 -4,298828297 0 | chr6 1,25E+08 1,25E+08
Cdca3 ENSMUST00000150120.7 -4,298828297 0 | chr6 1,25E+08 1,25E+08
Me3 ENSMUST00000159491.7 -4,29698641 20249 | chr7 89716237 89716481
Crlf2 ENSMUST00000198960.1 -4,287709619 2430 | chr5 1,1E+08 1,1E+08
Syne2 ENSMUST00000157033.1 -4,28404725 1815 | chrl2 75820167 75820370
Ubpl ENSMUST00000009885.13 -4,276802157 0 | chr9 1,14E+08 1,14E+08
Itga2b ENSMUST00000145925.1 -4,275353055 0 | chrll 1,02E+08 1,02E+08
Itgb6 ENSMUST00000133887.7 -4,268527231 5286 | chr2 60639719 60640117
Dtnbpl ENSMUST00000223265.1 -4,260173906 6982 | chrl3 44939409 44939763
Brpfl ENSMUST00000113122.7 -4,251794382 295 | chr6 1,13E+08 1,13E+08
Baiap2l1 ENSMUST00000129287.1 -4,251524116 35508 | chr5 1,44E+08 1,44E+08
Baiap2l1 ENSMUST00000129287.1 -4,251524116 35508 | chrS 1,44E+08 1,44E+08
Hebpl ENSMUST00000045855.8 -4,248323773 3980 | chr6 1,35E+08 1,35E+08
Runx2 ENSMUST00000238400.1 -4,245490325 3906 | chrl? 44500394 44500582
Smim14 ENSMUST00000200111.2 -4,235348275 1549 | chr5 65454571 65455478
Smim14 ENSMUST00000200111.2 -4,235348275 1549 | chr5 65454571 65455478
Mrps35 ENSMUST00000123139.1 -4,23258102 3304 | chr6 1,47E+08 1,47E+08
Gm49011 ENSMUST00000227294.1 -4,225087881 39888 | chrl4 79065396 79065820
Rnu3bl ENSMUSTO00000183812.1 -4,223790711 149 | chrll 87443388 87443756
Rnu3bl ENSMUSTO00000183812.1 -4,223790711 149 | chrll 87443388 87443756
Rnu3bl ENSMUST00000183812.1 -4,223790711 149 | chrll 87443388 87443756
Gtpbpl ENSMUST00000046463.9 -4,22327492 170 | chrl5 79690466 79690674
Gm16223 ENSMUST00000087332.4 -4,215440256 87841 | chrS 42155803 42156149
Gm38505 ENSMUST00000174005.2 -4,214766242 33625 | chr3 34331799 34332087
Gm38505 ENSMUST00000174005.2 -4,214766242 33625 | chr3 34331799 34332087
Gm15576 ENSMUSTO00000117806.2 -4,206681847 5768 | chr6 1,01E+08 1,01E+08
1700055D1

8Rik ENSMUST00000095105.1 -4,20559019 158 | chr4 45012469 45012671
Gsel ENSMUST00000211997.1 -4,195820146 1008 | chr8 1,21E+08 1,21E+08
Gsel ENSMUST00000211997.1 -4,195820146 1008 | chr8 1,21E+08 1,21E+08
Limal ENSMUST00000171450.1 -4,195444095 11450 | chrl5 99852680 99853232
Ltbp1 ENSMUST00000234327.1 -4,193203893 4656 | chrl7 75305318 75305499
Col4al ENSMUST00000209000.1 -4,185449253 14726 | chr8 11259730 11260413
Gm43676 ENSMUST00000197532.1 -4,182840572 7955 | chr5 1,11E+08 1,11E+08
Zcchce9-ps ENSMUST00000117884.1 -4,182390317 42217 | chr2 1,41E+08 1,41E+08
Gsk3b ENSMUST00000023507.12 -4,179269779 0 | chrl6 38088556 38089303
Ppfibpl ENSMUSTO00000111623.8 -4,17782447 21434 | chr6 1,47E+08 1,47E+08
Gm1604a ENSMUST00000231840.1 -4,176046972 3072 | chrl? 7985596 7985946
Gm12354 ENSMUST00000124319.7 -4,173001343 376 | chr4 19717110 19717635
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Gsted ENSMUST00000080583.5 -4,170571036 1303 | chr3 1,33E+08 1,33E+08
Snrpd2 ENSMUST00000049294.3 -4,169772236 0 | chr?7 19149216 19149738
Snrpd2 ENSMUST00000049294.3 -4,169772236 0 | chr7 19149216 19149738
Susd1 ENSMUST00000107544.1 -4,16936062 412 | chr4 59315168 59315370
8430426J06
Rik ENSMUST00000230042.1 -4,16849697 1930 | chrl5 81247738 81248097
Gm45353 ENSMUST00000210581.1 -4,164923073 6474 | chr8 1,22E+08 1,22E+08
Shoc2 ENSMUST00000169861.8 -4,163384859 0 | chrl9 53944032 53944749
Shoc2 ENSMUST00000169861.8 -4,163384859 0 | chrl9 53944032 53944749
Dsc2 ENSMUST00000128464.1 -4,159093918 2674 | chrl8 20034155 20034705
Gm9913 ENSMUST00000066157.1 -4,157971769 12604 | chr2 1,25E+08 1,25E+08
A63000101
2Rik ENSMUST00000212914.1 -4,154300689 10429 | chr8 1,27E+08 1,27E+08
A63000101
2Rik ENSMUST00000212914.1 -4,154300689 10429 | chr8 1,27E+08 1,27E+08
Bcar3 ENSMUST00000198659.1 -4,154032929 765 | chr3 1,23E+08 1,23E+08
Ncehl ENSMUST00000140872.1 -4,149277719 25732 | chr3 27214175 27214707
Oxrl ENSMUST00000229769.1 -4,149067978 16688 | chrl5 41727294 41727514
Gm45030 ENSMUST00000207575.2 -4,137171543 44534 | chrl6 76472279 76472627
Gm23193 ENSMUST00000102427.1 -4,135796029 9177 | chr8 1,11E+08 1,11E+08
Gm29591 ENSMUST00000188215.1 -4,129081001 6296 | chr6 17354031 17354361
Gm6978 ENSMUST00000238142.1 -4,128896848 22148 | chrl8 64634140 64634362
Plekhml ENSMUST00000184350.1 -4,125229785 15545 | chrll 1,03E+08 1,03E+08
Mgst3 ENSMUST00000028005.2 -4,123486824 15557 | chrl 1,67E+08 1,67E+08
4933426B0
8Rik ENSMUST00000231816.1 -4,120381657 0 | chrl? 6808055 6808886
4933426B0
8Rik ENSMUST00000231816.1 -4,120381657 0 | chrl7 6808055 6808886
Nt5de3 ENSMUST00000099396.2 -4,119559987 99 | chrl0 86778676 86778905
Gm7730 ENSMUST00000212486.1 -4,117522369 13860 | chr8 69996337 69996688
Gm5427 ENSMUST00000217680.1 -4,114729064 30456 | chrl0 98684257 98684657
Vmnlr43 ENSMUST00000089418.4 -4,114596659 1307 | chr6 89867819 89868153
Vmnlr43 ENSMUST00000089418.4 -4,114596659 1307 | chr6 89867819 89868153
Bcearl ENSMUST00000212147.1 -4,112449693 7024 | chr8 1,12E+08 1,12E+08
Vps13d ENSMUST00000141208.7 -4,112368598 17836 | chr4 1,45E+08 1,45E+08
Tmigdl ENSMUST00000136899.1 -4,111255805 4237 | chrll 76908801 76909066
Nmu ENSMUST00000031146.2 -4,107193285 12747 | chr5 76346244 76346610
Polr2k-ps ENSMUST00000120170.1 -4,104246076 16244 | chrll 95777737 95778053
Hnrnpl ENSMUST00000174755.7 -4,103605055 0 | chr7 28810363 28811240
Hnrnpl ENSMUST00000174755.7 -4,103605055 0 | chr?7 28810363 28811240
Lmo7 ENSMUST00000159806.1 -4,097051896 1635 | chrl4 1,02E+08 1,02E+08
4930417HO
1Rik ENSMUST00000123403.1 -4,095876546 11222 | chr2 1,23E+08 1,23E+08
Gm13480 ENSMUST00000125095.1 -4,095661246 3763 | chr2 49809741 49810139
Gm13480 ENSMUST00000125095.1 -4,095661246 3763 | chr2 49809741 49810139
Cdc37 ENSMUST00000019615.10 -4,091584735 1831 | chr9 21135055 21135535
Gsap ENSMUST00000196035.1 -4,088799859 4103 | chr5 21246711 21247055
Gm31025 ENSMUST00000222553.1 -4,087353886 7598 | chrl2 28002608 28002803
Zdhhc18 ENSMUST00000138639.1 -4,083213624 816 | chr4 1,34E+08 1,34E+08
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Naifl ENSMUST00000048431.2 -4,082975892 1155 | chr2 32451614 32451926
Fez2 ENSMUST00000234900.1 -4,082773688 1376 | chrl7 78401697 78402292
Empl ENSMUST00000032330.15 -4,080071308 0 | chr6 1,35E+08 1,35E+08
Mirl1957a ENSMUST00000157927.1 -4,076688766 3651 | chr4 1,19E+08 1,19E+08
Calr-ps ENSMUST00000121776.1 -4,069027788 | 107515 | chr2 1,41E+08 1,41E+08
Sptbn1 ENSMUST00000149117.1 -4,064928261 6068 | chrll 30210382 30210590
Ccl26 ENSMUST00000094226.1 -4,063661025 37722 | chr5 1,36E+08 1,36E+08
Gm42838 ENSMUST00000196503.1 -4,061344577 13986 | chr5 1,25E+08 1,25E+08
Fam76b ENSMUST00000059579.11 -4,06131356 102 | chr9 13827107 13827613
Ifrd2 ENSMUST00000010192.10 -4,056691666 0 | chr9 1,08E+08 1,08E+08
Mir100hg ENSMUST00000233563.1 -4,054043753 5172 | chr9 41480234 41480455
Mir100hg ENSMUST00000233563.1 -4,054043753 5172 | chr9 41480234 41480455
Mir100hg ENSMUST00000233563.1 -4,054043753 5172 | chr9 41480234 41480455
Tmem?230 ENSMUST00000028816.8 -4,053997414 27026 | chr2 1,32E+08 1,32E+08
Ddr2 ENSMUST00000192312.5 -4,053681549 3639 | chrl 1,7E+08 1,7E+08
Gm42819 ENSMUST00000199630.1 -4,051872737 2948 | chr3 98027486 98027738
Smim6 ENSMUST00000132961.1 -4,050957033 0 | chrll 1,16E+08 1,16E+08
Smim6 ENSMUST00000132961.1 -4,050957033 0 | chrll 1,16E+08 1,16E+08
Stk24 ENSMUST00000226158.1 -4,048248725 3903 | chri4 1,21E+08 1,21E+08
Gm49471 ENSMUST00000229249.1 -4,045026272 1466 | chrl5 79062868 79063194
Gm14321 ENSMUST00000127441.1 -4,044309509 0 | chr2 1,68E+08 1,68E+08
Gm4861 ENSMUST00000198629.4 -4,042061763 2501 | chr3 1,38E+08 1,38E+08
Pdlim4 ENSMUSTO00000151948.1 -4,038301221 925 | chrll 54062231 54062797
Cic ENSMUST00000169266.7 -4,037796656 0 | chr7 25267622 25268337
Gm12785 ENSMUST00000122052.1 -4,037093056 24276 | chr4 1,01E+08 1,01E+08
4930583P06

Rik ENSMUST00000136658.1 -4,036433888 91820 | chr2 1,24E+08 1,24E+08
Hegl ENSMUST00000132797.1 -4,034266131 7476 | chrl6 33739079 33739464
Gm10603 ENSMUST00000184875.1 -4,029649215 1487 | chr7 1E+08 1E+08
Gm10603 ENSMUST00000184875.1 -4,029649215 1487 | chr7 1E+08 1E+08
Rnu5g ENSMUST00000093721.1 -4,028195915 547 | chr9 65200968 65201178
Lipa ENSMUST00000237617.1 -4,027644914 3967 | chrl9 34518097 34518366
Tancl ENSMUST00000128030.1 -4,023647987 7314 | chr2 59637379 59637786
Drc3 ENSMUST00000108723.8 -4,02009847 0 | chrll 60352770 60353355
Drc3 ENSMUST00000108723.8 -4,02009847 0 | chrll 60352770 60353355
Gm45345 ENSMUST00000211427.1 -4,018054343 5768 | chr8 64844004 64844303
4930589P08

Rik ENSMUST00000129097.1 -4,015569164 39408 | chr4 1,51E+08 1,51E+08
Sin3a ENSMUST00000168678.7 -4,011029894 4 | chr9 57075774 57076371
Sin3a ENSMUST00000168678.7 -4,011029894 4 | chr9 57075774 57076371
Gm37228 ENSMUST00000193574.1 -4,006658292 3146 | chr3 1,34E+08 1,34E+08
Aspscrl ENSMUSTO00000168947.1 -4,002082385 1401 | chrll 1,21E+08 1,21E+08
Aspscrl ENSMUSTO00000168947.1 -4,002082385 1401 | chrll 1,21E+08 1,21E+08
2610035D1

7Rik ENSMUST00000150712.1 -4,001308672 18450 | chrll 1,13E+08 1,13E+08
Gm25558 ENSMUST00000158083.1 -3,993241734 29 | chr9 50887204 50887920
Gm19514 ENSMUST00000206856.1 -3,989842304 18295 | chr? 1,34E+08 1,34E+08
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Mau2 ENSMUST00000212596.1 -3,987304369 1604 | chr8 70030154 70030459
Ifngr2 ENSMUSTO00000130404.1 -3,985157768 3509 | chrl6 91564834 91565054
Gm37767 ENSMUST00000193239.1 -3,98489511 46495 | chrl 1,62E+08 1,62E+08
Rpl36-ps2 ENSMUST00000136893.2 -3,979670623 11969 | chrll 76589132 76589349
Ank2 ENSMUST00000182452.7 -3,978835996 13317 | chr3 1,27E+08 1,27E+08
Fam129a ENSMUST00000086267.5 -3,973751016 526 | chrl 1,52E+08 1,52E+08
B930036N]1

ORik ENSMUST00000165827.1 -3,973116524 0 | chrl 1,72E+08 1,72E+08
Snx29 ENSMUSTO00000134941.1 -3,970352324 8500 | chrl6 11455810 11456310
Prr14 ENSMUST00000206118.1 -3,969497276 0 | chr7 1,27E+08 1,27E+08
Mdcl ENSMUSTO00000174124.1 -3,966604172 0 | chrl7 35841305 35841714
St13 ENSMUST00000172107.7 -3,966572754 6680 | chrl5 81356257 81356988
Rabggta ENSMUST00000227061.1 -3,965623772 0 | chrl4 55715177 55715573
Gm14372 ENSMUST00000125355.1 -3,964368459 27243 | chr7 1,44E+08 1,44E+08
Ppp2r3d ENSMUST00000188509.1 -3,96191194 1262 | chr9 1,24E+08 1,24E+08
Mbp ENSMUST00000143506.7 -3,955972876 17234 | chrl8 82492606 82492818
5930403N2

4Rik ENSMUST00000217338.1 -3,952237542 184 | chrl0 37141275 37141668
Wdfy2 ENSMUST00000014691.9 -3,952152723 50 | chrl4 62837272 62837627
Gm23647 ENSMUST00000175042.1 -3,95156624 4145 | chr8 1,24E+08 1,24E+08
Doplb ENSMUST00000227156.1 -3,949704489 2964 | chrl6 93733065 93733431
Map3k5 ENSMUSTO00000138994.1 -3,949592508 5029 | chrl0 20104556 20104958
Tgm2 ENSMUST00000140923.7 -3,942280368 142 | chr2 1,58E+08 1,58E+08
Tgm2 ENSMUST00000140923.7 -3,942280368 142 | chr2 1,58E+08 1,58E+08
Gm41271 ENSMUST00000228108.1 -3,940057516 2960 | chrl5 11699772 11700138
Dnpep ENSMUST00000189282.2 -3,939999517 964 | chrl 75317520 75318011
Arhgap26 ENSMUST00000123820.1 -3,932516995 47588 | chrl8 39051258 39051722
Arhgap26 ENSMUST00000123820.1 -3,932516995 47588 | chrl8 39051258 39051722
Tmprss6 ENSMUST00000229124.1 -3,929759455 5085 | chrl5 78450384 78450565
Weel ENSMUST00000033326.9 -3,92666928 211 | chr7 1,1E+08 1,1E+08
Weel ENSMUST00000033326.9 -3,92666928 211 | chr7 1,1E+08 1,1E+08
Enpp3 ENSMUST00000220209.1 -3,923540069 2768 | chrl0 24823353 24823702
Rdml ENSMUST00000133727.7 -3,922729636 0 | chrll 1,02E+08 1,02E+08
Rdm1 ENSMUST00000133727.7 -3,922729636 0 | chrll 1,02E+08 1,02E+08
Gm26086 ENSMUST00000157902.1 -3,919962146 16706 | chrl3 43068856 43069132
Arntl ENSMUST00000209495.1 -3,919623905 2311 | chr7 1,13E+08 1,13E+08
Sgk2 ENSMUST00000018012.13 -3,918814386 0 | chr2 1,63E+08 1,63E+08
B930025P0

3Rik ENSMUST00000207718.1 -3,914225501 4295 | chr8 10865690 10866126
Gm22847 ENSMUST00000157707.1 -3,913353489 4497 | chr5 34535148 34535591
Gm36954 ENSMUST00000195362.1 -3,912135124 37995 | chrll 9666952 9667265
Trpm4 ENSMUST00000209239.1 -3,906967733 6480 | chr7 45313105 45313950
Fads6 ENSMUST00000056153.7 -3,906387757 2374 | chrll 1,15E+08 1,15E+08
Tmem140 ENSMUST00000201749.1 -3,90438244 998 | chr6 34865780 34866021
Coa3 ENSMUST00000017332.3 -3,903084241 0 | chrll 1,01E+08 1,01E+08
Gm15843 ENSMUST00000146593.1 -3,899208505 1989 | chrl 72457309 72457509
Chd3 ENSMUST00000144701.1 -3,898321514 5920 | chrll 69366646 69366838
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Gm37168 ENSMUST00000192965.1 -3,895241323 10472 | chrl 1,91E+08 1,91E+08
Usp6nl ENSMUST00000042503.8 -3,895028184 27120 | chr2 6379855 6380144
Mir6995 ENSMUSTO00000183658.1 -3,89165492 41724 | chrl9 47315245 47315697
Twfl ENSMUST00000023087.12 -3,889755825 2896 | chrl5 94574812 94575054
Mss51 ENSMUST00000022353.4 -3,889199484 3950 | chrl4 20478687 20478916
Gm6145 ENSMUST00000211251.1 -3,886303271 5063 | chrl4 1,06E+08 1,06E+08
Onecut2 ENSMUST00000175965.9 -3,884595604 37854 | chrl8 64377876 64378191
Gm43000 ENSMUST00000198482.1 -3,882884774 6896 | chrS 16000855 16001225
Ppplrl2a ENSMUST00000070663.5 -3,881981012 10668 | chrl0 1,08E+08 1,08E+08
Fars2 ENSMUST00000225048.1 -3,881780018 25473 | chrl3 36696097 36696452
Gm25363 ENSMUSTO00000158850.1 -3,878369379 5067 | chr5 24825662 24825964
Nphpl ENSMUST00000028857.13 -3,87771488 17939 | chr2 1,28E+08 1,28E+08
Gpat3 ENSMUST00000145612.1 -3,87678715 14334 | chr5 1,01E+08 1,01E+08
4732465J04

Rik ENSMUST00000185499.1 -3,875449737 14604 | chrl0 95763880 95764312
Gm12498 ENSMUST00000138374.1 -3,873494792 424 | chr3 1,08E+08 1,08E+08
Gm21971 ENSMUST00000180187.1 -3,873163467 5038 | chrl2 1,03E+08 1,03E+08
Gm21971 ENSMUST00000180187.1 -3,873163467 5038 | chrl2 1,03E+08 1,03E+08
Gm21971 ENSMUST00000180187.1 -3,873163467 5038 | chrl2 1,03E+08 1,03E+08
Arhgapl8 ENSMUST00000142284.1 -3,872704628 8448 | chrl0 26854625 26854893
Gm11373 ENSMUST00000129791.2 -3,867481004 1678 | chrl3 31327614 31327824
Teadl ENSMUSTO00000171373.1 -3,866793052 5548 | chr7 1,13E+08 1,13E+08
Gm36635 ENSMUST00000221152.1 -3,865172624 1748 | chrl2 1,12E+08 1,12E+08
Gstt2 ENSMUST00000218745.1 -3,864471439 148 | chrl0 75836126 75836435
Plekha5 ENSMUST00000205026.2 -3,862971396 4046 | chr6 1,41E+08 1,41E+08
4632404M1

6Rik ENSMUST00000197326.1 -3,856942503 1323 | chr3 1,02E+08 1,02E+08
4632404M1

6Rik ENSMUST00000197326.1 -3,856942503 1323 | chr3 1,02E+08 1,02E+08
Mcts2 ENSMUST00000062148.8 -3,85685287 3371 | chr2 1,53E+08 1,53E+08
Abhd2 ENSMUST00000037315.12 -3,856313575 39 | chr7 79272682 79273159
Pxtl ENSMUST00000051526.5 -3,855482249 2071 | chrl7 28931683 28931912
I11rl ENSMUST00000195402.1 -3,849537524 8918 | chrl 40275577 40275781
Gm14137 ENSMUST00000239130.1 -3,84903841 94 | chr2 1,19E+08 1,19E+08
Iqck ENSMUST00000132148.2 -3,847968649 1397 | chr7 1,19E+08 1,19E+08
Rhobtb] ENSMUST00000164034.7 -3,847468574 22587 | chrl0 69185672 69185964
Gm23546 ENSMUST00000158211.1 -3,846832208 5390 | chr2 33205913 33206414
Ppp2r2b ENSMUST00000155262.1 -3,845417961 8503 | chrl8 42766973 42767857
Gm22697 ENSMUSTO00000175194.1 -3,844667935 6145 | chrl8 42308037 42308323
Gm47297 ENSMUST00000197891.1 -3,843090614 17341 | chrll 1,2E+08 1,2E+08
Lpin2 ENSMUSTO00000129635.7 -3,840161608 7936 | chrl? 71191916 71192135
Lpin2 ENSMUSTO00000129635.7 -3,840161608 7936 | chrl7 71191916 71192135
Nav2 ENSMUST00000207743.1 -3,838505921 10729 | chr?7 49332365 49332744
Gm24224 ENSMUSTO00000158828.1 -3,829527539 15604 | chr7 79336625 79336883
Gm34256 ENSMUST00000232216.1 -3,828452018 1907 | chrl6 31592105 31592379
Gm35333 ENSMUST00000225281.1 -3,827052366 5060 | chrl3 60427847 60428044
Cfap69 ENSMUST00000148193.1 -3,82035838 529 | chr5 5649089 5649278
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Gm13412 ENSMUST00000150621.1 -3,819941169 2530 | chr2 32527563 32527750
Gm10614 ENSMUSTO00000181414.1 -3,819652232 173 | chr8 1,21E+08 1,21E+08
Gm10614 ENSMUST00000181414.1 -3,819652232 173 | chr8 1,21E+08 1,21E+08
Gm20604 ENSMUST00000174651.1 -3,81942873 10204 | chr12 1,03E+08 1,03E+08
Bahccl ENSMUST00000118987.1 -3,818587993 18728 | chrll 1,2E+08 1,2E+08
PipSkla ENSMUST00000107231.1 -3,816955557 4117 | chr3 95066348 95066708
4932411K1

2Rik ENSMUST00000190493.1 -3,816218 10065 | chrl3 1,01E+08 1,01E+08
Itpr2 ENSMUSTO00000111673.1 -3,815009005 11000 | chr6 1,46E+08 1,46E+08
Stk10 ENSMUST00000143397.1 -3,808731964 24619 | chrll 32563773 32563975
Gm30192 ENSMUST00000236674.1 -3,808667077 54673 | chrl8 81319383 81319704
Dnal4 ENSMUSTO00000161646.1 -3,808615817 87 | chrl5 79774262 79774484
Bsdcl ENSMUST00000048162.9 -3,804474364 0 | chr4 1,29E+08 1,29E+08
Megfl1 ENSMUST00000147388.1 -3,797304404 17474 | chr9 64564375 64564685
Nectin2 ENSMUST00000075447.13 -3,796572186 548 | chr7 19715585 19716095
Gm41386 ENSMUST00000229650.1 -3,792274585 5610 | chrl5 93710925 93711416
AbI2 ENSMUST00000190749.1 -3,791300013 110 | chrl 1,57E+08 1,57E+08
Mylpf ENSMUST00000206772.1 -3,789551293 0 | chr7 1,27E+08 1,27E+08
Gm49410 ENSMUST00000230156.1 -3,786808401 877 | chrls 77741640 77742019
Gm39321 ENSMUST00000217076.1 -3,785721901 31806 | chr9 42109988 42110186
Gm29675 ENSMUST00000222202.1 -3,783702081 3342 | chrl3 30787777 30788235
Gm42435 ENSMUST00000196630.1 -3,783699049 2830 | chr5 3501457 3501872
Gm6276 ENSMUST00000120159.1 -3,780252339 53934 | chrl? 75110497 75111272
Blmh ENSMUST00000145732.2 -3,778745467 7293 | chrll 76953797 76954002
2210411M0

9Rik ENSMUST00000128545.2 -3,777807894 208 | chrl 1,81E+08 1,81E+08
2210411M0

9Rik ENSMUST00000128545.2 -3,777807894 208 | chrl 1,81E+08 1,81E+08
Shel ENSMUSTO00000107417.8 -3,777112728 0 | chr3 89418401 89418746
Ttll6 ENSMUST00000107680.1 -3,776902293 6613 | chrll 96140834 96141365
Gm15657 ENSMUST00000148293.1 -3,772243375 6874 | chrl6 33777306 33777794
Pkm ENSMUST00000213930.1 -3,770465979 1435 | chr9 59659680 59659878
Mfsd13a ENSMUST00000086969.12 -3,768718552 4130 | chr19 46352347 46352749
Dixdcl ENSMUST00000118707.1 -3,766720001 13273 | chr9 50723412 50723890
Myole ENSMUST00000034745.8 -3,765988714 83219 | chr9 70290589 70290952
Mir22hg ENSMUST00000149940.1 -3,760873606 0 | chrll 75461170 75461586
Fstl3 ENSMUST00000168798.1 -3,760134072 0 | chrl0 79780339 79780730
Gm16198 ENSMUST00000118766.1 -3,760036281 9658 | chr3 1,52E+08 1,52E+08
Mmp28 ENSMUST00000138780.1 -3,754115736 6708 | chrll 83458096 83458361
Cdk190s ENSMUST00000044774.8 -3,751314302 0 | chrl0 40348888 40349295
Cdk190s ENSMUST00000044774.8 -3,751314302 0 | chrl0 40348888 40349295
Gm44699 ENSMUST00000208229.1 -3,747429358 9971 | chr7 28930924 28931122
Gm44699 ENSMUST00000208229.1 -3,747429358 9971 | chr7 28930924 28931122
Map3k20 ENSMUST00000135204.1 -3,744460775 3348 | chr2 72289144 72289533
Gm14052 ENSMUST00000121434.1 -3,74090176 381 | chr2 1,32E+08 1,32E+08
Gm48570 ENSMUST00000224720.1 -3,739620513 2574 | chrl3 41404867 41405258
Ms4al5 ENSMUST00000144485.1 -3,738320154 2387 | chrl9 10985648 10986000
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Cactin ENSMUST00000050867.7 -3,734946951 0 | chrl0 81320501 81321138
Gm36264 ENSMUST00000221989.1 -3,734139935 41410 | chrl3 9043069 9043378
Vezt ENSMUST00000148450.7 -3,729583225 4979 | chrl0 93944146 93944538
Poln ENSMUST00000202027.1 -3,728109476 30 | chrS 34032346 34032715
Gm13175 ENSMUST00000139479.1 -3,727307415 12271 | chr2 4445893 4446162
Rarg ENSMUST00000043172.14 -3,726165683 3882 | chrl5 1,02E+08 1,02E+08
Etnkl ENSMUST00000204947.2 -3,720903924 14315 | chr6 1,43E+08 1,43E+08
Gm29642 ENSMUST00000186170.2 -3,719972755 0 | chr9 25151788 25152149
Gm29642 ENSMUST00000186170.2 -3,719972755 0 | chr9 25151788 25152149
B930018H1

9Rik ENSMUSTO00000211381.1 -3,71479097 1833 | chr8 34591255 34591706
Gm20428 ENSMUSTO00000174365.1 -3,713703393 19040 | chrl 39256784 39257242
Gm17705 ENSMUSTO00000172285.2 -3,711557994 11 | chrl?7 35165132 35165355
Cpne5 ENSMUST00000126993.7 -3,708702398 1019 | chrl? 29156632 29156896
Sult2bl ENSMUST00000210021.1 -3,707723995 11389 | chr7 45770721 45771218
Slc4a4 ENSMUST00000134303.1 -3,706683921 | 119045 | chr5 89147139 89147763
KIf10 ENSMUST00000228416.1 -3,70574093 423 | chrl5 38298949 38299450
Gm24150 ENSMUST00000082759.1 -3,705040294 1954 | chr3 79194121 79194419
Gm45261 ENSMUST00000211023.1 -3,703730022 1512 | chrl 80447841 80448084
Glisl ENSMUSTO00000125573.1 -3,703222111 11993 | chr4 1,08E+08 1,08E+08
Mtmr4 ENSMUST00000146871.7 -3,701194493 0 | chrll 87591837 87592248
Ext2 ENSMUSTO00000152344.1 -3,699682783 13944 | chr2 93776507 93777172
Secl ENSMUST00000040636.8 -3,697562093 2484 | chr7 45680172 45680389
Gm14138 ENSMUST00000122061.1 -3,696790178 9059 | chr2 1,19E+08 1,19E+08
Osbpl3 ENSMUST00000136926.2 -3,693991567 20019 | chr6 50372841 50373502
B430305J03

Rik ENSMUST00000066298.2 -3,69309336 1578 | chr3 61363830 61364207
B430305J03

Rik ENSMUST00000066298.2 -3,69309336 1578 | chr3 61363830 61364207
Gm22265 ENSMUST00000082947.1 -3,692865566 288 | chrl 1,93E+08 1,93E+08
Slc25a24 ENSMUST00000140786.2 -3,692273196 32851 | chr3 1,09E+08 1,09E+08
Gm23444 ENSMUST00000082922.1 -3,691494911 120 | chrll 83271620 83273099
Ehf ENSMUSTO00000128546.1 -3,689684238 6234 | chr2 1,03E+08 1,03E+08
Zbtb20 ENSMUST00000126354.7 -3,684397641 114 | chrl6 42875332 42875766
Coro2a ENSMUST00000139179.1 -3,683535413 10937 | chr4 46553940 46554147
Ttc41 ENSMUST00000061458.8 -3,682460634 0 | chrl0 86705668 86706008
Gm21969 ENSMUST00000178644.1 -3,68163009 3810 | chr4 1,4E+08 1,4E+08
Gm37769 ENSMUST00000193753.1 -3,681353099 9854 | chrl 68720893 68721101
2010204K1

3Rik ENSMUST00000150671.1 -3,681259083 16971 | chrX 7429079 7429508
Gm12146 ENSMUST00000127604.1 -3,679501109 13365 | chrll 43183836 43184058
Zyx ENSMUST00000070635.12 -3,676824816 0 | chr6 42349771 42349958
Zyx ENSMUST00000070635.12 -3,676824816 0 | chr6 42349771 42349958
Gm29358 ENSMUST00000187941.1 -3,676770849 0 | chrl 74295475 74295938
Gm29358 ENSMUST00000187941.1 -3,676770849 0 | chrl 74295475 74295938
Gm29358 ENSMUST00000187941.1 -3,676770849 0 | chrl 74295475 74295938
Dnaaf5 ENSMUST00000026975.10 -3,674475301 89 | chr5 1,39E+08 1,39E+08
Dnaaf5 ENSMUST00000026975.10 -3,674475301 89 | chrs 1,39E+08 1,39E+08
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Mir31 ENSMUST00000083474.1 -3,674408776 17778 | chr4 88928337 88928751
Rsbnl ENSMUST00000151927.3 -3,672278865 104 | chr3 1,04E+08 1,04E+08
Gm18001 ENSMUST00000212023.1 -3,671643771 2619 | chr8 83602634 83602844
Gm12804 ENSMUST00000121030.1 -3,669793814 74677 | chr4 1,11E+08 1,11E+08
Gm47156 ENSMUST00000213334.1 -3,669450385 1571 | chrl0 93620435 93620960
Gm49427 ENSMUST00000215481.1 -3,666599435 1516 | chr9 1,2E+08 1,2E+08
Gm49427 ENSMUST00000215481.1 -3,666599435 1516 | chr9 1,2E+08 1,2E+08
Smyd3 ENSMUST00000194237.1 -3,659530883 30517 | chrl 1,79E+08 1,79E+08
Cacna2d1 ENSMUST00000200270.1 -3,654599902 37128 | chrs 16062844 16063111
2810013P06

Rik ENSMUSTO00000186531.1 -3,653400711 20708 | chr8 1,23E+08 1,23E+08
2810013P06

Rik ENSMUST00000186531.1 -3,653400711 20708 | chr8 1,23E+08 1,23E+08
2900057B2

ORik ENSMUST00000236092.1 -3,653070734 19064 | chrl8 76110623 76110856
Ppmlb ENSMUST00000112305.9 -3,652592571 413 | chrl7 84957156 84957536
Ppmlb ENSMUSTO00000112305.9 -3,652592571 413 | chrl7 84957156 84957536
Galnt2 ENSMUST00000142547.1 -3,651421725 16117 | chr8 1,24E+08 1,24E+08
Galnt2 ENSMUST00000142547.1 -3,651421725 16117 | chr8 1,24E+08 1,24E+08
2610027F03

Rik ENSMUST00000185443.1 -3,650645524 33278 | chrl 1,21E+08 1,21E+08
5830428M2

4Rik ENSMUST00000222980.1 -3,649046495 640 | chrl2 69474256 69474442
Gm49302 ENSMUST00000228127.1 -3,648451642 606 | chr14 47801348 47801574
Gm49302 ENSMUST00000228127.1 -3,648451642 606 | chrl4 47801348 47801574
Rpsl4 ENSMUST00000236652.1 -3,644698547 9953 | chrl8 60736675 60737144
TIrS ENSMUST00000195614.1 -3,64118073 2511 | chrl 1,83E+08 1,83E+08
Asap2 ENSMUST00000050990.9 -3,633464079 48494 | chrl2 21160450 21160828
4930471E1

9Rik ENSMUST00000219022.1 -3,632925991 2948 | chrl0 1,21E+08 1,21E+08
Gm50064 ENSMUST00000234056.1 -3,631043232 13524 | chrl8 5334553 5334733
Gm42839 ENSMUST00000198978.1 -3,627524173 5108 | chr5 1,25E+08 1,25E+08
Gm49766 ENSMUST00000232007.1 -3,62741244 0 | chrl0 67785457 67785983
Gm49766 ENSMUST00000232007.1 -3,62741244 0 | chrl0 67785457 67785983
Magix ENSMUST00000130287.1 -3,625042109 602 | chrX 7673768 7673961
Gm15496 ENSMUSTO00000129578.2 -3,622395658 23795 | chr3 31261580 31261791
Rab8a ENSMUST00000003121.8 -3,622191367 0 | chr8 72160949 72161236
Gm45646 ENSMUST00000210983.1 -3,621655295 1134 | chr8 26747065 26747468
Gm6063 ENSMUST00000206958.1 -3,620387661 8246 | chr6 71632937 71633365
Plec ENSMUST00000170728.7 -3,617766444 1388 | chrl5 76195783 76196608
Ddc ENSMUST00000134401.1 -3,616756211 1198 | chrll 11820551 11820919
Eif4g3 ENSMUST00000155142.1 -3,616467673 37721 | chr4 1,38E+08 1,38E+08
Gm43221 ENSMUST00000197612.1 -3,61533328 10562 | chr3 1,09E+08 1,09E+08
Gm16237 ENSMUST00000156666.1 -3,615158314 29275 | chr8 1,25E+08 1,25E+08
Fbxwl11 ENSMUST00000143290.1 -3,613731189 17478 | chrll 32660384 32660587
Phosphol ENSMUST00000150134.1 -3,611300696 23590 | chrll 95800360 95800908
1700054A0

3Rik ENSMUST00000235589.1 -3,609309937 6634 | chrl9 53040284 53040526
Grk6 ENSMUST00000224653.1 -3,609102166 0 | chrl3 55444959 55445215
Cd44 ENSMUST00000111192.2 -3,602094318 14004 | chr2 1,03E+08 1,03E+08
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Kennl ENSMUST00000110078.4 -3,598113791 2046 | chr8 70839655 70840002
Bmper ENSMUST00000214050.1 -3,597435643 91144 | chr9 23465078 23465494
Caszl ENSMUST00000140617.1 -3,597424297 20985 | chr4 1,49E+08 1,49E+08
Hsf2bp ENSMUST00000138172.1 -3,596751518 28312 | chrl7 31982724 31982969
Gm26375 ENSMUST00000101829.2 -3,596462206 21445 | chrl7 13555511 13556123
Gm26375 ENSMUST00000101829.2 -3,596462206 21445 | chrl7 13555511 13556123
Lrch4 ENSMUST00000031734.15 -3,594743878 102 | chr5 1,38E+08 1,38E+08
Gm30563 ENSMUST00000227720.1 -3,593327388 31437 | chrl5 64364043 64364941
Banp ENSMUST00000173201.1 -3,593142616 | 110071 | chr8 1,22E+08 1,22E+08
Gm26296 ENSMUST00000179457.1 -3,587737215 16622 | chrl5 55245483 55245919
Gm47175 ENSMUST00000216940.1 -3,585732192 40538 | chr9 56463863 56464286
Pdlim7 ENSMUST00000153426.1 -3,585725703 1881 | chrl3 55510849 55511083
Rps13-ps6 ENSMUST00000120038.1 -3,585315521 2591 | chr2 1,44E+08 1,44E+08
Tkt ENSMUST00000223633.1 -3,585030776 1935 | chrl4 30561627 30561936
Gm15419 ENSMUSTO00000148654.1 -3,584440233 16440 | chr8 11382356 11382745
Gm50212 ENSMUST00000236488.1 -3,581294356 2857 | chrl9 19246896 19247303
Mtmr7 ENSMUST00000174537.1 -3,575534643 11506 | chr8 40595162 40595398
Trafl ENSMUST00000135870.1 -3,575010326 118 | chr2 34958272 34958644
Gm16046 ENSMUST00000128138.1 -3,57487401 3700 | chrl7 13683679 13684033
Gm27926 ENSMUST00000157180.2 -3,571484558 | 124355 | chrl5 53259349 53259563
Psd3 ENSMUSTO00000185416.2 -3,570789004 16884 | chr8 68082258 68082569
Cpm ENSMUST00000141991.1 -3,569429299 5906 | chrl0 1,18E+08 1,18E+08
AA986860 | ENSMUST00000186185.1 -3,5651494 2528 | chrl 1,31E+08 1,31E+08
Myocd ENSMUSTO00000150823.1 -3,559007403 7870 | chrll 65215386 65215863
Laxl ENSMUST00000189524.1 -3,55561783 5387 | chrl 1,34E+08 1,34E+08
Tmem?220 ENSMUSTO00000061786.5 -3,55276465 6045 | chrll 67031201 67031735
n-R5s47 ENSMUST00000122516.1 -3,551455764 10045 | chrl4 62879761 62880773
Gm15990 ENSMUST00000132223.1 -3,547479194 47684 | chrl0 86173513 86173856
RhbdI2 ENSMUST00000148797.1 -3,546646417 639 | chr4 1,24E+08 1,24E+08
Gmds ENSMUST00000179717.1 -3,545665875 42256 | chrl3 32267490 32267843
Sox9 ENSMUST00000000579.2 -3,543770684 23674 | chrll 1,13E+08 1,13E+08
Gm45819 ENSMUST00000210940.1 -3,5433563 10487 | chr7 1,1E+08 1,1E+08
ler5 ENSMUST00000055322.5 -3,543098856 13087 | chrl 1,55E+08 1,55E+08
Cwc27 ENSMUST00000022228.12 -3,540712008 | 137589 | chrl3 1,04E+08 1,04E+08
Srrm2 ENSMUST00000233636.1 -3,532891952 0 | chrl7 23803035 23803406
Chchd3 ENSMUST00000115091.1 -3,531263952 84199 | chr6 32935644 32935954
Gm44705 ENSMUST00000206719.1 -3,530340479 8783 | chr7 79780782 79781503
Rail4 ENSMUST00000227366.1 -3,528705085 3239 | chrl5 10685841 10686051
643056201

SRik ENSMUST00000180491.1 -3,526441236 4964 | chrl3 99391490 99391959
Kcnn3 ENSMUST00000000811.7 -3,520893742 14501 | chr3 89534667 89535066
Sik2 ENSMUST00000176824.7 -3,519725629 7397 | chr9 50900200 50900677
Gngl2 ENSMUST00000204862.1 -3,518867868 14019 | chr6 66910912 66911130
Gm45781 ENSMUST00000212860.1 -3,517723463 16928 | chr8 1,24E+08 1,24E+08
Capg ENSMUST00000126124.7 -3,516625432 0 | chr6 72547895 72548163
Gm45166 ENSMUST00000209073.1 -3,516555969 10879 | chr8 23740853 23741203
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A230083G1

6Rik ENSMUST00000069553.2 -3,513724698 2603 | chr6 1,25E+08 1,25E+08
A230083G1

6Rik ENSMUST00000069553.2 -3,513724698 2603 | chr6 1,25E+08 1,25E+08
Sap130 ENSMUST00000234846.1 -3,508708115 84 | chrl8 31634786 31635000
Fam83b ENSMUST00000098546.3 -3,507848947 50141 | chr9 76540848 76541186
Gm27931 ENSMUST00000184976.1 -3,506157609 4711 | chrl6 38202442 38202751
Ptk{b4 ENSMUST00000198140.4 -3,506080901 0 | chr9 1,09E+08 1,09E+08
Lrmda ENSMUST00000226003.1 -3,504480799 8402 | chrl4 22586982 22588110
Cavinl ENSMUST00000132934.1 -3,504216544 1575 | chrll 1,01E+08 1,01E+08
Abtb2 ENSMUSTO00000138580.1 -3,503499776 44499 | chr2 1,04E+08 1,04E+08
Gm19692 ENSMUST00000203856.1 -3,496982242 7284 | chr6 1,01E+08 1,01E+08
4933407108

Rik ENSMUST00000151215.1 -3,496633219 57950 | chrl8 42876861 42877519
Gm25070 ENSMUST00000175237.1 -3,490402387 6834 | chrls 95886552 95886854
Slc39al4 ENSMUST00000142598.1 -3,48594128 2409 | chrl4 70333488 70333700
7530414M1

ORik ENSMUST00000229317.1 -3,482731605 1104 | chrl5 83174302 83174718
7530414M1

ORik ENSMUST00000229317.1 -3,482731605 1104 | chrl5 83174302 83174718
0it3 ENSMUST00000162493.1 -3,480011444 2578 | chrl0 59430873 59431052
Gm10811 ENSMUST00000221985.1 -3,478450215 0 | chrl3 13168587 13168987
1700015H0

7Rik ENSMUST00000227291.1 -3,478204028 3285 | chrls 53617851 53618369
Gm48969 ENSMUST00000227341.1 -3,47798515 13254 | chrl4 76874827 76875697
Anpep ENSMUST00000149164.1 -3,476908639 7704 | chr7 79850320 79850518
9830132P13

Rik ENSMUST00000198240.1 -3,476374458 13849 | chr3 1,28E+08 1,28E+08
Rpsl5a-psS | ENSMUST00000132586.1 -3,475436894 17393 | chr5 1,06E+08 1,06E+08
Rbks ENSMUST00000201744.1 -3,474918105 5657 | chr5 31630098 31630285
Rbks ENSMUST00000201744.1 -3,474918105 5657 | chrS 31630098 31630285
Rbks ENSMUST00000201744.1 -3,474918105 5657 | chr5 31630098 31630285
Avpil ENSMUST00000161873.1 -3,470177285 4221 | chrl9 42129002 42129182
Gm24497 ENSMUSTO00000177868.1 -3,465806426 182 | chrl 72244397 72245043
Gm24497 ENSMUST00000177868.1 -3,465806426 182 | chrl 72244397 72245043
Gm26626 ENSMUST00000180989.3 -3,465348207 2960 | chrl6 92609315 92609853
Camta2 ENSMUST00000108544.7 -3,461044335 206 | chrll 70668514 70669256
Bcl9l ENSMUST00000218183.1 -3,459686063 1387 | chr9 44488636 44488949
Tmem154 ENSMUST00000107682.1 -3,457700965 19605 | chr3 84646250 84646586
Exosc7 ENSMUST00000161569.1 -3,456460927 1838 | chr9 1,23E+08 1,23E+08
Gm17251 ENSMUST00000170103.2 -3,454408479 74 | chrl7 33760068 33760626
Gm17251 ENSMUST00000170103.2 -3,454408479 74 | chrl7 33760068 33760626
Gm36994 ENSMUST00000192941.1 -3,448878951 14540 | chrl3 1,01E+08 1,01E+08
Pptc7 ENSMUST00000053426.14 -3,448856851 4049 | chr5 1,22E+08 1,22E+08
Sertad2 ENSMUST00000109586.2 -3,444811658 114 | chrll 20631471 20631864
Gm25939 ENSMUST00000179876.1 -3,444150218 285 | chrl 72255295 72256221
Rps19 ENSMUST00000108430.9 -3,443156123 0 | chr7 24884095 24884424
Slc12a8 ENSMUST00000122314.7 -3,442233738 1858 | chrl6 33594260 33594703
Sfrl ENSMUST00000099353.5 -3,441590576 0 | chrl9 47731216 47731699
Gm17268 ENSMUST00000171515.1 -3,440917242 16143 | chrll 82011611 82012080
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Lmntd1 ENSMUSTO00000111708.8 -3,439863248 3902 | chr6 1,45E+08 1,45E+08
Lmntd1 ENSMUSTO00000111708.8 -3,439863248 3902 | chr6 1,45E+08 1,45E+08
Pmepalos ENSMUST00000150185.1 -3,438030281 9852 | chr2 1,73E+08 1,73E+08
Crybgl ENSMUST00000239010.1 -3,437086893 35084 | chrl0 44039261 44039728
Pnrcl ENSMUST00000137589.1 -3,43615952 15322 | chr4 33261336 33261753
Sh3rf2 ENSMUST00000074679.3 -3,436090456 6181 | chrl8 42059893 42060109
Ccdcl62 ENSMUST00000160751.2 -3,435947992 7047 | chrl0 41587274 41587469
Prdml1 ENSMUST00000111274.8 -3,429097939 23673 | chr2 92948059 92948344
Nrldl ENSMUST00000139220.1 -3,425914748 5944 | chrll 98775293 98775908
Gm13816 ENSMUST00000152230.1 -3,424174385 8632 | chr2 92750864 92751383
1700126H1

8Rik ENSMUST00000201903.1 -3,422045833 262 | chr5 66165957 66166344
1700126H1

8Rik ENSMUST00000201903.1 -3,422045833 262 | chr5 66165957 66166344
Deptor ENSMUST00000226687.1 -3,421650269 1414 | chrl5 55134869 55135122
Tmcc3 ENSMUST00000121471.7 -3,420306418 12 | chrl0 94574967 94575244
Tmcc3 ENSMUST00000121471.7 -3,420306418 12 | chrl0 94574967 94575244
Lamc2 ENSMUST00000027753.12 -3,418723551 0 | chrl 1,53E+08 1,53E+08
Capn5 ENSMUST00000040971.13 -3,414947806 4160 | chr7 98117213 98117398
Gipc2 ENSMUSTO00000197813.1 -3,4133924 407 | chr3 1,52E+08 1,52E+08
Angptl4 ENSMUST00000174872.1 -3,412746052 2417 | chrl7 33779431 33779901
Pik3r5 ENSMUSTO00000126876.7 -3,408448624 5504 | chrll 68467553 68468290
Grhl2 ENSMUST00000161933.1 -3,40570102 138 | chrl5 37317870 37318264
Tmem?211 ENSMUST00000086615.2 -3,404308535 10185 | chr5 1,13E+08 1,13E+08
Gm36677 ENSMUST00000229684.1 -3,403727072 98229 | chrl5 59520164 59520360
Gm37053 ENSMUST00000192399.1 -3,40169946 17650 | chrl 1,07E+08 1,07E+08
Cflar ENSMUST00000114309.7 -3,401544763 583 | chrl 58712456 58712710
Bhlhe40 ENSMUST00000032194.10 -3,400016962 130 | chr6 1,09E+08 1,09E+08
Ttc28 ENSMUST00000129017.1 -3,396403226 12464 | chr5 1,11E+08 1,11E+08
Fbxl113 ENSMUST00000137788.7 -3,388448715 1914 | chr5 21492116 21492378
Fbnl ENSMUST00000103234.1 -3,38767671 1573 | chr2 1,25E+08 1,25E+08
Prkcz ENSMUST00000123652.7 -3,386577463 8662 | chr4 1,55E+08 1,55E+08
Gm43430 ENSMUSTO00000196513.1 -3,38650738 24212 | chr3 1,36E+08 1,36E+08
Ptprs ENSMUST00000224193.1 -3,384461909 4744 | chrl7 56462361 56462640
483341901

2Rik ENSMUST00000231314.1 -3,382972914 0 | chrl6 20800085 20800388
Gm19276 ENSMUST00000228418.1 -3,382896617 3436 | chrl5 10818265 10818535
Gm16537 ENSMUST00000161529.1 -3,38273016 60 | chrl5 99715605 99716268
Nempl ENSMUST00000142580.1 -3,382613365 749 | chr10 1,28E+08 1,28E+08
Nempl ENSMUST00000142580.1 -3,382613365 749 | chrl0 1,28E+08 1,28E+08
Gm44013 ENSMUST00000204392.1 -3,381549075 593 | chr6 1,41E+08 1,41E+08
Ppplrl0 ENSMUST00000130124.1 -3,381235619 0 | chrl7 35916489 35916730
Gm30726 ENSMUST00000232268.1 -3,380939405 48671 | chrl6 76499788 76500123
Megfl10 ENSMUST00000139892.1 -3,380479212 24993 | chrl8 57167781 57167977
Gramd2 ENSMUST00000123914.7 -3,379698103 11596 | chr9 59691742 59692427
Gm32025 ENSMUST00000217960.1 -3,373215733 780 | chrl0 71147180 71147379
Gm44893 ENSMUST00000207259.1 -3,3722647 17676 | chr?7 1,32E+08 1,32E+08

Revia S, et al. Gut 2021;0:1-16. doi: 10.1136/gutjnl-2021-325405



Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
placed on this supplemental material which has been supplied by the author(s)

Gut

Gm22518 ENSMUST00000158267.1 -3,370363151 10643 | chr4 45489296 45489841
Gm26805 ENSMUSTO00000181885.1 -3,368621224 214 | chrl 37864890 37865084
Lamc3 ENSMUST00000135995.1 -3,366388102 9686 | chr2 31934745 31935274
Oard1 ENSMUST00000167180.7 -3,364264735 0 | chrl7 48409693 48410044
Oardl ENSMUST00000167180.7 -3,364264735 0 | chrl7 48409693 48410044
Rnf220 ENSMUST00000138435.1 -3,361276184 5964 | chr4 1,17E+08 1,17E+08
Gm39164 ENSMUST00000211519.1 -3,35911836 210 | chr8 36175220 36175835
Zbtb44 ENSMUST00000216649.1 -3,35911778 20304 | chr9 31009813 31010339
St5 ENSMUST00000207745.1 -3,358313605 6284 | chr7 1,1E+08 1,1E+08
Emll ENSMUST00000054955.13 -3,354385283 16399 | chrl2 1,08E+08 1,08E+08
Actb ENSMUSTO00000164765.1 -3,352086301 1013 | chr5 1,43E+08 1,43E+08
Gm25313 ENSMUST00000101817.1 -3,351755872 72 | chr9 65195725 65196499
Gramd3 ENSMUST00000237716.1 -3,346554774 7932 | chrl8 56477201 56477414
Parva ENSMUST00000106640.1 -3,339463647 27804 | chr7 1,12E+08 1,12E+08
Mindy1 ENSMUST00000133762.1 -3,339379532 1617 | chr3 95293605 95293868
Gm3513 ENSMUST00000161319.1 -3,335501947 7987 | chr3 79559303 79559550
Gm27203 ENSMUST00000183677.1 -3,331349318 10765 | chr9 72838024 72838510
Acot7 ENSMUST00000124548.7 -3,328343322 0 | chr4 1,52E+08 1,52E+08
Gm34636 ENSMUST00000235198.1 -3,325784313 4652 | chrl19 43551071 43551274
Gm34636 ENSMUST00000235198.1 -3,325784313 4652 | chrl9 43551071 43551274
Ptgfrn ENSMUST00000102694.3 -3,32158922 7594 | chr3 1,01E+08 1,01E+08
2810006K2

3Rik ENSMUSTO00000111477.1 -3,320909168 236 | chr5 1,24E+08 1,24E+08
Tcf712 ENSMUST00000111662.10 -3,32056364 | 170714 | chrl9 55570634 55571105
Gm49211 ENSMUST00000226266.1 -3,320366634 0 | chrl5 56003943 56004193
Gm?23513 ENSMUST00000158181.2 -3,320200449 25458 | chrl6 52079083 52079556
1700110K1

7Rik ENSMUST00000140807.8 -3,313671698 1726 | chr9 40321497 40321699
P2ry14 ENSMUSTO00000197841.1 -3,313496639 276 | chr3 59114133 59114335
P2ry14 ENSMUSTO00000197841.1 -3,313496639 276 | chr3 59114133 59114335
Mpp2 ENSMUSTO00000132687.1 -3,311034277 6511 | chrll 1,02E+08 1,02E+08
Gm28096 ENSMUST00000191391.1 -3,309238847 9708 | chr4 95161450 95161814
Gm28644 ENSMUSTO00000191364.1 -3,306266274 17147 | chrl 31059068 31059299
Gm13833 ENSMUST00000146766.1 -3,305792295 1996 | chr6 31100303 31100849
Agfg2 ENSMUSTO00000138604.1 -3,303944845 8713 | chr5 1,38E+08 1,38E+08
Ddil ENSMUST00000051706.5 -3,301555581 80066 | chr9 6342801 6342988
Gm13216 ENSMUST00000117145.1 -3,298138508 10413 | chr2 5613986 5614239
Gm14508 ENSMUST00000127049.1 -3,297996339 246 | chr5 1,16E+08 1,16E+08
Ztp407 ENSMUST00000182849.1 -3,296057072 16143 | chrl8 84413526 84413843
A530053M

12Rik ENSMUSTO00000187918.1 -3,295646811 901 | chrl 1,06E+08 1,06E+08
Gm22083 ENSMUSTO00000157586.1 -3,294484379 965 | chrX 8084959 8085258
Gm41724 ENSMUST00000235622.1 -3,293398325 6881 | chrl8 52535544 52535839
Mgat4c ENSMUST00000020039.12 -3,292939564 15532 | chrl0 1,02E+08 1,02E+08
Gm15169 ENSMUST00000130794.1 -3,28917575 9104 | chrX 1,58E+08 1,58E+08
Anxa8 ENSMUST00000022519.14 -3,287036865 8 | chrl4 34085499 34085972
Slc25a25 ENSMUST00000194756.1 -3,284175292 1091 | chr2 32428442 32428720
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Mir26b ENSMUST00000083534.1 -3,284049915 2962 | chrl 74397274 74397518
Wdr70 ENSMUSTO00000045766.7 -3,283917449 4843 | chrl5 7877907 7878283
Prl ENSMUST00000110369.9 -3,280140669 29796 | chrl3 27027523 27027773
Samd8 ENSMUST00000022292.9 -3,278885146 2496 | chrl4 21747830 21748034
Rpl21-ps8 ENSMUST00000130005.2 -3,276282219 418 | chrl8 82522594 82523120
Ensa ENSMUST00000197050.1 -3,274979414 0 | chr3 95624874 95625253
MIIt3 ENSMUST00000128930.7 -3,265333124 7670 | chr4 87799525 87799903
Fam129b ENSMUST00000150875.1 -3,265096771 1082 | chr2 32917354 32917558
Hsd17b12 ENSMUST00000146580.1 -3,263777985 11863 | chr2 94045387 94045629
Tsc2 ENSMUST00000227607.1 -3,261994744 662 | chrl7 24600274 24600544
Sival ENSMUST00000021728.11 -3,260464252 0 | chrl2 1,13E+08 1,13E+08
Gm41495 ENSMUST00000232211.1 -3,256755045 9440 | chrl6 92163689 92164075
Gm41495 ENSMUST00000232211.1 -3,256755045 9440 | chrl6 92163689 92164075
BC048644 ENSMUSTO00000181944.1 -3,25581857 9270 | chr8 1,22E+08 1,22E+08
BC048644 ENSMUSTO00000181944.1 -3,25581857 9270 | chr8 1,22E+08 1,22E+08
Slc34a2 ENSMUST00000170523.7 -3,251213106 4239 | chr5 53042322 53042664
Lhfpl2 ENSMUST00000121618.1 -3,250021278 10861 | chrl3 94184855 94185088
Gm43128 ENSMUST00000202212.1 -3,249951589 9558 | chr2 35270629 35270831
Pde4b ENSMUST00000097950.8 -3,249379574 0 | chr4 1,03E+08 1,03E+08
Atg7 ENSMUST00000182771.3 -3,24474653 2228 | chr6 1,15E+08 1,15E+08
Ablim1 ENSMUST00000134430.7 -3,244494163 2020 | chr19 57079324 57079530
Acp5 ENSMUST00000216684.1 -3,242737673 4632 | chr9 22137254 22137763
Clec2g ENSMUST00000203405.2 -3,242185006 416 | chr6 1,29E+08 1,29E+08
Clec2g ENSMUST00000203405.2 -3,242185006 416 | chr6 1,29E+08 1,29E+08
Vmpl ENSMUST00000153971.1 -3,237894944 1804 | chrll 86587078 86587465
Zmynd12 ENSMUSTO00000134147.1 -3,229048185 2655 | chr4 1,19E+08 1,19E+08
5430403N1

7Rik ENSMUST00000210717.1 -3,228487855 1896 | chr8 35865983 35866168
Morrbid ENSMUST00000225087.1 -3,225901363 1478 | chr2 1,28E+08 1,28E+08
Gm45941 ENSMUST00000223144.1 -3,224878653 2414 | chrl2 27977946 27978182
Ston2 ENSMUST00000166967.1 -3,222597072 4729 | chrl2 91748349 91748698
Nin ENSMUST00000224475.1 -3,216871134 1497 | chrl3 1,04E+08 1,04E+08
Gm45366 ENSMUST00000209828.1 -3,216654328 53688 | chr8 56070407 56070969
Mical3 ENSMUST00000207993.1 -3,216432339 1657 | chr6 1,21E+08 1,21E+08
Gm28981 ENSMUST00000190863.1 -3,213790607 40150 | chrl 64226143 64226549
Chpl ENSMUST00000154406.7 -3,212794016 4494 | chr2 1,2E+08 1,2E+08
Morf4l1-ps1 | ENSMUST00000231737.1 -3,208856977 30855 | chrl6 24498344 24498538
Pakap ENSMUST00000238994.1 -3,207712391 15962 | chr4 57804856 57805087
Pakap ENSMUST00000238994.1 -3,207712391 15962 | chr4 57804856 57805087
Gm36970 ENSMUST00000193688.1 -3,207364007 1169 | chrl 90838446 90838675
Gm36970 ENSMUST00000193688.1 -3,207364007 1169 | chrl 90838446 90838675
Camk2d ENSMUST00000198637.1 -3,203120442 24385 | chr3 1,27E+08 1,27E+08
Ttll1 ENSMUST00000016897.11 -3,199271339 32003 | chrls 83451552 83451765
Fgf7 ENSMUSTO00000138576.1 -3,198839446 2996 | chr2 1,26E+08 1,26E+08
Gm35360 ENSMUST00000227155.1 -3,194657753 0 | chr14 47805181 47805472
Gm35360 ENSMUST00000227155.1 -3,194657753 0 | chri4 47805181 47805472
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Gm36026 ENSMUST00000230247.1 -3,193882285 2774 | chrl5 1,02E+08 1,02E+08
4930486F22

Rik ENSMUST00000218077.1 -3,190553329 4618 | chrl0 86100479 86100944
4930486F22

Rik ENSMUST00000218077.1 -3,190553329 4618 | chrl0 86100479 86100944
Nbrl ENSMUST00000147239.7 -3,188731542 0 | chrll 1,02E+08 1,02E+08
Idol ENSMUST00000033956.6 -3,186151774 10734 | chr8 24573216 24573401
Gm14012 ENSMUST00000136025.1 -3,183519792 7611 | chr2 1,28E+08 1,28E+08
Fermtl ENSMUST00000144342.1 -3,182258615 13541 | chr2 1,33E+08 1,33E+08
Lrp8 ENSMUST00000146552.8 -3,179967961 758 | chr4 1,08E+08 1,08E+08
Fstll ENSMUSTO00000135668.7 -3,178986082 11075 | chrl6 37788229 37788626
Nup62 ENSMUST00000057195.16 -3,176575632 0 | chr7 44815818 44816164
Nup62 ENSMUST00000057195.16 -3,176575632 0 | chr7 44815818 44816164
Ano6 ENSMUST00000226932.1 -3,176538786 3716 | chrl5 95794728 95794932
Atll ENSMUST00000222141.1 -3,17389227 7367 | chrl2 69885065 69885246
Rnu3b3 ENSMUST00000093738.2 -3,171226015 306 | chrll 87448935 87449413
Elmol ENSMUST00000180626.1 -3,168420746 3936 | chrl3 20115450 20115689
Foxnl ENSMUST00000108294.1 -3,168362886 5612 | chrll 78363191 78363758
Nopl0 ENSMUST00000028553.3 -3,162354756 6678 | chr2 1,12E+08 1,12E+08
Erlinl ENSMUST00000112028.9 -3,159403082 11458 | chr19 44023239 44023485
Src ENSMUST00000109531.7 -3,156509764 7730 | chr2 1,57E+08 1,57E+08
Hnflb ENSMUST00000108113.2 -3,154529677 43714 | chrll 83896676 83896908
BC037704 ENSMUST00000238165.1 -3,152524331 0 | chrl9 43675003 43675309
Gm7775 ENSMUST00000218871.1 -3,152492336 6455 | chrl0 77129962 77130644
Arhgef10 ENSMUST00000162444.1 -3,152247968 1872 | chr8 14992233 14992485
Gm12530 ENSMUST00000152074.1 -3,151512355 31502 | chr4 57139455 57140568
DIx4os ENSMUST00000156477.3 -3,149987466 12634 | chrll 95157688 95158116
Gm15506 ENSMUST00000208646.1 -3,149155369 4684 | chr7 98694253 98694540
Gm44361 ENSMUST00000197960.1 -3,147696749 41030 | chr3 1,34E+08 1,34E+08
Caldl ENSMUST00000127055.1 -3,14490459 11658 | chr6 34610280 34610646
Arhgdia ENSMUST00000106197.9 -3,143440169 4769 | chrll 1,21E+08 1,21E+08
9130015A2

1Rik ENSMUST00000222153.1 -3,139824649 24 | chrl2 35672406 35672672
9130015A2

1Rik ENSMUST00000222153.1 -3,139824649 24 | chrl2 35672406 35672672
1700011C1

1Rik ENSMUST00000205268.1 -3,134502331 89 | chr7 71960835 71961083
Tmem45a ENSMUST00000135672.1 -3,131454404 24785 | chrl6 56850501 56850868
Gm35721 ENSMUST00000220294.1 -3,125458289 61439 | chrl0 76902715 76903213
Galnt9 ENSMUST00000040001.13 -3,121676394 20856 | chr5 1,11E+08 1,11E+08
Nedd4l ENSMUST00000237644.1 -3,11746284 4341 | chrl8 65169530 65169725
Gm2553 ENSMUST00000215986.1 -3,117154518 54659 | chr9 63745969 63746533
Setd5 ENSMUST00000143998.7 -3,11464643 145 | chr6 1,13E+08 1,13E+08
2210409D0

7Rik ENSMUST00000236285.1 -3,114453868 8271 | chrl8 57623552 57623807
Sgms1 ENSMUST00000141252.1 -3,114430018 15684 | chrl9 32304965 32305152
Mrpl33 ENSMUST00000031024.13 -3,109496347 7475 | chr5 31606269 31606463
Mrpl33 ENSMUST00000031024.13 -3,109496347 7475 | chrS 31606269 31606463
Gm44792 ENSMUST00000207008.1 -3,10921723 10931 | chr7 65468444 65468662
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Mxil ENSMUST00000237480.1 -3,10669173 918 | chrl9 53313986 53314612
Sap30bpos ENSMUST00000132264.1 -3,106460799 8481 | chrll 1,16E+08 1,16E+08
Junb ENSMUST00000064922.6 -3,105941716 292 | chr8 84976363 84976617
Hdgf ENSMUST00000160198.1 -3,104838706 598 | chr3 87910634 87911001
Gm973 ENSMUST00000212835.1 -3,103579621 3072 | chrl 59578750 59579323
Gm4828 ENSMUST00000231980.1 -3,103393729 12092 | chrl7 4868325 4868533
Myzap ENSMUST00000166112.1 -3,097145238 3602 | chr9 71568096 71568474
Zscan2 ENSMUST00000155128.2 -3,096871992 3797 | chr7 80866695 80866887
Trim8 ENSMUST00000026008.8 -3,092360686 2137 | chrl19 46503841 46504306
Adgre5 ENSMUST00000149368.1 -3,091925528 4509 | chr8 83738045 83738375
5430402P08

Rik ENSMUST00000211799.1 -3,091623247 908 | chr7 1,11E+08 1,11E+08
0610009E0

2Rik ENSMUST00000133463.1 -3,091347432 0 | chr2 26445448 26445873
Gm15402 ENSMUST00000114051.2 -3,089207575 12190 | chr6 72711406 72712018
Ing] ENSMUST00000054399.5 -3,088536723 0 | chr8 11555455 11556099
Gm14011 ENSMUST00000145178.1 -3,088525095 12115 | chr2 1,29E+08 1,29E+08
Gm44835 ENSMUST00000205544.1 -3,088320689 14630 | chr7 75575246 75575510
Gm16350 ENSMUST00000162958.1 -3,083940898 4366 | chr8 14965434 14965835
4930580E0

4Rik ENSMUST00000197377.1 -3,083454672 0 | chr 23387021 23387265
4930580E0

4Rik ENSMUST00000197377.1 -3,083454672 0 | chrs 23387021 23387265
Gm16096 ENSMUST00000132716.1 -3,083359376 737 | chr9 40781487 40781713
Gm16096 ENSMUST00000132716.1 -3,083359376 737 | chr9 40781487 40781713
Upp2 ENSMUST00000135737.1 -3,081767495 20543 | chr2 58546558 58546754
Tledl ENSMUST00000147819.7 -3,081496062 315 | chrll 78177631 78177814
Zdhhcl ENSMUST00000044286.5 -3,080341582 1673 | chr8 1,05E+08 1,05E+08
Opa3 ENSMUSTO00000161711.1 -3,07993964 0 | chr7 19228049 19228835
Acsbgl ENSMUST00000132914.1 -3,074856608 3268 | chr9 54642607 54642914
Gm6327 ENSMUSTO00000171185.2 -3,073606731 16735 | chrl6 12742756 12743296
Tafa5 ENSMUST00000068088.7 -3,071972632 29148 | chrl5 87654380 87654855
Gm45555 ENSMUST00000210028.1 -3,070968718 8750 | chr8 22882341 22882876
Gm27151 ENSMUST00000183473.1 -3,070499396 94212 | chrl9 22343824 22344307
Cstb ENSMUST00000025764.5 -3,067646521 855 | chrl9 5345562 5345965
Gm50372 ENSMUST00000236726.1 -3,066917782 6038 | chrl9 4673872 4674076
C530044C1

6Rik ENSMUST00000204275.1 -3,065912725 815 | chr6 50777141 50777430
Mannr ENSMUST00000193549.1 -3,065902477 10681 | chr3 29879768 29880332
Adgrgl ENSMUST00000093271.7 -3,060059737 184 | chr8 94983995 94984186
4930554106

Rik ENSMUST00000237768.1 -3,057363558 0 | chrl9 21104553 21105163
Gm12796 ENSMUST00000131864.1 -3,056691558 14081 | chr4 1,01E+08 1,01E+08
Slc43a2 ENSMUST00000145901.7 -3,055597636 1367 | chrll 75564220 75564639
Hspal2a ENSMUST00000236839.1 -3,053405304 25512 | chrl9 58853070 58853381
Otop2 ENSMUST00000106544.1 -3,049966871 3731 | chrll 1,15E+08 1,15SE+08
Gm43707 ENSMUSTO00000196451.1 -3,046640118 3026 | chr3 1,44E+08 1,44E+08
Gm43707 ENSMUST00000196451.1 -3,046640118 3026 | chr3 1,44E+08 1,44E+08
Rubcn ENSMUST00000149621.1 -3,044160862 2052 | chrl6 32859076 32859407
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Vps36 ENSMUST00000153949.1 -3,043420322 1702 | chr8 22215064 22215290
Rpl31-ps13 | ENSMUST00000060994.5 -3,041703341 3829 | chrl3 1E+08 1E+08
Gm572 ENSMUST00000105698.2 -3,039706885 3432 | chr4 1,49E+08 1,49E+08
Kank1 ENSMUST00000155788.1 -3,038322821 6183 | chrl9 25428424 25428746
Cic ENSMUST00000005578.12 -3,036383519 0 | chr7 25281932 25282428
Dock4 ENSMUST00000220912.1 -3,032495523 92459 | chrl2 40538797 40539033
Rnf40 ENSMUST00000205694.1 -3,032265509 220 | chr7 1,28E+08 1,28E+08
Gm43323 ENSMUST00000202328.1 -3,02956474 17892 | chr5 66098103 66098846
Gm17227 ENSMUST00000166590.1 -3,028071438 4390 | chr19 7302126 7302417
Gm17227 ENSMUST00000166590.1 -3,028071438 4390 | chr19 7302126 7302417
Ints6 ENSMUST00000225193.1 -3,02697174 3638 | chrl4 62761253 62761501
Ell ENSMUST00000210155.1 -3,026197594 0 | chr8 70538912 70539589
P2ry10b ENSMUST00000067249.2 -3,025224707 1322 | chrX 1,07E+08 1,07E+08
Cox14 ENSMUST00000023761.3 -3,024845669 794 | chrl5 99724642 99724852
Krt78 ENSMUSTO00000164932.2 -3,018101364 6579 | chrl5 1,02E+08 1,02E+08
Rnu7 ENSMUST00000158458.1 -3,013968362 0 | chr6 1,25E+08 1,25E+08
Rnu7 ENSMUST00000158458.1 -3,013968362 0 | chr6 1,25E+08 1,25E+08
Rnu7 ENSMUST00000158458.1 -3,013968362 0 | chr6 1,25E+08 1,25E+08
Itpripll ENSMUST00000132773.1 -3,008850878 477 | chr2 1,27E+08 1,27E+08
Dynclil ENSMUST00000203520.1 -3,007747137 13598 | chr6 5991952 5992467
Gm13328 ENSMUST00000120816.1 -3,005118413 66620 | chr2 20167508 20168424
Gm10097 ENSMUST00000238588.1 -3,002775859 1916 | chrl0 5071113 5071343
Gm10097 ENSMUST00000238588.1 -3,002775859 1916 | chrl0 5071113 5071343
Lhfp ENSMUST00000196913.1 -2,99842999 33301 | chr3 53195817 53196023
Tec ENSMUST00000202547.1 -2,997067581 31965 | chrS 72855429 72856030
Synj2 ENSMUSTO00000115784.7 -2,99310891 1209 | chrl? 6006181 6006370
Sp4 ENSMUST00000221844.1 -2,991229787 39288 | chrl2 1,18E+08 1,18E+08
Eps8 ENSMUST00000134630.5 -2,989358572 0 | chr6 1,38E+08 1,38E+08
Itgb3 ENSMUST00000127140.2 -2,988882115 12236 | chrll 1,05E+08 1,05E+08
Scdl ENSMUST00000235741.1 -2,982135594 1185 | chr19 44407872 44408427
Magil ENSMUST00000203034.1 -2,977872152 92441 | chr6 94225366 94225598
Utrn ENSMUST00000219660.1 -2,976261608 25771 | chrl0 12694761 12695053
Tnrc6a ENSMUST00000206458.1 -2,974465045 13383 | chr7 1,23E+08 1,23E+08
Gm22532 ENSMUSTO00000158822.1 -2,974260906 39565 | chr8 73135296 73135553
Tmem69 ENSMUST00000106478.8 -2,97029969 14804 | chr4 1,17E+08 1,17E+08
Heca ENSMUST00000218268.1 -2,967626507 23762 | chrl0 17926050 17926345
Gm37113 ENSMUST00000195675.1 -2,965327435 4788 | chr9 98498758 98498974
Gm19798 ENSMUST00000201502.1 -2,960049736 16488 | chr5 34077251 34077477
Gm44127 ENSMUST00000203565.1 -2,957379941 46630 | chr6 84271884 84272429
Gm29487 ENSMUST00000190146.1 -2,950670172 13752 | chrl 1,31E+08 1,31E+08
Arrbl ENSMUST00000162043.7 -2,949239365 7684 | chr7 99586080 99586908
Gm43066 ENSMUST00000199589.1 -2,948826984 401 | chr3 1,04E+08 1,04E+08
Gm48646 ENSMUST00000214468.1 -2,943906581 15281 | chr9 22385835 22386113
Laptm4a ENSMUST00000020909.3 -2,936931577 0 | chri2 8921637 8921878
Beol ENSMUST00000034308.14 -2,933886257 21114 | chr8 1,17E+08 1,17E+08
Nmnat2 ENSMUST00000190960.1 -2,931585338 1121 | chrl 1,53E+08 1,53E+08
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Birc6 ENSMUST00000180037.7 -2,93135862 0 | chrl7 74528042 74528310
Birc6 ENSMUST00000180037.7 -2,93135862 0 | chrl7 74528042 74528310
Gm42809 ENSMUST00000198429.1 -2,929076535 16069 | chr3 89896570 89896846
Gm47014 ENSMUST00000225869.1 -2,924462093 20126 | chrl3 1,03E+08 1,03E+08
Gm16191 ENSMUST00000148464.1 -2,92355684 0 | chrl7 28925165 28925494
Gm36199 ENSMUST00000234384.1 -2,922997734 5156 | chrl7 29440020 29440220
ler2 ENSMUST00000060427.5 -2,92209896 29 | chr8 84661362 84661630
Casq2 ENSMUST00000164123.1 -2,920497297 17352 | chr3 1,02E+08 1,02E+08
4933413L0

6Rik ENSMUSTO00000111588.8 -2,918980998 47334 | chrl3 1,18E+08 1,18E+08
Neat] ENSMUSTO00000174287.1 -2,913107084 327 | chrl9 5842636 5842914
Rasgeflb ENSMUST00000146396.7 -2,908564949 31775 | chrS 99329021 99329247
Smad3 ENSMUSTO00000137065.1 -2,90013452 10168 | chr9 63677983 63678277
Kctd10 ENSMUST00000123538.1 -2,899174701 5519 | chr5 1,14E+08 1,14E+08
Fmnl2 ENSMUST00000050719.12 -2,898416553 72594 | chr2 52930464 52930672
Gm45667 ENSMUST00000210380.1 -2,897168585 53 | chr?7 1,05E+08 1,05E+08
Gm45667 ENSMUST00000210380.1 -2,897168585 53 | chr?7 1,05E+08 1,05E+08
Gm27813 ENSMUST00000184343.1 -2,893885331 11122 | chr6 1,08E+08 1,08E+08
Gm42751 ENSMUST00000198065.1 -2,891458119 3868 | chr3 37978703 37978923
Anol ENSMUST00000131731.1 -2,888701766 29106 | chr7 1,45E+08 1,45E+08
Hmgclll ENSMUST00000008052.12 -2,88059496 11301 | chr9 76003373 76003553
1110002E2

2Rik ENSMUST00000163080.2 -2,879774398 3377 | chr3 1,38E+08 1,38E+08
Gm47468 ENSMUST00000215971.1 -2,87554497 20918 | chr9 1,03E+08 1,03E+08
Frmd6 ENSMUST00000057859.8 -2,871620749 30056 | chrl2 70795179 70795457
Lancl3 ENSMUST00000069763.2 -2,864331824 22860 | chrX 9222764 9223041
Mir5123 ENSMUST00000177794.1 -2,863981264 12297 | chr4 40837540 40837758
4921509A0

6Rik ENSMUST00000171278.1 -2,860898566 5774 | chr9 78623370 78623599
Hrh1 ENSMUST00000161220.1 -2,860572763 101 | chr6 1,14E+08 1,14E+08
Ifnk ENSMUSTO00000058595.6 -2,857380506 5297 | chr4 35146553 35146758
Gm15572 ENSMUST00000119248.1 -2,850756742 17075 | chr6 52825845 52826033
Rnulal ENSMUSTO00000093684.1 -2,848960545 330 | chrll 87423199 87423538
Mgat4b ENSMUST00000147468.7 -2,847111431 2097 | chrll 50212989 50213503
Gm7473 ENSMUST00000224513.1 -2,846804518 40384 | chrl4 22815404 22815962
Gm3470 ENSMUST00000160819.1 -2,844235454 10867 | chr5 99010494 99010935
Cep295nl ENSMUST00000103024.3 -2,843224571 4713 | chrll 1,18E+08 1,18E+08
Gm39384 ENSMUST00000213703.1 -2,837786105 7338 | chr9 83564042 83564221
Coro6 ENSMUST00000079770.2 -2,828861548 785 | chrll 77464698 77465270
Ingl ENSMUST00000210041.1 -2,824348804 0 | chr8 11558095 11558388
Gm11266 ENSMUSTO00000139835.1 -2,819443994 3039 | chr4 82511057 82511437
Gm11266 ENSMUSTO00000139835.1 -2,819443994 3039 | chr4 82511057 82511437
Hdac8 ENSMUSTO00000154872.7 -2,818135056 21747 | chrX 1,02E+08 1,02E+08
4933402D2

4Rik ENSMUST00000027102.1 -2,817965619 11439 | chrl 63766348 63766554
4732471J01

Rik ENSMUST00000205787.1 -2,811933738 0 | chr7 25376782 25377021
3110001122

Rik ENSMUST00000223666.1 -2,808805843 1818 | chrl6 13678859 13679187
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Gm16253 ENSMUST00000148290.1 -2,80729223 0 | chr3 96576234 96577199
Dhx34 ENSMUST00000133518.1 -2,802404489 2684 | chr7 16208675 16209174
Gm44105 ENSMUST00000204401.1 -2,800719424 2638 | chr6 90796536 90796972
1700086D1
SRik ENSMUST00000108696.6 -2,799222368 22671 | chrll 65128615 65129238
2700054A1
ORik ENSMUST00000185626.6 -2,798686852 3594 | chrl7 13492869 13493057
2700054A1
ORik ENSMUST00000185626.6 -2,798686852 3594 | chrl?7 13492869 13493057
Tbeldl ENSMUST00000147348.5 -2,797259464 4575 | chrs 64279997 64280423
4930599A1
4Rik ENSMUST00000186724.1 -2,797245535 | 115823 | chrl 1,27E+08 1,27E+08
4632428C0
4Rik ENSMUST00000181485.2 -2,794982743 12 | chrl6 30008681 30009092
Hs3st3al ENSMUST00000058652.5 -2,793955462 67450 | chrll 64502784 64503259
EifSa ENSMUST00000152589.1 -2,789206459 3967 | chrll 69921426 69921661
Cdk2ap2 ENSMUST00000174799.1 -2,785520173 0 | chrl9 4097270 4097557
Gsr ENSMUST00000149528.1 -2,784283593 5346 | chr8 33674350 33674646
Rad51b ENSMUST00000221257.1 -2,778901898 25008 | chrl2 79352363 79353006
Ralgds ENSMUST00000238699.1 -2,778541403 2088 | chr2 28525504 28525761
Myll ENSMUST00000186346.1 -2,778447096 1670 | chrl 66931864 66932070
Gm45185 ENSMUST00000207556.1 -2,771308054 0 | chr?7 99141568 99141788
Ehbpl ENSMUST00000137594.1 -2,770982742 55190 | chrll 22287194 22287710
Speccl ENSMUST00000201624.3 -2,768396393 70 | chrll 62005422 62005660
Adamts6 ENSMUST00000224504.1 -2,762488371 | 160588 | chrl3 1,04E+08 1,04E+08
Ptprq ENSMUST00000218399.1 -2,745160403 17084 | chrl0 1,08E+08 1,08E+08
Thsd4 ENSMUST00000146099.1 -2,74500928 4856 | chr9 60504655 60505018
Rdh8 ENSMUST00000066387.5 -2,744811918 5455 | chr9 20812534 20813047
Hiplr ENSMUST00000167879.1 -2,742460919 962 | chr5 1,24E+08 1,24E+08
Sytl2 ENSMUST00000207455.1 -2,737477203 5116 | chr7 90370445 90370668
Junos ENSMUST00000125917.1 -2,730616596 311 | chr4 95052283 95052639
Galk2 ENSMUST00000110454.1 -2,724305415 56576 | chr2 1,26E+08 1,26E+08
Sorcs2 ENSMUST00000135324.7 -2,720113865 10040 | chr5 36075418 36075645
Apbb2 ENSMUST00000159847.1 -2,715703083 9525 | chr5 66550229 66550712
Fmnll ENSMUST00000107027.8 -2,706926469 3182 | chrll 1,03E+08 1,03E+08
Rnu3b2 ENSMUST00000196353.1 -2,704855107 727 | chrll 87472097 87472884
Gm29641 ENSMUST00000188955.1 -2,69780401 3578 | chrl 62091314 62091502
Atoh8 ENSMUST00000206553.1 -2,697712778 6773 | chr6 72216618 72216968
Lpar3 ENSMUST00000039164.3 -2,692608077 30708 | chr3 1,46E+08 1,46E+08
Gm15809 ENSMUST00000159361.1 -2,691243798 7863 | chrl3 42990306 42990647
Has2o0s ENSMUST00000165880.1 -2,686361512 1 | chrl5 56764908 56765458
Gm31105 ENSMUST00000211421.1 -2,684666098 21713 | chr8 80857990 80858226
Gm47851 ENSMUST00000224348.1 -2,678245716 1712 | chrl3 1,04E+08 1,04E+08
Tatdn2 ENSMUST00000089018.10 -2,676198418 0 | chr6 1,14E+08 1,14E+08
Pvtl ENSMUST00000182141.1 -2,673897182 64647 | chrl5 62287252 62287472
Gm37101 ENSMUST00000191656.1 -2,672866993 28548 | chrl 1,39E+08 1,39E+08
Vim ENSMUST00000028062.7 -2,661992954 0 | chr2 13573309 13574147
Fam149b ENSMUST00000224930.1 -2,661736696 1974 | chrl4 20346002 20346187
Abcb8 ENSMUST00000136414.1 -2,659943448 0 | chr5 24394407 24394618
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Mir125b-2 ENSMUST00000083538.1 -2,659912435 2341 | chrl6 77643750 77643931
Slc12a7 ENSMUST00000223454.1 -2,658964536 735 | chrl3 73803636 73803873
Zp365 ENSMUSTO00000138543.1 -2,653220607 2225 | chrl0 67898921 67899456
Runx1 ENSMUST00000189679.1 -2,651926423 34943 | chrl6 92780283 92780484
Gm23523 ENSMUST00000180190.1 -2,646564126 9813 | chrl 1,71E+08 1,71E+08
Rftn2 ENSMUST00000132055.7 -2,639846574 2307 | chrl 55174057 55174248
Gm20412 ENSMUST00000173249.1 -2,637321169 4290 | chr2 1,58E+08 1,58E+08
Gm20412 ENSMUST00000173249.1 -2,637321169 4290 | chr2 1,58E+08 1,58E+08
Tns3 ENSMUST00000134823.1 -2,63728358 36774 | chrll 8582469 8582781
Gsgl ENSMUST00000111910.3 -2,630784186 12724 | chr6 1,35E+08 1,35E+08
Midn ENSMUST00000151202.1 -2,629747582 0 | chrl0 80149037 80149412
Gm10773 ENSMUST00000218071.1 -2,625429057 42308 | chrl0 83070071 83070262
Cacnala ENSMUST00000129620.1 -2,621231853 44911 | chr8 84501908 84502182
Tribl ENSMUST00000067543.7 -2,620615603 0 | chrl5 59647674 59648553
Sec31a ENSMUST00000094578.10 -2,619002059 25431 | chr5 1E+08 1E+08
Zcewpwl ENSMUST00000035852.13 -2,606674282 153 | chr5 1,38E+08 1,38E+08
Dnml ENSMUST00000139238.1 -2,606204453 2792 | chr2 32342734 32343126
Aldh2 ENSMUST00000152945.2 -2,598949446 7599 | chr5 1,22E+08 1,22E+08
Cptla ENSMUST00000237562.1 -2,594954204 197 | chr19 3333924 3334409
Gm11366 ENSMUST00000119279.1 -2,594917629 13236 | chrl3 30194954 30195171
Tmem184b | ENSMUST00000226929.1 -2,593755607 83 | chrls 79368823 79369005
Inpp5f ENSMUST00000130789.1 -2,587856293 4373 | chr7 1,29E+08 1,29E+08
Mirt1 ENSMUST00000236257.1 -2,587832582 551 | chrl9 53450894 53451089
Phf20s1 ENSMUST00000123212.1 -2,587226697 28691 | chrl3 48842058 48842420
Rdh10 ENSMUST00000027053.7 -2,583722985 3601 | chrl 16109377 16109557
Aknad1 ENSMUST00000147916.1 -2,574200276 7017 | chr3 1,09E+08 1,09E+08
Angptl6 ENSMUST00000043726.7 -2,572501888 4310 | chr9 20878120 20878441
5031415H1

2Rik ENSMUST00000181546.1 -2,572167228 8387 | chrl? 70753718 70754025
5031415H1

2Rik ENSMUSTO00000181546.1 -2,572167228 8387 | chrl? 70753718 70754025
Efcabl ENSMUST00000229121.1 -2,572030017 32904 | chrl6 14939571 14940018
Efcabl ENSMUST00000229121.1 -2,572030017 32904 | chrl6 14939571 14940018
Gm25828 ENSMUST00000157087.1 -2,569592508 22632 | chrX 1,02E+08 1,02E+08
Gm11476 ENSMUST00000127006.1 -2,568181556 16900 | chr2 1,68E+08 1,68E+08
Clgtnfl ENSMUST00000017590.8 -2,56691017 1903 | chrll 1,18E+08 1,18E+08
Rcanl ENSMUST00000232457.1 -2,566166027 24452 | chrl6 92423128 92423498
Gm37352 ENSMUST00000193908.1 -2,564036746 2213 | chr8 84197433 84198655
Gm9530 ENSMUST00000181160.2 -2,563961653 11308 | chrl 1,55E+08 1,55E+08
Mir344i ENSMUST00000175488.2 -2,562692971 0 | chr7 62085070 62085318
Armc9 ENSMUST00000123618.7 -2,562574389 3249 | chrl 86151273 86151530
Gm24371 ENSMUST00000122662.1 -2,56203276 4308 | chr4 32519097 32519304
Gm26569 ENSMUST00000232356.1 -2,559019665 0 | chrl6 29944183 29944407
Sox5 ENSMUST00000129050.7 -2,555737427 10030 | chr6 1,44E+08 1,44E+08
Gm22053 ENSMUST00000083394.1 -2,553518048 3036 | chrl4 10481712 10482007
Ltbp3 ENSMUST00000237280.1 -2,549934529 163 | chrl9 5743504 5743739
Rras ENSMUST00000044111.9 -2,549636421 1484 | chr7 45016158 45016476

Revia S, et al. Gut 2021;0:1-16. doi: 10.1136/gutjnl-2021-325405



Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
placed on this supplemental material which has been supplied by the author(s)

Gut

Med24 ENSMUST00000144720.1 -2,547999164 0 | chrll 98709376 98709727
Ergicl ENSMUST00000237902.1 -2,542840746 258 | chrl7 26602484 26602703
TtllS ENSMUST00000220906.1 -2,539079454 1650 | chrl2 85959719 85960350
Gprl76 ENSMUST00000039160.2 -2,535789082 10685 | chr2 1,18E+08 1,18E+08
Gm17546 ENSMUST00000168960.2 -2,534300616 99 | chrl5 95824153 95824358
Nampt ENSMUST00000020886.8 -2,520168333 22 | chrl2 32820036 32820312
Nat9 ENSMUST00000103041.7 -2,510868267 9643 | chrll 1,15E+08 1,15E+08
Gm47198 ENSMUST00000214736.1 -2,50508562 36757 | chr9 47734062 47734383
Gm47134 ENSMUST00000216699.1 -2,502131407 4520 | chr9 1,23E+08 1,23E+08
Cdtl ENSMUST00000006760.2 -2,49529827 18779 | chr8 1,23E+08 1,23E+08
Cdtl ENSMUST00000006760.2 -2,49529827 18779 | chr8 1,23E+08 1,23E+08
Card19 ENSMUST00000223159.1 -2,494443195 5807 | chrl3 49213647 49213842
Ctdspl ENSMUSTO00000174132.1 -2,484955072 4288 | chr9 1,19E+08 1,19E+08
Gm37607 ENSMUST00000194925.1 -2,481791537 23822 | chrl 58359254 58359689
Gm12343 ENSMUSTO00000138817.1 -2,472755214 2880 | chrll 77005818 77006033
Arhgap23 ENSMUST00000152933.1 -2,471980169 94 | chrll 97435987 97436190
Tmem?267 ENSMUST00000178948.1 -2,468786182 7166 | chrl3 1,2E+08 1,2E+08
Osbp ENSMUST00000025590.10 -2,467563288 4027 | chrl9 11969970 11970185
Cubn ENSMUST00000195447.1 -2,461518547 10881 | chr2 13410546 13411147
Otud5 ENSMUST00000152899.1 -2,454407644 0 | chrX 7841234 7841626
Atp2b4 ENSMUST00000128692.1 -2,449532583 1692 | chrl 1,34E+08 1,34E+08
Grhll ENSMUST00000020985.8 -2,446501621 12612 | chrl2 24593363 24593561
Spaar ENSMUSTO00000131248.1 -2,433738309 1297 | chr4 43728490 43728736
Gm13594 ENSMUSTO00000137582.1 -2,420567599 11034 | chr2 65227468 65227721
Egrl ENSMUST00000165033.1 -2,41526406 102 | chrl8 34860569 34861104
Usp36 ENSMUST00000106296.8 -2,406132794 10787 | chrll 1,18E+08 1,18E+08
Ick ENSMUST00000142402.1 -2,400942272 7996 | chr9 78147127 78147326
Lmna ENSMUST00000149068.1 -2,397312466 658 | chr3 88503413 88503962
Osbpl8 ENSMUST00000217693.1 -2,384624869 1012 | chrl0 1,11E+08 1,11E+08
Pmp22 ENSMUST00000108702.7 -2,383428762 749 | chrll 63129733 63129945
Gm?24436 ENSMUST00000157889.1 -2,37561566 6821 | chr5 31862708 31863224
PgbdS ENSMUST00000140126.1 -2,373528572 3615 | chr8 1,24E+08 1,24E+08
Lncpint ENSMUST00000230874.1 -2,36828333 12317 | chr6 31126649 31126855
Gsta2 ENSMUST00000140498.1 -2,36631918 14513 | chr9 78348362 78348676
Aldh3al ENSMUST00000108716.7 -2,364116255 250 | chrll 61208174 61208370
Ksrl ENSMUST00000129463.1 -2,363496102 26260 | chrll 79071445 79071740
Efna$ ENSMUST00000078839.4 -2,359193121 217 | chrl7 62607538 62607766
Hmgalb ENSMUST00000105046.3 -2,35032117 0 | chrll 1,21E+08 1,21E+08
Hk1 ENSMUST00000142527.1 -2,342558488 3210 | chrl0 62300170 62300611
S100a3 ENSMUST00000200290.4 -2,337960652 245 | chr3 90587199 90587397
Irak2 ENSMUST00000203381.1 -2,335682731 0 | chr6 1,14E+08 1,14E+08
Irak2 ENSMUST(00000203381.1 -2,335682731 0 | chr6 1,14E+08 1,14E+08
Knstrn ENSMUST00000148877.1 -2,334703902 7998 | chr2 1,19E+08 1,19E+08
Gm17501 ENSMUST00000197148.1 -2,314073679 5094 | chr3 1,46E+08 1,46E+08
Dclk2 ENSMUST00000193769.1 -2,305484913 4319 | chr3 86793667 86793908
Rnu3b4 ENSMUST00000199460.1 -2,304442168 230 | chrll 87462518 87463432
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Serf2 ENSMUST00000139253.7 -2,298541748 0 | chr2 1,21E+08 1,21E+08
Serf2 ENSMUST00000139253.7 -2,298541748 0 | chr2 1,21E+08 1,21E+08
Gm10804 ENSMUST00000167654.1 -2,292580804 5447 | chr2 93462743 93462991
Gm10804 ENSMUST00000167654.1 -2,292580804 5447 | chr2 93462743 93462991
St3gall ENSMUST00000230150.1 -2,286177902 32349 | chrl5 67146589 67146832
Gm15775 ENSMUST00000159796.1 -2,281981651 7469 | chr8 1,24E+08 1,24E+08
Gml5775 ENSMUST00000159796.1 -2,281981651 7469 | chr8 1,24E+08 1,24E+08
Ppcdc ENSMUST00000215299.1 -2,279311956 848 | chr9 57421036 57421266
Iqgapl ENSMUST00000205540.1 -2,276709683 6711 | chr7 80789748 80790003
Gm42909 ENSMUST00000196982.1 -2,269921471 12007 | chr5 12542415 12542624
Ap2a2 ENSMUST00000201261.1 -2,260169105 529 | chr? 1,42E+08 1,42E+08
9330111NO
SRik ENSMUST00000181043.7 -2,258536332 247 | chrl3 80963137 80963474
9330111N0O
SRik ENSMUST00000181043.7 -2,258536332 247 | chrl3 80963137 80963474
Arhgef18 ENSMUST00000238786.1 -2,239995704 8922 | chr8 3417429 3417777
Ptges ENSMUST00000126588.1 -2,238305884 7084 | chr2 30899574 30899844
Dusp8 ENSMUST00000143661.1 -2,237334272 648 | chr7 1,42E+08 1,42E+08
Cedcl78 ENSMUST00000115837.2 -2,236111805 81295 | chrl8 21892595 21892790
5430435K1
8Rik ENSMUST00000202597.1 -2,222018838 1410 | chr5 1,51E+08 1,51E+08
5430435K1
8Rik ENSMUST00000202597.1 -2,222018838 1410 | chr5 1,51E+08 1,51E+08
Gm45904 ENSMUST00000213082.1 -2,218896182 55649 | chr8 1,13E+08 1,13E+08
Ccdc30 ENSMUST00000135997.2 -2,217794903 1071 | chr4 1,19E+08 1,19E+08
Ebfl ENSMUST00000140822.1 -2,212329808 32001 | chrll 44944141 44944395
Ugqerl 1 ENSMUST00000020372.5 -2,209429102 3250 | chrl0 80398911 80399746
116 ENSMUST00000195978.4 -2,208970377 0 | chr5 30012822 30013247
Pdgfc ENSMUST00000143721.1 -2,207430429 64923 | chr3 81102349 81102676
Gm24061 ENSMUST00000157489.1 -2,182980897 14587 | chrX 1,01E+08 1,01E+08
Smim7 ENSMUST00000163745.1 -2,178518238 237 | chr8 72570827 72571017
Vav3 ENSMUST00000137871.1 -2,147327128 27681 | chr3 1,09E+08 1,09E+08
Adaml10 ENSMUST00000145377.1 -2,139262806 42735 | chr9 70733109 70733317
Hr ENSMUST00000022691.13 -2,135910245 0 | chr14 70553913 70554163
Ptprt ENSMUST00000109441.1 -2,127213522 66183 | chr2 1,62E+08 1,62E+08
5033430115
Rik ENSMUST00000189843.1 -2,115047578 0 | chrl3 45965130 45965382
Gpa33 ENSMUST00000166860.1 -2,111204021 7425 | chrl 1,66E+08 1,66E+08
Itgb5 ENSMUST00000148462.1 -2,108723115 0 | chrl6 33891904 33892143
Gm50351 ENSMUST00000235424.1 -2,091551282 100 | chrl8 82717608 82717867
Gm2895 ENSMUST00000171591.1 -2,083943943 293 | chrl5 66968567 66969029
Gm47076 ENSMUST00000221366.1 -2,060224576 6955 | chrl3 34112550 34112745
Gm23479 ENSMUST00000158876.1 -2,053424287 7026 | chr7 98928508 98928867
1700052H0
1Rik ENSMUST00000196142.1 -2,040745505 9465 | chr3 41377093 41377326
Nprl3 ENSMUST00000129010.1 -2,01096638 1027 | chrll 32251192 32251420
Tns4 ENSMUST00000123303.1 -1,997447935 3244 | chrll 99081757 99082226
Ermard ENSMUST00000186130.1 -1,995874604 378 | chrl? 15065995 15066439
Iba57 ENSMUST00000137433.1 -1,975881075 2049 | chrll 59163406 59163856
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Frmd8 ENSMUST00000025728.12 -1,965745042 19 | chr19 5849188 5849682
Plcxd2 ENSMUSTO00000130481.1 -1,96226002 9437 | chrl6 45968702 45968982
Plexd2 ENSMUST00000130481.1 -1,96226002 9437 | chrl6 45968702 45968982
Nsmce2 ENSMUST00000079703.10 -1,948114123 37832 | chrl5 59412121 59412485
Apol6 ENSMUST00000142405.7 -1,920165778 7218 | chrl5 77037280 77037510
C330002G0

4Rik ENSMUST00000236056.1 -1,893774251 61065 | chrl9 22916954 22917164
Rapgef4 ENSMUST00000102698.9 -1,865929449 585 | chr2 71981874 71982069
Displ ENSMUST00000192915.1 -1,82146789 17542 | chrl 1,83E+08 1,83E+08
St3gal6 ENSMUST00000232391.1 -1,80356889 9482 | chrl6 58512351 58512580
Fbln2 ENSMUST00000137029.1 -1,798959514 3801 | chr6 91269682 91270182
Lncppara ENSMUST00000230913.1 -1,796870848 15513 | chrl5 85669131 85669313
Mirl1954 ENSMUSTO00000175595.1 -1,778392821 1579 | chr2 32653910 32654097
Omal ENSMUST00000133178.1 -1,758668541 18303 | chr4 1,03E+08 1,03E+08
Duspl ENSMUST00000146077.1 -1,739949393 2154 | chrl7 26508672 26508856
Gnat3 ENSMUST00000030561.8 -1,727275886 37774 | chrs 18000325 18000562
Abhd8 ENSMUST00000212321.1 -1,718504613 0 | chr8 71457163 71457724
Tle3 ENSMUST00000159386.7 -1,690840678 0 | chr9 61372239 61372543
Pde4d ENSMUST00000135275.7 -1,630876284 26265 | chrl3 1,1E+08 1,1E+08
Alkbh5 ENSMUST00000044250.3 -1,602926179 43 | chrll 60537718 60537934
Gm47311 ENSMUST00000198228.1 -1,578301341 554 | chr3 96240424 96240693
Gm43242 ENSMUST00000199507.1 -1,562389599 3314 | chr3 1,02E+08 1,02E+08
Gm17484 ENSMUST00000167899.2 -1,561311817 0 | chr8 25754458 25754733
Gm17484 ENSMUSTO00000167899.2 -1,561311817 0 | chr8 25754458 25754733
Arid3a ENSMUSTO00000131118.1 -1,559507536 6676 | chrl0 79937102 79937406
Ccl9 ENSMUST00000136131.1 -1,558045222 2954 | chrll 83578274 83578564
Nr3c2 ENSMUST00000126697.1 -1,546302704 5177 | chr8 77133192 77133445
Histlhld ENSMUST00000045301.8 -1,531274673 1908 | chrl3 23555172 23555452
Hist1h2bn ENSMUST00000091709.2 -1,476280752 0 | chri3 21753948 21754243
Gm43184 ENSMUST00000197247.1 -1,442076056 107 | chr5 43948229 43948622
Gm43184 ENSMUST00000197247.1 -1,442076056 107 | chr5 43948229 43948622
Gm43811 ENSMUST00000202862.1 -1,404820531 9154 | chr5 31935853 31936047
Perl ENSMUST00000021271.13 -1,385569013 1359 | chrll 69097345 69097588
Hist1h2bc ENSMUSTO00000018246.5 -1,347803971 0 | chrl3 23684027 23684215
Hesl ENSMUST00000160592.2 -1,341610421 0 | chrl6 30063648 30064627
Frmd8os ENSMUST00000135347.1 -1,317314441 0 | chrl9 5848240 5848727
Gm43274 ENSMUST00000202545.1 -1,294428558 3130 | chr5 1,19E+08 1,19E+08
Gm43274 ENSMUST00000202545.1 -1,294428558 3130 | chr5 1,19E+08 1,19E+08
Hist1h2bk ENSMUST00000110455.3 -1,147773255 89 | chrl3 22035444 22035780
Hist2h2aal ENSMUST00000078756.6 -0,887663836 89 | chr3 96245153 96245407
Histlh2ad ENSMUST00000090776.6 -0,721396172 0 | chrl3 23574228 23574544
Hist1h2bb ENSMUST00000099703.4 -0,679585429 37 | chrl3 23746365 23746696
Gm10721 ENSMUST00000143083.2 -0,621097781 437 | chr9 3012502 3012702
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Supplementary Table 4. Clinicial and pathology data for PDAC patients

Internal identifier | pT | Size | pN | pM | Grade | Age | Gender Panln hi | Tu central
H 20944/13 3 6.8 |2 3 70 | male 0 0
H 23510/06 Ic |15 |1 2 56 | female 0 0
SS 70093/99 2 |4 2 2 62 | male 0 0
H 13936/01 3 148 |2 2 60 | female 0 0
SS 72365/01 2 129 |1 3 76 | female 0 0
SS 70682/02 3 148 |1 2 70 | male 0 0
SS 71299/02 2 122 10 1 82 | female 0 0
H 18448/03 3 145 |2 2 73 | male 0 0
SS 72272/03 3 145 |1 3 69 | female 0 0
H 15364/05 2 |4 0 2 82 | male 0 0
SS 72116/05 3 6 1 2 78 | female 0 0
H 17445/97 2 |3 1 2 50 | female 0 0
SS 70964/97 2 125 |1 2 64 | male 0 0
SS 71594/97 2 135 10 2 70 | male 0 0
H 26137/98 2 |25 |2 2 37 | female 0 0
SS 72296/98 3 5 1 2 64 | female 0 0
H 9850/09 3 6 2 3 76 1 0
H 22982/06 1 1 2 59 | female 1 0
H 15760/07 2 129 |2 3 76 | male 1 0
H 1917/11 3 9 0 [0 2 74 | male 1 0
H 3984/12 2 |35 12 |0 2 70 | male 1 0
SS 72813/01 2 135 10 2 66 | female 1 0
SS 73223/01 2 125 10 2 70 | male 1 0
H 27973/02 2 132 10 2 68 | male 1 0
H 18721/03 Ic |1.8 |1 1 62 | female 1 0
SS 73459/04 le |2 0 2 63 | female 1 0
H 9822/05 Ic |12 |0 2 79 | male 1 0
SS 73295/05 3 85 |2 3 61 | male 1 0
H 72296/99 2 |3 0 3 73 | male 1 0
H 24983/99 2 |4 0 3.00 70 | male 1 0
H 14330/00 2 122 |2 2 57 | male 1 0
H 14455/00 2 |35 |2 2 67 | female 1 0
H 21847/00 1 0
SS 73246/00 2 125 |1 1 61 | male 1 0
SS 73275/00 2 |3 2 3 52 | female 1 0
H 38817/08 Ic |2 0 2 71 | male 2 0
H 23349/06 2 125 10 2 70 | female 2 0
H 10516/06 3 85 |2 1 4 39 | female 2 0
H 12850/10 Ic |16 |2 |0 1 67 | male 2 0
H 16563/11 2 |3 1 2 74 | female 2 0
H 4739/12 2 124 12 |0 3 65 | female 2 0
SS 72363/99 3 7 2 3 65 | male 2 0
SS 73517/99 3 145 |2 3 65 | male 2 0
SS 71829/01 3 8 0 2 60 | male 2 0
SS 72734/01 2 121 10 3 72 | female 2 0
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SS 72839/01 2 35 |2 2 76 female 2 0
SS 73427/01 3 4.5 1 3 70 female 2 0
SS 70073/98 2 32 |1 3 66 female 2 0
SS 72249/00 2 3.8 1 2 70 male 2 0
H 13410/12 3 5 0 3 52 male 0 1
H 14540/01 0 3 69 male 0 1
H 26109/05 2 25 10 2 66 female 0 1
SS 72908/05 2 25 |0 2 59 female 0 1
SS 70576/98 2 3 0 3 67 female 0 1
SS 70379/00 2 25 10 1 69 female 0 1
H 39657/13 2 2.8 1 2 76 female 1 1
H 15374/13 2 4 1 2 76 male 1 1
H 4175/09 2 28 |0 2 73 male 1 1
H 8869/10 2 38 10 3 67 female 1 1
SS 70862/99 2 2.5 1 2 71 female 1 1
H 3518/01 1 3 59 | female 1 1
H 15896/02 2 32 |0 2 66 male 1 1
H 12022/03 3 45 |0 2 68 male 1 1
SS 70533/04 Ic |2 0 2 63 female 1 1
SS 70995/05 2 35 |0 2 75 female 1 1
SS 71066/05 2 3 1 2 74 male 1 1
SS 72500/97 2 37 |1 2 46 female 1 1
H 6963/00 0 61 | female 1 1
H 14495/09 2 24 |2 2 68 male 2 1
H 23077/09 3 47 10 3.00 82 female 2 1
SS 71459/08 3 5.3 1 3 76 male 2 1
H 22193/06 3 5 2 3 65 male 2 1
H 6509/12 3 7.5 |2 2 49 female 2 1
H 18485/12 2 4 2 3.00 80 | female 2 1
H 30759/04 3 45 |2 3 63 female 2 1
SS 73564/05 2 31 |0 3 72 male 2 1
H 15377/09 2 22 10 3 79 male 3 1
H 29671/09 2 4 1 2 75 male 3 1
H 25773/12 2 38 |2 2 74 female 1 2
SS 73033/13 2 2
SS 70004/02 Ic |15 |0 2 62 female 2 2
SS 73813/05 2 3 2 3 70 female 2 2
H 23794/09 2 27 |1 3 72 female 3 2
SS 73291/98 2 3 2 2 56 | female 3 3
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Supplementary Table 5. List of DNA oligos

qPCR primers Sequence (5' to 3")

mKDM6A F AAGGCTGTTCGCTGCTACG
mKDM6A R GGATCGACATAAAGCACCTCC
mTSC1 F ACTCTCCCTTCTACCGAGACA
mTSC1 R GAGGCTGCCGAATGAGTCTTC
mTSC2 F GAGCTGATTAACTCGGTGGTC
mTSC2 R GGCCAGGTCCCTTTCTTCC
mDEPTOR F ATAGACGGCACCATCTCAAAAC
mDEPTOR R GTCGGCTAATTTCTGCATGAGT
mTubulin F TCACTGTGCCTGAACTTACC
mTubulin R GGAACATAGCCGTAAACTGC

Primers for T7 assay

Sequence (5' to 3")

T7 mKdmé6a.l F

CAACAACTTTGTGCTGGTGCC

T7 mKdmé6a.l R

GTTTGCCTTACCTTGCCCAGCAG

T7 mKdmé6a.2 F

CTGACTCCTCACTAATGCAG

T7 mKdmé6a.2 R

CATGCCCTGCTGGTTGAAGTGG

Oligos for shRNA
cloning

Sequence (5' to 3")

mouse shKdmé6a.l

TGCTGTTGACAGTGAGCGATGCTACGAATCTCTAATCTTATAGTGAAG
CCACAGATGTATAAGATTAGAGATTCGTAGCAGTGCCTACTGCCTCGGA

mouse shKdmo6a.2

TGCTGTTGACAGTGAGCGAACAGACTATGAGTCTAGTTTATAGTGAAG
CCACAGATGTATAAACTAGACTCATAGTCTGTGTGCCTACTGCCTCGGA

mouse shRenilla

TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAAG
CCACAGATGTATAGATAAGCATTATAATTCCTATGCCTACTGCCTCGGA

Oligos for guides Sequence (5' to 3")

mKdméa.1 guide TCATCACCGAAAGCGGCGG
mKdméa.2 guide CCCAGCTTTTGTCGAGCCA

mTp53 guide ACCCTGTCACCGAGACCCC
mDeptor.1 guide TGCAGAAATTAGCCGACCG
mDeptor.2 guide CAGAATGAACTTCCGTCGG
mS6K1 guide TTTATGCCTTTCAGACCGG

mMtor guide GATACGAACTAGCTCGTTG
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Supplementary Table 6. List of antibodies

Antibodies for Western Blotting Source Identifier
Kdmé6a (UTX) Cell Signaling Technology 33510
Deptor Novus Biological NBP1-49674
Tscl Cell Signaling Technology 6935
pS6RP S235/6 Cell Signaling Technology 4858
pS6RP S240/4 Cell Signaling Technology 5364

S6RP Cell Signaling Technology 2217

Actin Sigma-Aldrich PA5-22325
Vinculin Sigma-Aldrich V9131
Antibodies for CUT&RUN Source Identifier
Kdmé6a (UTX) Cell Signaling Technology 33510
H3K27me3 Cell Signaling Technology 9733
H3K27ac Abcam ab4729
H3K4mel Abcam ab8895
H3K4me3 Abcam ab8580
IeG Abcam ab37415
Antibodies for IHC Source Identifier
Kdmé6a (UTX) Cell Signaling Technology 33510
Deptor(human) Cell Signaling Technology 11816
pS6RP $235/6 (human) Cell Signaling Technology 2211

CK19 (human)

Deptor (mouse) Novus biological NBP1-49674
pS6RP S235/6 (mouse) Cell Signaling Technology 4857
pS6RP S240/4 (mouse) Cell Signaling Technology 5364
cleaved Caspase 3 (mouse) Cell Signaling Technology 9661

GFP (mouse) Cell Signaling Technology 2956
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