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Abstract

Sex exerts a profound impact on cancer incidence, spectrum and outcomes, yet the molecular and
genetic bases of such sex differences are ill-defined and presumptively ascribed to X-chromosome
genes and sex hormones?. Such sex differences are particularly prominent in colorectal cancer
(CRC) where men experience higher metastases and mortality. A murine CRC model, engineered
with an inducible transgene encoding oncogenic mutant KRASG12D and conditional null alleles
of Apcand Trp53tumour suppressors (designated iKAP)2, revealed higher metastases and worse
outcomes specifically in males with oncogenic mutant KRAS (KRAS*) CRC. Integrated cross-
species molecular and transcriptomic analyses identified Y-chromosome gene histone demethylase
KDM5D as a transcriptionally upregulated gene driven by KRAS*-mediated activation of the
STAT4 transcription factor. KDM5D-dependent chromatin mark and transcriptome changes
showed repression of regulators of the epithelial cell tight junction and MHC class | complex
components. Deletion of Kadm5din iIKAP cancer cells increased tight junction integrity, decreased
cell invasiveness, and enhanced cancer cell killing by CD8* T cells. Conversely, iAP mice
engineered with a Kambdtransgene to provide constitutive Kadm5d expression specifically in

iAP cancer cells exhibited an increased propensity for more invasive tumours /n vivo. Thus,
KRAS*-STAT4-mediated upregulation of Y chromosome KDM5D contributes substantially to
the sex differences in KRAS* CRC via its disruption of cancer cell adhesion properties and
tumour immunity, providing an actionable therapeutic strategy for metastasis risk reduction for
men afflicted with KRAS* CRC.

Introduction

Sex differences in cancer clinical outcomes and tumour biology are evident, with males
typically being more adversely affected than females3. In addition, metastasis rates* and
treatment responses vary between males and females?. Current perspectives posit that sex
differences relate to healthier lifestyle habits in women, such as lower consumption of
red and processed meats and alcohol, and sex hormones®. However, how sex-specific
mechanisms may intersect with genotype is not well understood. In this regard, the

Y chromosome contains a small number of protein-coding genes that, except for sex-
determination genes, have received limited attention as potential determinants of cancer
hallmarks and clinical outcomes.

One of the most prominent sex-specific differences in cancer outcomes is observed in CRC,
the second most common cause of cancer mortality which often relates to metastases®.

The most common genetic alterations in sporadic human CRC include activating mutations
of the KRAS oncogene and inactivating mutations or deletion of the APCand 7P53
tumour suppressors’. We have generated a mouse model of CRC engineered with these
signature alterations: VillinCreFR72 allele, Lox-stop-Lox (LSL)-inducible and doxycycline-
inducible transgene encoding oncogenic KRAS®12D and conditional null alleles of Apcand
Trp53 (modelling the most common mutations in patients). This model, designated iKAP,
recapitulates the evolution of human CRC from adenoma to adenocarcinoma to invasive
and metastatic disease. Moreover, this model established that KRAS* (oncogenic mutant
KRAS) drives CRC invasiveness and metastasis®®, mirroring another model engineered
with Apcd726, Trp537270H and Kras®120 mutations®. Mechanistically, in both male and

Nature. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Results

Page 3

female mice, KRAS* drives an epithelial-to-mesenchymal transition (EMT) and progression
to metastasis in part through regulation of the TGF-p pathway? as well as IRF2 which
upregulates CXCL3 to recruit CXCR2-positive myeloid-derived suppressor cells (MDSCs)
to suppress anti-tumour immunty8.

In this study, we observed higher metastasis frequency and shortened survival specifically
in male iIKAP mice with KRAS*-expressing CRC relative to female mice; and such

sex differences mirrored those in humans. These circumstantial observations led to the
identification of Y chromosome gene KDM5D as a potential basis for sex-specific
differences in KRAS* CRC progression. KDM5D is a member of the KDM5 family

of H3K4me2/3 demethylases that repress target gene expressioni?. Integrated analyses
reveal that KRAS*-STAT4-KDMS5D drives invasion and metastases via repression of genes
governing cell-cell junction complex integrity and CD8* T cell-mediated anti-tumour
immunity.

KRAS* increases metastasis via KDM5D.

KRAS oncogenic mutations correlate with more invasive tumour stages in both iKAP mice?2
and CRC patients!1-13, In the iKAP model, KRAS* expression correlates with poorer
survival in tumour-bearing males relative to females: median survival of 19 weeks in males
versus 25 weeks in females (Fig. 1a). This sex difference was not observed in the iAP

model (Fig. 1a). Accordingly, endpoint tumour stage analyses of iAP tumours showed no
sex-related difference, whereas tumours from male iKAP mice exhibited more advanced
disease than the female iKAP mice (Extended Data Fig. 1a). Correspondingly, Kaplan-Meier
survival analysis of integrated CRC data sets (n = 831 patients) by Colorectal Cancer
Subtyping Consortium (CRCSC) (https://www.synapse.org, Synapse 1D: syn2623706)14
revealed that male KRAS* CRC patients exhibited poorer survival relative to female KRAS*
CRC patients (median survival 86 months in males and not reached in females) (Fig. 1b).
Moreover, these sex differences in survival were not present in wild-type (WT) KRASCRC
(Fig. 1b). In male CRC patients, KRAS* was associated with a median survival of 86
months versus 112 months in WT KRAS controls, whereas KRAS status had no impact

on outcome in female CRC patients (median survival not reached in KRAS* versus 183
months in WT KRAS controls) (Extended Data Fig. 1b). Additional analyses suggested

that the sex differences were not related to mutation status of 7253 or APC (Extended

Data Fig. 1c). In line with overall survival analysis, disease-free survival (DFS) showed
KRAS*-specific worse survival in males than in females (Extended Data Fig. 1d). As second
primaries or local recurrences are very rare in CRC, we further analyzed the DFS of patients
with initial staging of stage 2 or below, in whom primary tumours are treated with surgery
alone and disease recurrence manifests as metastasis. As expected, the DFS also showed a
KRAS*-related sex-bias pattern (Extended Data Fig. 1e). Together, these data indicated a
key role of KRAS* in driving sex differences in both murine and human CRC.

Women show a tendency to develop proximal CRC, whereas men more often develop distal
CRC5. As proximal and distal CRC show differences in the timing of KRAS mutations
and the frequency of associated signature mutations, we further analyzed the generality of
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the KRAS*-driven sex differences in proximal and distal CRC across various genotypic
contexts. The worse survival in males with KRAS* CRC was readily evident only in
proximal CRC (Extended Data Fig. 2a) likely relating to the higher frequency (Extended
Data Fig. 2b, c) and more clonal nature of KRAS mutations that arise earlier in the evolution
in proximal CRC and are more readily detected!®: in contrast, in distal CRC, the clonal
evolution is more complex and divergent, and KRAS mutations, in particular, are more
subclonall8 as they occur later and are restricted to the tumour invasive front2. Indeed, in
KRAS* Stage 1 and 2 distal CRC where KRAS mutations have arisen earlier and are more
clonal, KRAS* correlates positively with worse DFS only in male patients (Extended Data
Fig. 2d). With respect to signature mutations, proximal CRC most frequently presents with
‘KAP’ (20.16%) and ‘KA’ (21.71%) versus distal CRC prominent profile of ‘AP’ (39.94%)
(Extended Data Fig. 2e). The sex-related survival difference was specifically observed in
‘KAP’ patients (Extended Data Fig. 2f), aligning with findings in the iKAP model. Due to
the limited sample size, the patients were not further subdivided into proximal and distal
CRC groups. Lastly, consistent with iKAP distal CRC (Extended Data Fig. 1a), proximal
tumours induced by 4-Hydroxytamoxifen (4-OHT) injection in the proximal colon also
showed sex disparities in tumour stages (Extended Data Fig. 2g). Together, these data
suggest that KRAS* may drive sex differences in both proximal and distal CRC in mice and
humans.

Differential gene expression patterns were audited in primary versus metastatic male iKAP
tumours and further intersected with KRAS*-dependent gene expression changes in male
iKAP tumours with KRAS* on versus off (Database: SRP097890). Kdm5d emerged as

the sole Y chromosome gene with differential expression (Fig. 1c). The KRAS*-KDM5D
relationship was validated in (i) normal male colonoids from mouse proximal or distal colon
(Extended Data Fig. 3a, b), (ii) independently derived male iKAP primary and metastatic
cell lines with doxycycline-controlled KRAS* on and off (Fig. 1d), as well as (iii) male
CRC patients (Fig. 1e, Extended Data Fig. 3c). Such relationship is independent of WT

or Apc™| Trp53™! genetic background, as shown in male colonoids (Extended Data Fig.
3d, e). Moreover, KRASC12C could equally upregulate Kam5d, supporting the centrality

of oncogenic KRAS*-KDM5D signalling (Extended Data Fig. 3f). The KDM5D-metastasis
relationship was further validated across (i) independently derived male iKAP primary and
metastatic cell lines (Fig. 1d, Extended Data Fig. 3g), (ii) organoids established from male
iKAP primary and matched spontaneous liver metastatic tumours (Extended Data Fig. 3h—j),
(iii) primary versus metastatic CRC tumours in male patients (Fig. 1f), and (iv) male CRC
cell lines in the CCLE data set (Extended Data Fig. 3k). Lastly, higher KDM5D expression
in male patients correlated with worse overall survival (Extended Data Fig. 3I). Of note, the
X chromosome paralog KDM5C is not regulated by KRAS* nor differentially expressed in
primary versus metastatic disease (Extended Data Fig. 3m—0). Together, these data support
the view that KRAS* increases KDM5D levels driving worse outcomes in human and mouse
males with KRAS* CRC.

As KRAS* drives invasion and metastasis in CRC2, we explored the potential role

of KDM5D in metastasis and related processes. To functionally validate KDM5D’s pro-
metastasis activity, CRISPR-Cas9 gene editing was used to delete Kambd'in the male iKAP
liver (the most common metastatic site of CRC17) metastatic cell line L2-3 (Extended
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Data Fig. 4a), which is a matching pair of the male iKAP cell line 3346 isolated from a
distal primary CRC tumour. In this model, Kadm5d deletion did not affect cell proliferation
in vitro (Extended Data Fig. 4b) and /n vivo (Extended Data Fig. 4e), but inhibited cell
migration and invasion /n vitro (Extended Data Fig. 4c, d), and decreased liver metastases
and increased survival following intrasplenic injection in nude mice /n vivo (Extended Data
Fig. 4f—I). Conversely, enforced expression of WT KDM5D, but not an enzymatic-dead
(ED) mutant, in female iKAP distal primary tumour cell line 2806 enhanced migration

and invasion /n vitro and increased liver metastasis /17 vivo (Extended Data Fig. 4m-r).
Finally, to drive Kdm5d expression in the absence of KRAS*, a Kdm5d transgene was
introduced into the iAP model (designated iAP-KDMS5D). In the iAP-KDM5D model, low
dose 4-OHT enema delivery activates Villin-directed Cre¥R72 resulting in the deletion of
Apcand Trp53and removal of a Lox-stop-Lox (LSL) cassette to enable constitutive Kam5d
expression in both male and female mice (Fig. 2a, b). Compared to iAP mice which rarely
generate tumours that progress beyond pT2 stage and show no metastasis, enforced Kamad
expression enhanced tumour invasiveness and promoted metastasis to lymph nodes, though
not as robustly as KRAS* as expected from its additional mechanisms operative in both
male and females® (Fig. 2c, d). Together, these results indicate that KDM5D promotes
cancer cell migration, invasion and metastasis in CRC.

To determine how KRAS* regulates KDM5D, we first used the JASPAR algorithm18 to
identify putative transcription factor binding elements in the mouse Kdm5d and human
KDM5D promoters, and intersected this list with genes upregulated by KRAS* (Database:
SRP097890) (Fig. 3a, b). Among three overlapped transcription factors, we focused on
STATA4 as its motif is conserved in mice and humans (Extended Data Fig. 5a) and it is

a transcriptional activatorl®, whereas mouse MSX3 (human ortholog VENTX)2%:21 and
SNAI222 are transcriptional repressors. Phospho-STAT4, which is indicative of activated
STAT4 signalling®?, colocalized with phospho-ERK, which is indicative of activated KRAS
signalling, in both male and female proximal or distal iKAP tumours along the invasive
front (Extended Data Fig. 5b). Correspondingly, a tumour microarray of primary tumours
from male patients with proximal or distal CRC showed a positive correlation of H-scores
of phospho-STAT4 and phospho-ERK in cancer epithelial cells (Extended Data Fig. 5c,

d). Like other STAT family proteins23, STAT4 binding to the genome and the Kam5d
promoter decreased by extinction of KRAS* expression (Fig. 3c, d). Luciferase reporter
assays demonstrated that mutation of the STAT4 binding element in the Kambd promoter
abolished STAT4-induced upregulation of reporter activity (Fig. 3e) and mutant (phospho-
dead) STAT4 decreased reporter activity driven by the Kdm5d promoter (Fig. 3f), whereas
phosphomimetic STAT4 further upregulated Kdmbd expression (Fig. 3g, h) as well as its
known downstream genes Socsl, Socs2and Socs32* (Extended Data Fig. Se, ). The positive
correlations between STAT4, SOCS1, SOCSZ2, SOCS3expression and KDM5D expression
were validated in both proximal and distal human CRC (Extended Data Fig. 5g—i). Lastly,
the synchronous increase of phospho-ERK1/2, phospho-STAT4 and total STAT4 signals in
male metastatic cancer cells relative to primary tumour-derived cancer cells further supports
the role of KRAS*-STAT4-KDM5D in CRC metastasis (Fig. 3i).

Nature. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 6

KDM5D disrupts cell-cell junctions.

To identify the downstream targets of KDMS5D involved in metastasis, we profiled KDM5D-
dependent changes in H3K4me2/3 marks and gene expression. ChlP-seq analyses of male
iKAP primary cells, metastatic cells and Kadm5d-/- metastatic cells showed decreased
H3K4me2/3 marks in iKAP Kdmb5d+/+ metastatic cells and restoration of these marks

in isogenic Kambd—-/- controls (Fig. 4a, b). In addition to its classical activity in the
demethylation of H3K4me2/3, KDM5D expression was associated with increased H3K4mel
marks (Extended Data Fig. 6a). Next, these chromatin profiles and RNA-seq expression
profiles were intersected to identify genes showing (i) repressed expression in iKAP
metastatic cancer cells relative to primary cancer cells, (ii) de-repressed expression in
isogenic iIKAP Kdmbd-/- metastatic cells and (iii) altered H3K4me2/3 marks with pattern
similar to expression changes in (i) and (ii) (Fig. 4c). This analysis yielded several genes
essential in the maintenance of cell-cell junctions including Amotand Pkp1, regulating tight
junctions2> and desmosomes26, respectively. Here we focused on the topmost differentially
expressed gene, Amot, a gene encoding angiomotin, which is essential in maintaining tight
junctions25,

Loss of cell-cell junctions can result in cancer cell dissemination, a key step in early
metastasis. Amotwas downregulated in iIKAP metastatic cancer cells and de-repressed by
Kdmbd deletion, upregulated in human CRC metastatic cell LoVo by KDM5D deletion,
downregulated in organoids derived from metastatic iKAP tumours and in metastatic
tumours from CRC patients (Fig. 4d and Extended Data Fig. 6b—e). Additionally, in iKAP
metastatic cells, Amotshowed decreased H3K4me2/3 marks in its promoter (Extended Data
Fig. 6f). Negative correlation of AMOT and KDM5D expression was present in tumours
from male CRC patients (Extended Data Fig. 6g); and, enforced Kam5d expression in
colonoids repressed Amotexpression across iKAP, iAP, KrasG12P single mutation (‘K”)

and wild-type (“WT’) genotypes (Extended Data Fig. 6h). Enforced Amot expression in
metastatic iKAP cancer cells did not affect cell proliferation /n vivo (Extended Data

Fig. 6i) but reduced migration /n vitro (Fig. 4e, f) and metastasis /7 vivo and extended
animal survival (Extended Data Fig. 6j—n), findings consistent with its metastasis suppressor
function.

AMOT recruits intracellular ZO-1 (zonula occludens 1) to the cytoplasmic membrane
surface?’:28 and connects to multiple transmembrane junction proteins, such as claudins2®.
Accordingly, cytoplasmic membrane levels of claudin-1 and ZO-1 were both lower in
metastatic iKAP cells than in primary cells and were higher in metastatic cells either

null for Kdmb5d or with enforced Amot expression (Extended Data Fig. 60 and Fig.

49). Furthermore, the integrity of tight junctions, assessed via dextran permeability assay
measuring dextran-FITC transit across cultured cell monolayers, showed increased leakiness
in metastatic relative to primary iKAP cancer cell monolayers; and Kadmbd deletion partially
restored tight junction integrity in metastatic cancer cell monolayers (Extended Data Fig.
6p, q). Gene Set Enrichment Analysis (GSEA) affirmed that the apical junction signalling
was weaker in metastatic cells and rescued by Kadmbd deletion (Extended Data Fig. 6r).
Finally, transmission electron microscopy of iAP, iAP-KDM5D and iKAP tumours revealed
that the tight junctions between epithelial cells were (i) more intact in female than male
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iKAP tumours but similar in iAP and (ii) were impaired by Kdm5dtransgene expression or
KRAS™* expression, as indicated by the number of ‘kissing points’ (fusion of outer leaflets
of adjoining cell membranes)3 at the tight junction (Fig. 4h, i). Notably, AMOT expression
was lower in the human male KRAS* CRC cell lines compared with females (Extended
Data Fig. 6s). Together, these data support the view that AMOT serves as a key downstream
effector of KDM5D-driven CRC metastasis in males.

KDM5D inhibits MHC-I antigen presentation.

In addition to KDM5D’s canonical function of demethylating H3K4me2/3, ChIP-seq data
showed that Kambd deletion increased H3K27ac, an active enhancer mark (Extended Data
Fig. 7a, b). Application of the ROSE algorithm for super-enhancer calling31:32 revealed

a decrease in super-enhancers in metastatic iKAP cells (268 putative super-enhancers)
compared with primary cells (571 putative super-enhancers) and restoration of super-
enhancers by Kambd deletion in metastatic cells (674 putative super-enhancers) (Extended
Data Fig. 7c). To identify the genes regulated by these super-enhancers, Hi-C chromatin
immunoprecipitation (HiChIP) for high-hierarchy chromatin interaction profiling was
performed to capture the long-range enhancer-gene interactions associated with H3K27ac33,
HiChlIP revealed increased number and activity of cis long-range chromatin-interactions
mediated by H3K27ac in metastatic cells null for Kadm5d compared with WT controls (16%
in null versus 8% in WT) (Extended Data Fig. 7d, e). The intersection of the interaction
pairs and the putative super-enhancer regions that were decreased in metastatic cells and
re-appeared after Kambd deletion identified the super-enhancer region of the MHC gene
cluster as one of the most dynamic regions (Extended Data Fig. 7c and Supplementary
Table 1). Affirmation of this super-enhancer was reinforced by the co-existence of clustered
H3K27ac and H3K4mel histone mark signals at the predicted super-enhancer region
(Extended Data Fig. 7f), the sequence of which has 71.08% high cross-species conservation
in DNA sequence between mouse and human (at corresponding HLA gene cluster on
chromosome 6).

Activation of an EMT and immune signature correlates strongly with metastasis in KRAS*
CRC?238, Impaired tumour antigen processing and presentation (e.g., loss of MHC class

) is a major escape mechanism of tumour immune recognition and CD8* cytotoxic

T cell-mediated tumour elimination34. The intersection of murine MHC cluster genes
downregulated in metastatic cells, restored by Kdmb5d deletion, and possessing a human
HLA class | gene ortholog identified five genes, 7apl, 7ap2, Pfdn6 (H2-Ke2), H2-T23,
and H2-Ke6 (Fig. 5a). Among these genes, 7apl/ TAPI and TapZl TAP2 were validated to
be uniformly altered in multiple cell lines and organoid systems (Fig. 5b and Extended
Data Fig. 8a—d) and in various genetic contexts (Extended Data Fig. 8e). 7APIZand TAP2
are antigen processing genes and encode essential transporters of cytosolic endogenous
peptides to the endoplasmic reticulum where the peptides are attached to the MHC class |
complex and later transported to the cell surface for antigen recognition by CD8* cytotoxic
T cells35:36. TAP1 downregulation or loss has been observed in all human tumour types,
including 11% of CRC carcinomas, whereas TAP1 levels are maintained in adenomas and
normal mucosa®’. In human CRC, slightly though not significantly lower 7AP1 and TAP2
expression was observed in liver metastasis compared to primary tumours (Extended Data

Nature. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 8

Fig. 8f, g); and lower TAPIand TAPZexpression correlated with worse survival (Extended
Data Fig. 8h, i).

7ap1 and 7ap2upregulation associated with Kambd deletion in iKAP cells would be
expected to increase antigen presentation and cancer cell death induced by CD8* T cells. To
test this possibility, we performed several immune-relevant functional studies. First, analysis
of KDM5D-dependent MHC-I changes documented that Kdm5d deletion increased cell
surface MHC-I levels which were further enhanced by interferon-gamma (IFNvy) treatment
(Fig. 5¢). Second, antigen presentation assays using ovalbumin (OVA) protein-treated

iKAP cells showed that Kadm5a-null metastatic cells were able to process and present

more OVA 257-264 (SIINFEKL) peptides through cell surface MHC-I relative to Kdmbad-
intact controls, indicating enhanced antigen processing and presentation after elimination

of Kadmb5d (Fig. 5d). Third, in T cell killing assays using purified splenic OT-1 CD8" T

cells previously stimulated with OVA 257-264 peptide, OVA protein-treated Kadm5a-null
metastatic cancer cells were found to be more susceptible to CD8* T cell-mediated cell
death than Kambatintact metastatic cancer cell controls, which was further enhanced by
IFNy treatment (Fig. 5e). Fourth, we observed a reduced number of CD8* T cells at the
tumour invasive front in iIAP-KDM5D and iKAP mice, compared to iAP controls (Fig. 5f,
g), a profile consistent with the established correlation between tumour metastasis and a less
intact CD8" T cell barrier at the invasive margin38. GSEA of TCGA male CRC patients
revealed enrichment of the stimulated CD8* T cell signature in KDM5D-low patients (Fig.
5h). Together, these findings reveal a novel non-canonical function of KDM5D in promoting
immune evasion by impairing antigen processing and presentation. Along with similar data
in human CRC metastasis3?, these findings suggest that this non-canonical function of
KDMS5D may serve to promote metastasis by impairing antigen processing and presentation
in cancer cells.

On the basis of the report that KDMS5D can bind the ZMYNDS8 co-repressor which reads the
dual histone mark H3K4me1-H3K14ac*?, we speculated that, in CRC, KDM5D may have
binding partners that could erase H3K27ac. To identify such binding partners, we performed
KDMS5D immunoprecipitation (IP) and mass spectrometry (MS), revealing that SAP18
(Sin3A Associated Protein 18) interacted with KDM5D in the human CRC cell line LoVo
(Supplementary Table 2). This interaction was validated in HEK293T cells (Extended Data
Fig. 9a). SAP18 is a subunit of Sin3-HDAC complex which includes histone deacetylases
HDAC1 and HDAC2 and represses gene transcription*1-43, Pull-down assays confirmed that
HDAC1 and HDAC2 complexes with KDM5D (Extended Data Fig. 9a). The KDM5D and
SAP18 interaction was dependent on the intact enzymatic domain of KDM5D (Extended
Data Fig. 9b). Accordingly, the downstream genes of KDM5D — Amot, Tapl, 7ap2 -

were regulated by WT but not enzymatic-dead KDM5D (Extended Data Fig. 9c). Together,
these findings are consistent with the model that KDM5D downregulates H3K27ac via its
interaction with SAP18 in the Sin3-HDAC complex.

Discussion

This study identified molecular and cellular mechanisms by which Y chromosome gene
KDM5D drives male-specific metastasis and worse outcome in CRC harboring KRAS*.

Nature. Author manuscript; available in PMC 2023 September 27.
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KRAS* activates STAT4 to increase histone demethylase KDM5D which represses the
expression of genes governing cell adhesion and immune recognition (Extended Data Fig.
10). Enforced Kdm5d'transgene in the iAP background can promote invasion in the absence
of KRAS*. The murine molecular and phenotypic findings mirror those in human proximal
and distal CRC, providing a molecular biological basis for the sex disparities in human
KRAS* CRC.

Cancer cell adhesion properties and tumour immunity both govern tumour metastasis.

Our study showed that KDM5D impairs cancer cell tight junction structure by epigenetic
repression of the key tight junction gene AMOT. The tight junction sustains intercellular
adhesion to maintain epithelial tissue integrity and cell polarity and contributes to the
regulation of intercellular signalling. Breakage of the tight junction, which can occur within
a cluster of cancer cells, results in cancer cell dispersion and metastasis**. Besides AMOT,
KDMS5D may also repress PKP1, encoding a component of the desmosome junction,

the regulation of which warrants additional study. With respect to anti-tumour immunity,
our analysis of KDM5D-mediated repression of MHC-I and TAP1/2 uncovered a non-
canonical function of KDM5D in the regulation of histone acetylation via its interactions
with Sin3-HDAC complex and in the regulation of super-enhancer activities. KDM5D-
Sin3-HDAC removes H3K27ac at MHC gene cluster super-enhancer to promote immune
evasion. Cancer metastasis shows lower HLA class | expression compared with primary
tumour tissue*®, and relates to T cell-mediated immune selection of the heterogeneous
primary tumour cancer cells*47. These correlations align with KDM5D’s functions in
suppressing MHC class | antigen presentation and CD8* T cell-mediated killing, and with
promoting tumour invasion and metastasis. Notwithstanding the findings, further study is
needed to directly link KDM5D-mediated immune modulation to the rate of metastasis.

In accordance with our findings, it is notable that HDAC inhibitor treatment has been
shown to increase TAP1 expression and increase CD8* T cell-mediated killing /n vitro
and /n vivd*8, suggesting that increased H3K27ac enhancer marks either by KDM5D
deletion or HDAC inhibitor treatment may enhance antigen processing/presentation and
tumour immunogenicity. Together, these mechanistic insights provide a framework for the
development of sex-specific precision medicine strategies for the treatment of men afflicted
with metastatic CRC.

Mouse models.

The iAP and iKAP CRC mouse models were established and described previously?.

For the iAP-KDM5D mouse model, the CAGGS-LSL-Luc, TdT, Kdm5ad-pA-Frt-Hyg-Frt
targeting construct was introduced into iAP mouse embryonic stem cells by electroporation.
Hygromycin-resistant clones were picked and genotyped, and two independent lines were
injected into C57BL/6 blastocysts and implanted into surrogate mothers, yielding four
high-percentage chimeras. Germline transmission was confirmed by crossing the chimeras
to C57 albino females. The C57BL/6J (B6), C57BL/6-Tg (TcraTcrb)1100Mjb/J (OT-1) mice
and the NU/J (nude) mice were purchased from the Jackson Laboratory. The iAP, iKAP,
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iAP-KDM5D mice of both sexes, B6 mice of both sexes, male OT-1 mice, and nude mice of
both sexes matching the sexes of the cell lines injected were used.

Animal experiments.

All mouse manipulations were reviewed and approved by MD Anderson Cancer Center’s
Institutional Animal Care and Use Committee (IACUC). All animals were maintained in
pathogen-free conditions and cared for in accordance with policies and certification of the
Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC International). Housing rooms were maintained on a 12:12-h light:dark cycle
(lights on at 6 am, lights off at 6 pm) with humidity ranging from 30% to 70%. Temperature
ranged from 20 to 24 °C (68 to 76 °F).

For intrasplenic injection, 8-week-old nude mice were anesthetized with isoflurane. The
spleen was exteriorized through a left lateral flank incision. Cells resuspended in growth
factor-reduced Matrigel (Corning) were injected using a 27G needle. The injection site was
pressed with a cotton stick for one minute after withdrawing the needle to minimize cell
leakage. The peritoneum was closed with suturing and skin was closed with wound clipping.

For subcutaneous tumour cell inoculation, 8-week-old nude mice were anesthetized with
isoflurane. Cells were resuspended in growth factor-reduced Matrigel (Corning) and injected
subcutaneously to the right flank using a 27G needle. Tumour size was estimated with the
formula: volume = width x width x length / 2.

For tumour detection using luminescence, each mouse was injected with 1.5 mg D-Luciferin
intraperitoneally (100 pl) and imaged using the VIS Spectrum Imaging System (Perkin
Elmer) after 2 minutes. Images were acquired and analyzed using Living Image 4.3 software
(Perkin Elmer) and quantified using Aura (Spectral Instruments Imaging) (version 4.0.8).

Spontaneous tumourigenesis was induced by administering 4-Hydroxytamoxifen (4-OHT, 1
mg/ml) through enema (50 ul 4-OHT) or proximal colon injection after laparotomy (20 pl
4-OHT) and/or doxycycline water (2 mg/ml, for iKAP mice) as previously described? to
genetically engineered mice at the age of 7-15 weeks old. Mouse health was observed daily.

Regarding experimental endpoints, the max tumour size for subcutaneous tumours was a
linear measurement of 2 cm at the largest diameter. For mice undergoing intrasplenic or
spontaneous tumourigenesis induction, a loss of 20% of body weight, distress, hypothermia,
bowel obstruction, severe hunched posture or inactivity were considered potential endpoints.
Mice were humanely sacrificed according to IACUC Euthanasia guidelines. Endpoint
criteria were strictly followed in all animal experiments.

The number of mice per group (minimum 3) was decided based on previous experience?,
common practice in the field, animal welfare guidelines and availability of animals, while
minimizing the use of animals in accordance with animal care guidelines from MD
Anderson Cancer Center’s Institutional Animal Care and Use Committee (IACUC) and the
National Institutes of Health.
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Age-matched nude mice were randomized into each group. For genetically engineered
mouse models, mice with matched ages were used based on the genotypes. Tumour
growth curves and tumour staging statistics were not plotted until all the data points were
collected and analyses were performed by three independent investigators blinded to group
information.

Histopathology analysis and immunohistochemistry.

Mouse tumours were sectioned crossing the multi-layers of the intestine. Tissues were fixed
in 10% neutral buffered formalin, embedded in paraffin, and sent to Science Park Research
Histology, Pathology & Imaging Core or DVMS Veterinary Pathology Services Core at
The University of Texas MD Anderson Cancer Center for sectioning, hematoxylin and
eosin (H&E) staining, and scanning using Aperio ScanScope (Leica) at 20X. The scanned
images were viewed using Aperio ImageScope (Leica) software (version 12.4.6.5003). For
CRC tumour staging, blinded histology assessments were performed by three independent
pathologists following staging criteria previously described2. The tumour area in liver in
the intrasplenic injection experiment was measured with Fiji ImageJ (version 2.1.0). IHC
was performed following an established protocol®. Briefly, the slides were baked at 60

°C, deparaffinized and rehydrated by incubating in a gradient of xylene, ethanol and

water. Antigen unmasking was done using Citrate-Based Antigen Unmasking Solution
(\Vector Laboratories) in a pressure cooker at 95 °C for 30 minutes and 115 °C for

10 seconds. Slides were incubated in 3% hydrogen peroxide to quench endogenous
peroxidases. Non-specific signal was blocked by Rodent Block M (Biocare Medical) and
stained with primary antibody overnight at 4 °C. Primary antibodies include anti-CD8

(Cell Signaling Technology, Cat#98941, 1:500), anti-phospho-STAT4 (Ser721) (Invitrogen,
Cat#PA5-64562, 1:200), and anti-phospho-ERK1/2 (Cell Signaling Technology, Cat#4370,
1:500) antibodies. On the next day, antibody binding was detected by DAB Quanto
(Epredia) and slides were dehydrated and mounted. Images were taken on a Leica DM
1000 microscope. The staining intensity and quantity were measured in Fiji ImageJ software
(version 2.1.0). The phospho-STAT4 and phospho-ERK H-scores were calculated using
formula: H-score = 1 x (% cells of score 1+) + 2 x (% cells of score 2+) + 3 x (% cells of
score 3+).

RNA isolation and real-time quantitative PCR.

RNA from cell lines was isolated using the RNeasy Kit (Qiagen). RNA from FFPE slides
was isolated with High Pure FFPE RNA Micro Kit (Roche). RNA was reverse transcribed
using a 5x All-In-One RT MasterMix (Applied Biological Materials Inc.). Real-time gPCR
was performed using SYBR Green PCR Master Mix (Applied Biosystems) using the 7500
Fast Real-Time PCR System (Applied Biosystems). PCR product specificity was confirmed
with a melting-curve analysis. Relative MRNA expression was calculated using the 2-AACt
method. Relative expression was calculated by normalizing to AC7B for human and Actb
for mouse unless specified in the figure legend. The primer sequences are: Mouse Kdm5dF:
GCTGCTTGTGGTTGGAATCTC; R: AATGCTGAAAACACCATGCCC. Mouse ActbF:
GGCTGTATTCCCCTCCATCG; R: CCAGTTGGTAACAATGCCATGT. Mouse Gapdh F:
AGGTCGGTGTGAACGGATTTG; R: TGTAGACCATGTAGTTGAGGTCA. Mouse Stat4
F: TGGCAACAATTCTGCTTCAAAAC; R: GAGGTCCCTGGATAGGCATGT. Mouse
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Socs1F: CTGCGGCTTCTATTGGGGAC; R: AAAAGGCAGTCGAAGGTCTCG. Mouse
Socs2F: AGTTCGCATTCAGACTACCTACT; R: TGGTACTCAATCCGCAGGTTAG.
Mouse Socs3F: ATGGTCACCCACAGCAAGTTT; R: TCCAGTAGAATCCGCTCTCCT.
Mouse AmotF: CCGCCAGAATACCCTTTCAAG; R: CTCATCAGTTGCCCCTCTGT.
Mouse 7ap1 F: CCAACGTGTGCGAGTCCATTA; R: AGAGTGAGGTACGGTGACCC.
Mouse 7ap2F: CTGGCGGACATGGCTTTACTT; R: CTCCCACTTTTAGCAGTCCCC.
Mouse H2-KeZ2F: GAAGCACAGCTAACGGAAAACA; R:
TGATGTAGTCTAGCCTCTTCCCT. Mouse H2-T23F: ACAGTCCCGACCCAGAGTAG;
R: CCACGTAGCCGACAATGATGA. Mouse H2-Ke6F: GCCTTCCAAGCGGATGTGT;
R: AGATGGCGGGCGAGAAAAG. Mouse total Kadmb5d (transgene + wild-type):

F: TGGTGGGAATGGGACACCAAGTTCCT; R: TGTTGGCGGGATTTTTCCAGCTG.
Human KDM5D F: TAACACACACCCGTTTGACAA; R:
GCTGCTGAACTTTGAAGGCTG. Human ACTBF:. CATGTACGTTGCTATCCAGGC; R:
CTCCTTAATGTCACGCACGAT. Human AMOTF: ACAGGGATCTGAGAGAGCGT; R:
ATTGGTAGAACGGGCAGTGG. Human 7APIF: CGCCTCACTGACTGGATTCTA; R:
TCTGTTGGAAAAACTCCGTCTC. Human 7APZF: TGGACGCGGCTTTACTGTG; R:
GCAGCCCTCTTAGCTTTAGCA.

RNA from cell lines was isolated as described above. RNA-seq was performed by the
Advanced Technology Genomics Core at The University of Texas MD Anderson Cancer
Center. Libraries were generated using Illumina’s TruSeq Kit and were sequenced using

the Illumina HiSeq2000 Sequencer. The NextSeq RTA (version 2.4.11.0) was used for base
calling and bcl2fastq (version 2.20.0) was used to convert the .bcl files into .fastq files. Fastq
files were aligned to the mouse reference genome (mm?9) using HISAT?2 (version 2.1.0) and
assembled using StringTie (version 2.1.1). R (version 3.5.2) and R package DESeq2 (version
1.32.0) was used for data normalization and differential expression analysis. Each cell line
was sequenced in triplicate.

Cell line generation and plasmids.

2806 and 3346 were derived from a female and male, respectively, iKAP primary distal
CRC using Mouse Tumour Dissociation Kit (Miltenyi Biotec) followed by GFP+ sorting.
Cells were cultured in DMEM with 10% tetracycline-free Fetal Bovine Serum (FBS), 1X
penicillin/streptomycin (Invitrogen) and 1 pg/ml doxycycline. Next, cell line 3346 were
injected into the spleen of male nude mice, the liver metastatic tumours were collected, and
the liver metastatic GFP+ iKAP cells were sorted and cultured under the same conditions,
named ‘L2-1’. L2-1 cells were re-injected into the spleen of male nude mice and liver
metastatic tumours were re-collected. The GFP+ metastatic iKAP cells were generated with
the same procedure as above and named ‘L2-3’. The human metastatic CRC cell line LoVo
(Cat#CCL-229) was purchased from ATCC (authenticated by ATCC) and cultured with the
recommended conditions.

The mouse Kdmbdand human KDM5D genes were knocked out in mouse iKAP tumour
cell lines L2-1 and L2-3 and in the human CRC cell line LoVo, respectively. Knockout
lentiviral plasmids for both mouse Kdm5dand human KDM5D were purchased from
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Applied Biological Materials Inc. (Cat#2548411). Overexpression plasmids containing Flag-
tagged wild-type or enzymatic-dead human KDM5D were generously gifted by Dr. Min

G. Lee at The University of Texas MD Anderson Cancer Center. Mouse wild-type Kdm5d
expression plasmid was purchased from OriGene (Cat#MR223231L4). Mouse enzymatic-
dead Kambd expression plasmid was produced by GenScript by converting amino acid
sequence ‘WHIED’ to “WAIAD’ in the enzymatic domain#?-°0, Mouse Amot expression
plasmid was purchased from Applied Biological Materials Inc. (Cat#LV477274). Wild-

type mouse Stat4 expression plasmid was purchased from OriGene (Cat#MR227035L3).
Phosphomimetic STAT4 mutagenesis on S721 and S723 was performed using the Q5 Site-
Directed Mutagenesis Kit (New England Biolabs) following the manufacturer’s protocol.

Lentivirus containing the above plasmid was produced in HEK293T (ATCC,
Cat#CRL-3216, authenticated by ATCC) by Lipofectamine 2000 (Thermo Fisher Scientific)
transfection, and used to infect iKAP or LoVo cells. Single-cell clones were selected, and
knockout or overexpression was confirmed by qPCR.

All iKAP tumour cell lines were derived from iKAP mice that were genotyped before
performing experiments and were verified by regularly checking morphology. KRAS
mutation in iKAP cells was validated with GFP+ flow sorting. LoVo and HEK293T
cells were authenticated by ATCC and regularly checked by morphology. All cell lines
were confirmed mycoplasma-free. The iKAP cell lines will be made available by the
corresponding author under MTA.

Organoid generation and gene overexpression.

For tumour organoids, primary and metastatic tumours from a male iKAP mouse were
collected and dissociated with Mouse Tumour Dissociation Kit (Miltenyi Biotec). GFP+
positive cells were sorted and cultured in growth factor-reduced, phenol-free Matrigel
(Corning) in medium described below.

To isolate normal colonic crypts for organoid culture, a small piece of the proximal or distal
large intestine was incubated in HBSS containing 5 mM EDTA at 4 °C for 45 minutes on a
shaker. Incubated colon pieces were shaken vigorously to release crypts and filtered through
a 100 uM filter. Crypts were washed and spun down at 300 x g, washed again, and spun
again at 180 x g to enrich for intact crypts. Crypts were resuspended in Matrigel (Corning)
and plated in 30 to 50 pL drops.

Colonic stem cell organoids were cultured in Advanced DMEM/F12 (Gibco) containing
50% Whnt3a conditioned media (ATCC, Cat#CRL-2647), 10% R-spondin conditioned media
(cell line obtained from Dr. Calvin Kuo, Stanford University), 5% Noggin conditioned
media (cell line obtained from Dr. Vanesa Muncan and Dr. Gijs van den Brink®1,

Academic Medical Center, the Netherlands), 50 ng/mL EGF (Thermo Fisher Scientific,
Cat#PMG8041), B27 (Gibco, Cat#17504044), N2 (Gibco, Cat#17502048), 1 mM N-
acetylcysteine (Sigma, Cat#A7250), and 10 mM nicotinamide (Sigma, Cat#N3376). Apc-
null colonic stem cells were cultured in the above media without Wnt3a or R-spondin.
ApcIl: Kras-mutant colonic stem cells were cultured in the above media without Wnt3a,
R-spondin, and EGF®2,
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Lentivirus containing mouse Kras®220 overexpression plasmid® was produced in HEK293T
by Lipofectamine 2000 (Thermo Fisher Scientific) transfection. Retrovirus containing
mouse KrasC12C (Addgene, Cat#64376) was produced in HEK293T by FUGENE (Promega)
transfection.

To overexpress genes in organoids, organoids were dissociated with TrypLE (Gibco) for 5
minutes at 37 °C, washed with HBSS (Gibco) with FBS and spun down at 400 x g. The
organoid pellets were resuspended in Advanced DMEM/F12 (Gibco) medium supplemented
with 10 uM Y-27632 (EMD Millipore) and mixed with lentivirus or retrovirus in ultra-low
attachment plate (Corning), spun at 600 x g for 60 minutes at 32 °C. The cells were
incubated at 37 °C for 4 hours for recovery and seeded in Matrigel (Corning).

All iKAP tumour organoids were derived from iKAP mice that were genotyped before
performing experiments and were verified by regularly checking morphology. KRAS
mutation in iKAP organoids was validated with GFP+ flow sorting. Normal mouse
colonoids were checked by western blot for mutations and related pathway activation/
deactivation (that is, KRAS(G12D), pERK, p53, p21 and active p-catenin). All organoids
were confirmed mycoplasma-free. The iKAP organoids will be made available by the
corresponding author under MTA.

Migration and invasion assays.

For 2D assays, cells were plated on the upper chamber of the Transwell with pore size of 8
um (Corning, coated with Matrigel for invasion assay) in culture media without FBS. For 3D
organoid invasion assay, organoids were dissociated into single-cell clones and mixed with
Matrigel before adding to upper chamber of the Transwell. Conditioned media with 20%
FBS was added to the lower chamber of the Transwell. Cells were cultured for 24 hours and
were fixed and stained with crystal violet with 20% methanol. Cells at the upper chamber
were removed with a cotton swab. Images were taken and numbers were counted in Fiji
ImageJ (version 2.1.0) for the cells attached to the bottom side of the Transwell membrane.

Proliferation assay.

Cells (5x10%) were plated in 48-well plates. Cells were incubated in IncuCyte (Sartorius)
and images were taken every 4 hours for 84 hours. Cell confluency was calculated in the
IncuCyte software ZOOM 2018A.

Western blotting and membrane fractionation.

For Western blot analyses, cells were lysed on ice using RIPA buffer (Boston BioProducts)
supplemented with protease and phosphatase inhibitors (Roche). Cell lysate was sonicated
for 10 cycles with 30 seconds on and 30 seconds off using Biorupter (Diagenode). After
spinning down, protein extracts were collected from the supernatant and concentrations
were measured with the Pierce BCA Protein Assay kit (Thermo Fisher Scientific) on
CLARIOstar plate reader (BMG LABTECH). Protein solutions were mixed with NUPAGE
LDS Sample Buffer (4X) (Invitrogen) with 10% pB-mercaptoethanol and boiled at 95 °C for
10 minutes before loading onto NUPAGE 4-12% Bis-Tris gels (Thermo Fisher Scientific).
Precision Plus Protein Dual Color Standards (BIO-RAD) were used. The primary
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antibodies used include anti-ERK (Cell Signaling Technology, Cat#9102, 1:1000), anti-
phospho-ERK1/2 (Cell Signaling Technology, Cat#4370, 1:1000), anti-STAT4 (Invitrogen,
Cat#714500, 1:500), anti-phospho-STAT4 (Ser721) (Invitrogen, Cat#PA5-64562, 1:1000),
anti-p-actin (Sigma, Cat#A2228, 1:2000), anti-non-phospho (active) p-catenin (Cell
Signaling Technology, Cat#8814, 1:1000), anti-total g-catenin (Cell Signaling Technology,
Cat#9587, 1:1000), anti-Ras (G12D) (Cell Signaling Technology, Cat#14429, 1:1000),
anti-vinculin (Sigma, Cat#V9131, 1:500), anti-p53 (Cell Signaling Technology, Cat#32532,
1:1000), anti-claudin-1 (Abcam, Cat#ab15098, 1:200), anti-p21 (Abcam, Cat#ab188224,
1:1000) and anti-NaK ATPase (Abcam, Cat#ab76020, 1:100000) antibodies. The secondary
antibodies used include anti-rabbit 1gG, HRP-linked (Cell Signaling Technology, Cat#7074,
1:5000) and anti-mouse 1gG, HRP-linked (Cell Signaling Technology, Cat#7076, 1:5000).
Membrane fractionation was performed using Subcellular Protein Fractionation Kit for
Cultured Cells (Thermo Fisher Scientific) following the manufacturer’s protocol. Western
blot images were taken on ChemiDoc Touch Imaging System (BIO-RAD) and analyzed in
Image Lab software (version 6.0.1). All western blot raw data are shown in Supplementary
Figure 1.

ChIP was performed following the previous publication®3. Briefly, iKAP cells were
harvested via cross-linking with formaldehyde followed by quenching with glycine. Then
cells were washed with ice-cold PBS and lysed on ice for 30 minutes in ChlP harvest buffer.
Lysed cells were sonicated with a Bioruptor (Diagenode) to obtain chromatin fragments
(~200-500bp) and soluble chromatin fractions were obtained by centrifugation. Ten percent
of supernatant was set aside as input. Soluble chromatin was diluted five times using

ChIP dilution buffer with Mini Protease Inhibitor Cocktail (Roche). Anti-H3K4mel (Cell
Signaling Technology, Cat#5326, 1:50), anti-H3K4me2 (Abcam, Cat#ab7766, 5 pg for 3

x 108 cells), anti-H3K4me3 (Abcam, Cat#ah8580, 5 pg for 3 x 108 cells), anti-H3K27ac
(Abcam, Cat#ab4729, 5 ug for 3 x 108 cells), anti-mouse STAT4 (Invitrogen, Cat#714500,
1:100) antibodies and Dynabeads Protein G (Invitrogen) were incubated at 4 °C followed
by washing with ChlIP dilution buffer. Antibodies and beads were added to samples and
incubated with rotation at 4 °C overnight. On the next day, magnetic protein G beads-
antibody-protein complexes were separated by placing the sample tube on a magnetic rack.
The samples were then washed in RIPA wash buffer, RIPA-500 wash buffer and LiCl

wash buffer. Together with input, samples were reverse crosslinked with direct elution
buffer, RNase A (Invitrogen) and Proteinase K (Invitrogen) overnight. On the next day, the
supernatant was transferred to a new tube and 2.3X AMPure XP beads (Beckman Coulter)
were added to purify the DNA. DNA was washed with 70% ethanol and eluted with 10

mM Tris-Cl buffer. The ChlIP-seq library was prepared using KAPA HyperPrep Kit (Roche)
following manufacturer’s protocol and sequenced on Illumina NextSeq 500 High Output
with 76nt single-read by the Advanced Technology Genomics Core at The University of
Texas MD Anderson Cancer Center. NextSeq RTA (version 2.4.11.0) was used for base
calling and bcl2fastq (version 2.20.0) was used to convert the .bcl files into .fastq files.
Fastgc (version 0.11.8) was used to QC fastq data. Trimmomatic (version 0.33) was used

to trim adapter sequence. Fastq files were aligned to the mouse reference genome (mm9)
using Bowtie (version 1.2.2). SAMtools (version 1.9) was used to convert .sam file to .bam
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file. Deeptools (version 2.7.15) was used to generate .bigwig files that were loaded to IGV
software (version 2.9.2) for visualization. Peaks were called using MACS (version 1.4.2)
and annotated in R (version 3.5.2) using R package ‘ChlPseeker’ (version 1.28.3). Heatmaps
were generated in R using package ‘EnrichedHeatmap’ (version 1.22.0). Metaplots were
generated in R using package ‘Tidyverse” (version 1.3.1). MACS2 (version 2.1.2) was used
to identify the differential binding of each protein in different conditions.

Luciferase reporter assay.

Mouse Kdmbd promoters with or without mutations were cloned into pGL3 luciferase
vector by GenScript Biotech. Mutagenesis for mouse phospho-dead STAT4 was also
performed by GenScript. The sequences bearing mSTAT4-Y693F, S721A, or S723A
mutations were inserted into pCMV6-Entry vector. Luciferase vector and STAT4 ORF
vector were co-transected into HEK293T cells with Lipofectamine 2000 (Thermo Fisher
Scientific). After 24 hours, the medium was removed, and luciferase reporter assay

was performed using Dual-Luciferase Reporter Assay Kit (Promega) following the
manufacturer’s protocol. The firefly luciferase signal was normalized to Renilla luciferase
(internal control).

Transmission electron microscopy and tight junction integrity measurement.

iAP, iIAP-KDMS5D, and iKAP tumours were collected from mice approximately 100 days
after 4-OHT and +/- dox water induction. Samples were fixed with a solution containing 3%
glutaraldehyde plus 2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.3, then washed
in 0.1 M sodium cacodylate buffer and treated with 0.1% Millipore-filtered cacodylate
buffered tannic acid, postfixed with 1% buffered osmium, and stained en bloc with 1%
Millipore-filtered uranyl acetate. The samples were dehydrated in increasing concentrations
of ethanol, infiltrated, and embedded in LX-112 medium. The samples were polymerized in
a 60 °C oven for approximately 3 days. Ultrathin sections were cut in an Ultracut microtome
(Leica), stained with uranyl acetate and lead citrate in a Leica EM Stainer, and examined

in a JEM 1010 transmission electron microscope (JEOL) at an accelerating voltage of

80 kV. Digital images were obtained using AMT Imaging System (Advanced Microscopy
Techniques Corp). After randomizing the images and removing sample information, the
number of tight junction kissing points was counted by three independent researchers.

Dextran paracellular permeability assay.

Cells were plated on Transwell with pore size of 0.4 um (Corning) for two days to

form an even monolayer. Fluorescein isothiocyanate—dextran (Sigma, Cat#FD2000S) was
added to the upper chamber of the Transwell and incubated at 37 °C for 3 hours. After
incubation, cells in the upper chamber were detached and the cell numbers were counted.
The FITC signal in the lower chamber was measured with a CLARIOstar plate reader (BMG
LABTECH) (Exc: 485 nm and Em: 544 nm) and the signal was normalized to cell numbers.

Immunofluorescence and confocal imaging.

Cells were seeded on top of the membrane of a Transwell with 0.4 um pore size (Corning)
for two days to form a monolayer. After washing with PBS, cells were fixed with 2%
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paraformaldehyde (PFA)/PBS, for 15 minutes at RT. After PBS washing, cells were
incubated with 0.5% Triton X-100/PBS for 10 minutes at RT and washed with PBS. Cells
were then incubated with 10% calf serum/PBS for 1 hour at RT to block unspecific binding
to antibody. Anti-ZO-1 antibody (Invitrogen, Cat#617300, 1:50) was diluted in dilution
solution (10 mM Tris-HCI [pH 7.5], 0.05% Tween-20, 150 mM NacCl, 0.1% [w/v] BSA)
and added to samples for overnight incubation at 4 °C. On the next day, cells were washed
with PBS with 0.05% Tween-20. Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 488 (Invitrogen, Cat#A11008, 1:500) was added to cells and
incubated for 1 hour at RT. After PBS-Tween washing, the membrane was cut and placed
on the glass slide and flanked by two tape strips on each side to avoid squeezing the cells
on the membrane. The membrane was then covered with mounting medium and coverslip.
Confocal imaging was performed using Leica SP8 Laser Scanning Confocal Microscope
(SP8) at the Advanced Microscopy Core at The University of Texas MD Anderson Cancer
Center.

Immunoprecipitation-MS.

LoVo cells were infected by lentivirus containing Flag-hKDMS5D construct. Cells were
harvested and washed with ice-cold PBS then lysed in RIPA buffer (50 mM HEPES [pH
7.4], 150 mM NacCl, 1% NP-40, 1 mM EDTA, 1X protease and phosphatase inhibitor
cocktail [Thermo Fisher Scientific]). Cell debris was removed with centrifugation, and 5%
of the supernatant was saved as input. Cell lysates were pre-cleared with Protein A/G

Plus Agarose (Thermo Fisher Scientific) for 30 minutes at 4 °C. Samples were incubated
with anti-Flag antibody (Sigma, Cat#F1804, 1:200) or anti-mouse 1gG (Sigma, Cat#06-371,
1:200) overnight at 4 °C, and Protein A/G Plus Agarose was then added and incubated for
an additional 2-3 hours at 4 °C. The immunoprecipitates were washed with RIPA buffer
and PBS, recovered with s.d.S sample buffer and separated on s.d.S-PAGE. Gel bands

were digested overnight with trypsin (Pierce) following destaining, reduction with DTT and
alkylation with iodoacetamide (Sigma). The samples then underwent solid-phase extraction
cleanup with an Oasis HLB plate (Waters) and the resulting samples were injected onto an
Orbitrap Fusion Lumos mass spectrometer coupled to an Ultimate 3000 RSLC-Nano liquid
chromatography system. Samples were injected onto a 75 um i.d., 75-cm long EasySpray
column (Thermo Fisher Scientific) and eluted with a gradient from 1-28% buffer B over 90
minutes. Buffer A contained 2% (v/v) ACN and 0.1% formic acid in water, and buffer B
contained 80% (v/v) ACN, 10% (v/v) trifluoroethanol, and 0.1% formic acid in water. The
mass spectrometer was operated in positive ion mode with a source voltage of 1.8 kV and
an ion transfer tube temperature of 275 °C. MS scans were acquired at 120,000 resolution
in the Orbitrap and up to 10 MS/MS spectra were obtained in the ion trap for each full
spectrum acquired using higher-energy collisional dissociation (HCD) for ions with charges
2—7. Dynamic exclusion was set for 25 s after an ion was selected for fragmentation.

Raw MS data files were analyzed using Proteome Discoverer v2.2 (Thermo Fisher
Scientific) with peptide identification performed using Sequest HT searching against the
human protein database from UniProt. Fragment and precursor tolerances of 10 ppm and 0.6
Da were specified, and three missed cleavages were allowed. Carbamidomethylation of Cys
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was set as a fixed modification, with oxidation of Met set as a variable modification. The
false-discovery rate (FDR) cutoff was 1% for all peptides.

HEK?293T cells were transfected with plasmids of Flag-hKDM5D, hSAP18-GFP (OriGene,
Cat#RC205607L4), or Flag (Addgene, Cat#20011) or GFP (OriGene, Cat#PS100072)
control vectors. Flag-IP was performed as described above, followed by western blotting
using antibodies for anti-Flag (Sigma, Cat#F1804, 1:1000), anti-GFP (Cell Signaling
Technology, Cat#2956, 1:1000), anti-HDACL1 (Cell Signaling Technology, Cat#34589,
1:1000) and anti-HDAC2 (Abcam, Cat#ab16032, 1:1000).

Flow cytometry and antigen presentation assay.

The recommended protocol, BioLegend Cell Surface Flow Cytometry Staining Protocol,
was followed. Briefly, the cells were washed in Cell Staining Buffer (BioLegend),
centrifuged at 350 x g for 5 minutes at 4 °C, incubated for 10 minutes on ice in 1 ug

of TruStain FcX anti-mouse CD16/32 antibody (BioLegend, Cat#101319, 1:50) diluted in
Cell Staining Buffer, and stained for 20 minutes on ice in the dark with APC anti-mouse
H-2Kb/H-2Db (BioLegend, Cat#114613, 1:40). Cells were analyzed by flow cytometer
LSRFortessa X-20 Analyzer (Becton Dickinson) and FlowJo (version 10.8.0).

For antigen presentation assay, L2-3 and KO iKAP cells were treated with 10 ng/mL
recombinant mouse Interferon-gamma (IFN-y) protein (Abcam, Cat#ab9922) and 2 mg of
ovalbumin protein (InvivoGen, Cat#vac-pova) for 48 hours. For flow cytometry, the above
cells were stained with Anti-H2Kb/SIINFEKL-APC antibody (Miltenyi Biotec, Cat#130—
102-175, 1:10). Flow cytometry gating strategies are shown in Supplementary Figure 2.

OT-1 CD8* T cell stimulation, purification and T cell killing assay.

An 8-week-old male OT-1 mouse was euthanized following IACUC protocol and the spleen
was removed. The spleen was disrupted in PBS containing 2% FBS. The aggregates and
debris were removed by passing cell suspension through a 70-um mesh nylon strainer. The
cells were centrifuged at 300 x g for 10 minutes and resuspended in T cell culture medium
(RPMI-1640 + 2.05 mM L-Glutamine [Cytiva], GlutaMAX [Thermo Fisher Scientific], 1x
penicillin/streptomycin [Invitrogen]) with 5 uM ovalbumin (257-264) peptide (InvivoGen,
Cat#tvac-sin) and 30 U/mL mouse IL-2 (Abcam, Cat#ab9856) for 6 days for OT-1 CD8* T
cell stimulation. After stimulation, the CD8* T cells were isolated with Mouse CD8* T Cell
Isolation Kit (Stemcell) following the manufacturer’s recommended protocol. The isolated
CD8™ T cells were cultured with T cell culture medium as mentioned above supplemented
with 30 U/mL mouse IL-2 and p-mercaptoethanol (1000X).

The cancer cells were treated under the same conditions as in the antigen presentation assay.
After 24 hours of treatment, ovalbumin and IFN-y were washed off, the cells were detached
and counted, and 10 times the activated CD8* T cells were added. On the next day, all cells
were collected and stained with SYTOX Blue Dead Cell Stain (Invitrogen). The single iKAP
cell was separated with GFP+ signal and the percentage of dead cells (SYTOX Blue+) was
calculated in FlowJo (version 10.8.0).
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HiChIP was performed following published protocol33. Briefly, the cells were fixed in

1% formaldehyde for 10 minutes at RT and quenched by glycine for 10 minutes. After
washing with PBS, cells were resuspended in Hi-C lysis buffer and rotated at 4 °C for

30 minutes. Nuclei were pelleted, washed with Hi-C Lysis Buffer and resuspended in
0.5% s.d.S, which was diluted and quenched by Triton X-100. NEB buffer 2 and Mbol
restriction enzyme (New England Biolabs, Cat#R0147) were used to fragment the genome
and the DNA fragments were labeled with biotin-dATP (Thermo Fisher Scientific). Proximal
DNA fragments were then ligated using NEB T4 DNA ligase (New England Biolabs,
Cat#MO0202). The nuclear pellet was lysed in nuclear lysis buffer and chromatins were
then sonicated using a Covaris E220 and clarified by centrifugation. Clarified samples
were diluted in ChIP Dilution Buffer. Samples were precleared with Dynabeads Protein

G (Invitrogen). H3K27ac antibody (Abcam, Cat#ab4729) was added at a concentration of
3.75 ug per 5x108 cells and incubated overnight at 4 °C. Dynabeads Protein G beads were
used to capture the antibody-protein-DNA complex. The captured samples were washed
with low-salt wash buffer, high-salt wash buffer and LiCl wash buffer. The DNA was
reverse crosslinked in DNA elution buffer and incubated with Proteinase K (Invitrogen).
The DNA was purified using DNA Clean and Concentrator columns (Zymo Research) and
eluted in water. After quantification using Qubit ds.d.NA HS Assay Kit (Thermo Fisher
Scientific), Streptavidin C-1 beads (Thermo Fisher Scientific) were added to samples to
capture the biotin-labeled DNA. After washing, DNA was mixed with Tn5 transposase
(IMumina) for tagmentation for library preparation. DNA was amplified by Phusion HF
(New England Biolabs), Nextera Ad1_noMx and Nextera Ad2.X (see ref.33 for primer
sequences). After removing the primers with Ampure XP beads (Beckman Coulter) cleanup,
the Nextera_i7Short and Nextera_i5Short primers (see ref.33 for primer sequences) were
added to samples for additional PCR reactions. The DNA was size-selected using Ampure
XP beads to capture fragments between 300bp and 700bp. Libraries passed the QC and
were sequenced on NovaSeq6000 SP-xp flow cell. HiChIP data were aligned to mm9
genomes using the HiC-Pro pipeline® (version 2.11.1) with the default settings. Interaction
loops were called with hichipper (version 0.7.7) (https://github.com/aryeelab/hichipper)
and converted into .hic format files and loaded into juicer tools (version 1.13.02) (https://
github.com/aidenlab/juicer/wiki/Download) for visualization.

Super-enhancer prediction.

GSEA.

Super-enhancers in iKAP cells were called using ROSE31:32 (version 0.1) main program
‘ROSE_main.py’ on Python (version 2.7.3), with reference genome mm9. The data files
used to run the program include .bed and .bam files from H3K27ac ChlP-seq and .bam file
from the input in the ChlP-seq.

GSEA was done using GSEA (version 4.1.0). For GSEA analysis of KDM5D-high
versus low patients, TCGA male CRC was divided into KDM5D-low and KDM5D-
high based on KDM5D expression in RNA-seq with the optimal cutoff value

of gene expression determined with the website-based tool, Cutoff Finder®® (https://
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molpathoheidelberg.shinyapps.io/CutoffFinder_v1/). Whole-genome expression data were
loaded to GSEA (version 4.1.0) and gene set data ‘c7.all.v7.4.symbols.gmt [Immunologic
signatures]’ was used. Results were filtered with FDR<0.25 as the cutoff.

Gene set variation analysis.
KRAS signalling score was calculated by R (version 3.5.2) and R package ‘GSVA’ (version
1.40.1) using TCGA male KRAS* CRC RNA-seq data and KRAS signalling activation
signature derived from differentially expressed genes in RNA-seq of iKAP tumours with dox
on versus off (SRP097890).

Transcription factor binding site prediction.

The transcription factor bound to mouse Kdmbd and human KDM5D promoter was
predicted using JASPAR 2022 (http://jaspar.genereg.net/). Mouse and human DNA
sequences of 1kb upstream and downstream of Kamb5d KDM5D TSS were used as input
for JASPAR 2022 with relative profile score threshold of 85%.

Statistics and reproducibility.

All statistical tests were performed in GraphPad Prism 8. All experiments were repeated
independently at least three times with similar results unless specified in the figure legends.
Statistical analyses are noted in figure legends.
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Extended Data Figure 1. CRC sex differencesin survival and metastasis are KRAS*-specific.
a, Stages of female and male iAP and iKAP tumours (two-tailed Chi-square test). b, c,

Kaplan-Meier OS analysis for patients in CRCSC data set. d, e, Kaplan-Meier disease-free
survival (DFS) analysis for patients in CRCSC data set. For survival analysis (b-€), log-rank
(Mantel-Cox) test was used.
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Extended Data Figure 2. Comparisons of proximal and distal CRC in humans and mice.
a, Kaplan-Meier OS analysis for patients in CRCSC data set. b, Frequency of KRAS

mutation in patients in CRCSC data set (two-tailed Binomial test). ¢, Subtypes of KRAS
mutations in patients in CRCSC data set. d, Kaplan-Meier DFS analysis for patients with
stage 1 or stage 2 cancers in CRCSC data set. e, Percentage of mutation combinations

of KRAS (‘K”), APC (*‘A’) and TP53(‘P’) in TCGA CRC patients. f, Kaplan-Meier OS
analysis for patients with indicated mutations in TCGA CRC data set. g, Stages of iKAP
proximal tumours induced by injection of 4-OHT at proximal colon (two-tailed Chi-square
test). For survival analysis (a, d, f), log-rank (Mantel-Cox) test was used.
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Extended Data Figure 3. KDM5D is upregulated in KRAS* driven metastasis.
a, gPCR of Kdm5d in male normal colonoids isolated from proximal (‘pro”) or distal

(“dis”) colon of healthy mice. Relative expression was calculated by normalizing to the
‘WT’ condition of each pair (7=3 wells per group). b, Western blot confirming successful
overexpression of KRASCG12D and activation of KRAS signalling and STAT4 signalling in
colonoids used in a. Phospho-STAT4 and total STAT4 levels were quantified by normalizing
to Actin and “WT’ condition. The samples were derived from the same experiment and
gel/blots were processed in parallel. ¢, Two-tailed Pearson correlation analysis of KRAS
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signalling score and KDM5D expression in TCGA male CRC patients. KRAS signalling
score was calculated with GSVA using expression of all genes in TCGA RNA-seq data

and KRAS signalling activation signature which was derived from differentially expressed
genes in RNA-seq of iKAP tumours with dox on versus off (SRP097890) (/=58 proximal
CRC patients; 7=38 distal CRC patients). d, g°PCR of Kam5d'in male normal colonoids
with indicated genotypes (77=3 wells per group). e, Western blot of colonoids with indicated
genotypes in d. The samples were derived from the same experiment and gel/blots were
processed in parallel. f, qPCR of Kdm5d in male normal colonoids. Relative expression
was calculated by normalizing to ‘WT’ (/=3 wells per group). g, gPCR of Kdmb5din 3346
and matched liver metastatic cell line L2—1 (independent of L2-3). Relative expression was
calculated by normalizing to 3346 (/=3 wells per group). h, gPCR of Kam5din organoids
derived from male iKAP primary (‘Pri”) and matched spontaneous liver metastatic (‘Mets’)
tumours. Relative expression was calculated by normalizing to “Pri’ (/=3 wells per group).
i, Representative images of in vitro invasion assays of organoids used in h to validate the
increased mobility of metastatic cells compared to primary cells. j, Quantitation of i (7=3
wells per group). k, Expression of KDM5D in human male CRC cell lines with KRAS
mutations in CCLE database. |, Kaplan-Meier OS analysis for TCGA male CRC patients
with high or low KDM5D expression (log-rank (Mantel-Cox) test). The optimal cutoff
value of KDM5D expression was determined with Cutoff Finder application. m, Kdmbsc
expression (zscore) iKAP tumour RNA-seq data (SRP097890). n, KDM5C expression

in TCGA CRC patient RNA-seq data. o, KDM5C expression in CRC patients in Tsuji
Colorectal Cancer RNA microarray data set downloaded from Oncomine database. For box
plots in m-o, center lines denote medians; box limits denote 25th—75th percentile (Q1-Q3);
whiskers are drawn up to the smallest or largest observed value that was still within 1.5
times the interquartile range below the first quartile or above the third quartile, respectively;
all other observed points are plotted as outliers). All bar plots show mean value + s.d.;
except for correlation analysis (c) and survival analysis (I), Pwas derived with two-tailed
unpaired ¢test; no adjustment for multiple comparisons.

Nature. Author manuscript; available in PMC 2023 September 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

Page 25
a Kdm5d b e — c d l\}ggrgtlon Invasion
1.5 100 - KO2 2400 P =0.0004 E50
S P<00001 o e S 2 340
2 P <0.0001 > / © .| © 300 o
040 3 > s o Q
o S s /= 200um| gZOO g30
o £50 5 £ £
Qo c 2 20
205 <] Pvalie @I 2 2
= © — 33468, 2 = 100 =10
; A - 3 3
&
0 e N ¥ © ooKSJ INEDSS 0 D NS .
NSy CcdA®mFT O~ 200
YEOL WA
Ve Hours Radiance i
e . P <0.0001
1500 SubQ 800 SubQ P=0.0329 p=0.1421
T —12-3 (n=4) T 5 8 §
£ —KO1 (n=5) 500 = &
o 1000{ KO2 (n=5) ry S
g L 4
E: 0
< 500 2 2
<] 0 £
€ ) 0|
= o4 Om=
0 ; ] 0 10 20 30 s S e
Days post inoculation Days post inoculation 9

h os (intrasplenic injection) i

696
SGeobd

L2-3

KO1

Number of gross
surface metastasis

KO2

0 10 20 30 40
Days post injection

x
3
]
°

Migration Invasion
00

P=0.0218
P=0.0234

hKDMSDT hKDMSDEP
2806 __OE OE

Liver mets

Relative expression

Invasion Migration
Cell number per field
Cell number per field _

% of tumour area in liver

Radiance
hKDM5DYT OE  hKDM5DEP? OE 80(|)O 1 27 days

P <0.0001
P <0.0001

-

oON b O © O

Extended Data Figure 4. Kdm5d deletion suppresses tumour cell metastasis.
a, qPCR of Kdmbd in L2-3 and two independent Kdmb5d knockout cell lines (‘KO1’ and

‘KO2’) derived from L2-3. Relative expression was calculated by normalizing to ‘L2-3’
(=3 wells per group). b, Proliferation assay of 3346, L2—-3 and KO1 (/=3 wells per

group; error bars indicate s.d.; two-tailed Mann-Whitney test; no adjustment for multiple
comparisons). ¢, Representative images of migration and invasion assay. d, Quantitation of

¢ (=3 wells per group). e, Growth curves of subcutaneous tumours in male nude mice
(two-tailed Mann-Whitney test; no adjustment for multiple comparisons). f, Liver metastases
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detected by luminescence in male nude mice with intrasplenically injected male iKAP cells
with a luciferase reporter (/7=5 mice per group). g, Quantitation of luminescence signals in

f (7=5 mice per group). h, Kaplan-Meier OS analysis of mice in f (#7=5 mice per group;
Log-rank [Mantel-Cox] test). i, Representative liver tissues with metastatic tumours from an
independent experimental repeat of f-h (/7=3 livers per group). j, Number of gross surface
metastasis in livers in i. Cells injected into spleen metastasize to liver through portal vein.
Surrounding the blood vessel, the cells form initial liver metastasis, followed by whole liver
spread. The formation of liver surface metastasis indicates higher metastatic potential of the
cells and more aggressive disease. k, Percentage of histologically metastatic lesion area in
all liver lobes in each mouse. |, Representative histology of liver metastasis (representing
three tissues per group). m, gPCR of KDM5D in 2806, a cell line derived from female
iKAP distal primary CRC, and 2806 with overexpression of WT or enzymatic-dead (‘ED”)
human KDM5D. Relative expression was calculated by normalizing to ‘hKDM5DWT OF’
(=3 wells per group). n, Representative images of migration and invasion assays of cell
lines in m. o, Quantitation of n (/7=3 wells per group). p, Liver metastases detected by
luminescence in female nude mice with intrasplenically injected female iKAP cells with

a luciferase reporter (=3 mice per group). g, Quantitation of luminescence signals in p
(=3 mice per group, except for /=2 mice for hKDM5DWT OE group at 27 days). r, Liver
metastatic tumours from mice in p. For all bar/dot plots (a, d, g, j, k, m, 0, q), data are
shown as mean value * s.d.; Pwas derived with two-tailed unpaired ftest; no adjustment for
multiple comparisons.
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Extended Data Figure 5. STAT4 activation correlateswith KRAS signalling activation and

KDM5D expression.
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a, STAT4 motifs in mouse and human in indicated databases. b, Representative images

of IHC of iKAP primary tumours (representing three individual tumours per group). c,

Representative images of IHC of tissue microarrays (TMA) of male CRC patients’ primary
tumours (representing results from 24 patients, as detailed in d). d, Pearson correlation
analysis of H-scores of phospho-STAT4 and phospho-ERK in nucleus of epithelial cells

in TMA of male CRC patients” primary tumours (/=24 patients, 9 with proximal CRC,
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15 with distal CRC). e, ChlP-seq tracks of STAT4 IP and input around promoters of

Socs1, SocsZ, and Socs3in iKAP cells cultured with dox. f, gPCR of L2-3 with WT or
phosphomimetic STAT4 overexpression. Relative expression was calculated by normalizing
to ‘L2-3" (/7=3 wells per group; two-tailed unpaired #test; mean value + s.d.; no adjustment
for multiple comparisons). g, Pearson correlation analysis of STAT4, SOCS1, SOCS?,
SOCS3and KDM5D expression in TCGA male CRC patients. X- and Y-axis units are
MRNA expression (RNA-seq V2 RSEM) (17=229, 228, 230, 229 patients). h, i, Pearson
correlation analysis of STAT4, SOCS2and KDM5D expression in TCGA male CRC
patients with proximal or distal primary tumours. X- and Y-axis units are mRNA expression
(RNA-seq V2 RSEM) (for h, 7=101, 102 patients; for i, /=115, 115 patients).
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Extended Data Figure 6. AMOT isdownregulated in metastasis and negatively regulated by

KDMS5D.

a, Metaplot of H3K4mel in iKAP cells. Average signal in the window of 5 kb up-/
down-stream of TSSs was used for two-tailed Mann-Whitney test. 3346 versus L2-3, P
=0.3899, L2-3 versus KO, P=0.0269, 3346 versus KO, P=0.0013. b, gPCR of 3346,
L2-1 and L2-1 with Kdm5d knockout (L2-1 KO). Relative expression was calculated by
normalizing to ‘3346’ (=3 wells per group). ¢, gPCR of human male metastatic CRC
cells LoVo and two independent KDM5D knockout clones (*KO1’ and *KO2’). Relative
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expression was calculated by normalizing to ‘LoVo’ (=3 wells per group). LoVo cell

line has KRASC3D APC loss of function mutations (nonsense mutation and frameshift
deletion) and missense mutation, and wild-type 7P53. d, gPCR of organoids from iKAP
primary (‘Pri”) and matched spontaneous metastatic (‘Mets”) tumours, which were validated
in Extended Data Fig. 3h—j. Relative expression was calculated by normalizing to ‘Pri’ (7=3
wells per group). e, RNA microarray data of CRC primary and metastatic tumours from
patients in Tsuji Colorectal Cancer data set in Oncomine (box plots, center lines denote
medians; box limits denote 25th—75th percentile [Q1-Q3]; whiskers are drawn up to the
smallest or largest observed value that was still within 1.5 times the interquartile range
below the first quartile or above the third quartile, respectively; all other observed points are
plotted as outliers). f, ChlP-seq tracks of H3K4me2/3 IP and input around Amot promoter
in iKAP cells. g, Pearson correlation analysis of AMOT and KDM5D expression in TCGA
CRC male patients. X- and Y-axis units are mRNA expression (RNA-seq V2 RSEM)
(=228 patients). h, gPCR of female colonoids with indicated genotypes (‘“WT’, wild

type; ‘K’, KRASCG12D gyerexpression in WT colonoids) and corresponding colonoids with
mouse Kdmbd overexpression. Kadmbd relative expression was calculated by normalizing to
‘KDMS5DOE’; Amot relative expression was calculated by normalizing to “Ctrl’ (=3 wells
per group). i, Growth curves of subcutaneous tumours from L2-3 cell line and L2-3 with
Amot overexpression in male nude mice (two-tailed Mann-Whitney test). j, Representative
liver metastatic tumours in male nude mice with intrasplenically injected male iKAP

cells. k, Number of gross surface metastasis in livers in j. |, Percentage of histologically
metastatic lesion area in all liver lobes in each mouse in j. m, Representative histology

of liver metastasis (representing five livers per group). n, Kaplan-Meier OS analysis of
mice from an independent experimental repeat of j-m (log-rank (Mantel-Cox) test). o,
Western blot of fractionated iKAP cell cytoplasmic membrane. NaK ATPase was used as
the membrane-specific loading control. p, g, Paracellular permeability assay of iKAP cells.
FITC-conjugated dextran with molecular weight of 2000 kDa was used (for p, /=2 wells
per group; for q, /=4 wells per group). r, GSEA of iKAP cell RNA-seq. s, Expression of
AMOT in human CRC cell lines with KRAS mutations in CCLE (box plots, center lines
denote medians; box limits denote 25th—75th percentile [Q1-Q3]; whiskers are drawn up to
the smallest or largest observed value that was still within 1.5 times the interquartile range
below the first quartile or above the third quartile, respectively; all other observed points are
plotted as outliers). All bar/dot plots (b-d, h, k, |, p, g) show mean value * s.d.. For b-g,

h, k, I, p, 9, s, Pwas derived with two-tailed unpaired #test; no adjustment for multiple
comparisons.
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Extended Data Figure 7. KDM 5D regulates H3K 27ac and super-enhancer activity.
a, b, Heatmaps (a) and metaplots (b) of H3K27ac in iKAP cells. Average signal in the

window of 5 kb up-/down-stream TSSs was used to focus on the gene enhancers, and
two-tailed Mann-Whitney test was performed. 3346 versus L2-3, £< 0.0001, L2-3 versus
KO, P<0.0001, 3346 versus KO, £< 0.0001. c, Putative super-enhancers ranked by
H3K27ac signal in iKAP cells. ‘Super’ indicates super-enhancer, ‘Typical’ indicates typical
enhancer. The super-enhancer predicted to regulate the MHC gene cluster was pointed out.
d, The percentage of long and short-range interactions in iKAP cells detected by HiChIP
analysis. e, Interaction map between and within chromosomes in iKAP cells detected by
HiChlP. f, Top: ChlP-seq tracks of enhancer markers H3K27ac and H3K4me1l in the MHC
gene cluster, super-enhancer region was highlighted in yellow; bottom: the interaction map
generated by HiChIP analysis in iKAP cells. For eand f, red to white color range indicates
more to less interaction.
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Extended Data Figure 8. TAPL1/2 areregulated by KDM5D and are correlated with CRC
metastasis and shorter survival.

a, qPCR of iKAP cells. Relative expression was calculated by normalizing to ‘3346’

(=3 wells per group). Fold changes between L2-3 and KO of all three genes were <

1.5, indicating no expression correlation between genes tested and Kdmb5d. b, qPCR of
iKAP cells. Relative expression was calculated by normalizing to ‘3346 (=3 wells per
group). ¢, gPCR of human male metastatic CRC cells LoVo and two independent KDM5D
knockout clones (‘KO1’ and ‘KO2’). Relative expression was calculated by normalizing

to ‘LoVo’ (/=3 wells per group). d, gPCR of organoids from male iKAP primary (‘Pri’)
and metastatic (‘Mets”) tumours. Relative expression was calculated by normalizing to “Pri
organoids’ (/=3 wells per group). e gPCR of female colonoids of indicated genotypes

and corresponding colonoids with mouse Kambd overexpression. Relative expression was
calculated by normalizing to ‘Ctrl” (=3 wells per group). f, g, RNA microarray data of
TAPI (f) and TAPZ(g) in CRC primary and metastatic tumours from patients in Tsuji
Colorectal Cancer data set in Oncomine (box plots, center lines denote medians; box limits
denote 25th—75th percentile [Q1-Q3]; whiskers are drawn up to the smallest or largest
observed value that was still within 1.5 times the interquartile range below the first quartile
or above the third quartile, respectively; all other observed points are plotted as outliers).
h, i, Kaplan-Meier OS analysis of TCGA CRC patients with low and high expression of
TAPI1 (h) or TAPZ2 (i) (log-rank (Mantel-Cox) test). The optimal cutoff values of 74P and
TAPZ expression were determined with Cutoff Finder application. All bar plots (a-€) show
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mean value * s.d.. For a-g, Pwas derived with two-tailed unpaired #test; no adjustment for

multiple comparisons.
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Extended Data Figure 9. KDM5D interacts with Sin3-HDAC complex.
a, b, Western blot for co-IP experiment in HEK293T cells. ‘@’ indicates control vectors.

WT, wild type, ED, enzymatic dead. ¢, qPCR of 2806 cell line and 2806 with overexpression
of WT or ED form of mouse Kdmbd. Kam5bd relative expression was calculated by
normalizing to 2806 mKDMSDWT OE’; Amot, Tap1 and Tap2 relative expression was
calculated by normalizing to ‘2806 (/=3 wells per group; two-tailed unpaired ftest; mean
value % s.d.; no adjustment for multiple comparisons).
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Extended Data Figure 10. Schematic representation of the KRAS*-STAT4-KDM 5D axisand the
mechanisms of KDM 5D driving metastasisin male-specific CRC.

CTL: CD8* cytotoxic T lymphocytes.
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Figure 1. KDM5D iscorrelated with sex-specific KRAS* CRC metastasis.
a, Kaplan-Meier overall survival (OS) analyses of iKAP and iAP male and female mice. b,

Kaplan-Meier OS analyses of CRC patients with wild-type (WT) or mutant (mut) KRAS

in an integrated data set from Colorectal Cancer Subtyping Consortium (CRCSC) (for

aand b, Log-rank (Mantel-Cox) test). c, Intersection analysis of differentially expressed
genes in two comparisons. Differential genes were filtered with fold change > 1.5 and P

< 0.05. KRAS*: oncogenic KRAS mutation. Database: SRP097890. d, Quantitative PCR
(gPCR) measuring expression of Kdm5d in cell lines derived from male iKAP distal primary
CRC (3346) and matched liver metastasis (L2-3) cultured in medium with doxycycline
(dox) on or off. Relative expression was calculated by normalizing to ‘3346 dox on’ (/7=3
wells per group; two-tailed unpaired ¢test; mean value * s.d.; no adjustment for multiple
comparisons). e, Expression of KDM5D in TCGA RNA-seq data of male CRC patients. All
KRAS mutations were included (the most common ones were G12D, G13D and G12V);
patients were not filtered based on APCand 7P53 mutations. f, Expression of KDM5D

in male CRC patients in Tsuji Colorectal Cancer RNA microarray data set downloaded

from Oncomine database. Metastasis sites included liver (/7=14), lung (/=1) and peritoneum
(rm=3) (for eand f, two-tailed unpaired #test; box plots, center lines denote medians; box
limits denote 25th—75th percentile [Q1-Q3]; whiskers are drawn up to the smallest or largest
observed value that was still within 1.5 times the interquartile range below the first quartile
or above the third quartile, respectively; all other observed points are plotted as outliers).
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Figure 2. Kdm5d transgene expression promotestumour invasiveness and metastasis.
a, Schemes of three genetically engineered mouse models. b, qPCR of total Kdm5d

expression in formalin-fixed paraffin-embedded (FFPE) tissues of primary tumours. Relative
expression was calculated by normalizing to the ‘iAP M1’ sample and housekeeping gene
Gapdh (n=3 female iAP mice, 7=3 male iAP mice, 7=3 female iAP-KDM5D mice, =1
male iIAP-KDM5D mouse; unpaired two-tailed #test; mean value * s.d.; no adjustment for
multiple comparisons). ¢, Representative images of the most invasive primary tumours and,
if any, lymph node (LN) and distal metastases. iAP and iAP-KDM5D, female; iKAP, male.
d, Percentage of TNM (tumour, node, metastasis) stages of tumours from iAP (male and
female combined), iAP-KDM5D male and female and iKAP (male and female combined)
mice (two-tailed Chi-square test).
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Figure 3. KRAS* drives KDM5D expression through STATA4.
a, Intersection of genes upregulated in KRAS* on versus off iKAP cell RNA-seq and the

predicted transcription factors (TFs) bound to mouse Kdm5d or human KDM5D promaoters.
Differential expression in RNA-seq was filtered with fold change > 1.5, < 0.05. RNA-seq
data were retrieved from SRP097890. b, Stat4 expression (z-score) in RNA-seq data of

a (=5 pairs of matched dox (KRAS*) on or off iKAP cells; two-tailed paired ftest). c,
Metaplots of STAT4 ChlP-seq in male iKAP cells with dox on/off. Average signal in the
window of 5 kb up-/down-stream transcription start sites (TSSs) was used for two-tailed
Mann-Whitney test. < 0.0001. RPKM, reads per kilobase of transcript per million mapped
reads. d, ChlIP-seq tracks of STAT4 IP and Input around Kambd promoter in male iKAP
cells with dox on/off. bp, base pair. e, f, Luciferase assays of WT mouse STAT4 and
luciferase reporter driven by WT or mutant Kambd promoters (mutations at putative STAT4
binding site ~ 200bp and 700bp upstream of TSS) (€), and phospho-dead (S723A, S721A,
Y693F) or WT mouse STAT4 and luciferase reporter driven by WT Kdmbd promoter (f)
(=3 wells per group; two-tailed unpairs #test; no adjustment for multiple comparisons).
Flu, firefly luciferase activity; Rlu, Renilla luciferase activity. g, h, qPCR of Stat4 (g) and
the STAT4 driven Kdmbd expression (h). Relative expression was calculated by normalizing
to ‘L2-3" (/7=3 wells per group; two-tailed unpaired #test; no adjustment for multiple
comparisons). i, Western blot of iKAP cells. The samples were derived from the same
experiment and gel/blots were processed in parallel. For all bar plots (b, e, f, g, h), data are
mean value £ s.d..
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Figure 4. KDM5D impairstight junctionsthrough epigenetically repressing AMOT.

a, Heatmaps of H3K4me2/3 in iKAP cells. KO, knockout. b, Metaplots of H3K4me2/3
corresponding to a. Average signal in the window of 1kb up-/down-stream of TSSs (gene
promoter area) was used for two-tailed Mann-Whitney test. H3K4me2: 3346 versus L2-3,
P=0.002, L2-3 versus KO, £=10.0051, 3346 versus KO, P=0.968; H3K4me3: 3346
versus L2-3, A< 0.0001, L2-3 versus KO, £=0.0005, 3346 versus KO, £=0.0041. c,
Intersection analysis. d, gPCR of Amotin iKAP cells. Relative expression was calculated by
normalizing to ‘3346’ (7=3 wells per group). e, Representative images of migration assay of
iKAP cells. OE, overexpression. f, Quantitation of e (7=3 wells per group). g, Representative
confocal imaging of immunofluorescence staining. h, Representative transmission electron
microscopy imaging of primary iKAP tumours. The apical side of intestinal epithelial cell
was labeled. The number of images taken is indicated in i. Scale bars, 100 nm. i, Number of
visible ‘kissing points’ within tight junction structure (/7=9 tumours per group). All bar/dot
plots (d, f, i) show mean value * s.d.; Pwas derived with two-tailed unpaired #test; no
adjustment for multiple comparisons.
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Figure5. KDM5D represses MHC class | antigen processing and presentation.
a, Intersection analysis of all MHC cluster genes that were downregulated in L2-3 versus

3346 and upregulated in KO versus L2-3 and that have human orthologs. b, gPCR of 7ap1
and 7ap2in iKAP cells. Relative expression was calculated by normalizing to ‘3346 (/7=3
wells per group). ¢, Flow cytometry measurement of cell surface MHC-1 complex in iKAP
cells +/- 10 ng/ml interferon-gamma (IFNy) overnight treatment. Median fluorescence
intensity (MFI): - IFNy: unstained (grey): 527, L2-3 (blue): 765, KO (red): 1297; + IFN-y:
unstained (grey): 2048, L2-3 (dark blue): 3731, KO (orange): 5824. d, Flow cytometry
measurement of cell surface OVA 257-264 (SIINFEKL) peptide bound MHC-1 complex

in iKAP cells treated with 2 mg of ovalbumin protein and +/- 10 ng/mL IFNvy. In cand

d, the x-axis is the fluorescence intensity, the y-axis is the count of events scaled as the
percentage of the maximum count. e, Percentage of dead iKAP cells (GFP+ for iKAP

cells and SYTOX Blue+ for dead cells) in CD8* T cell killing assay (Effector: target =

10: 1) (n=3 wells per group). f, Representative images of immunohistochemistry (IHC) for
CD8 at the tumour invasive front in iAP, iAP-KDM5D and iKAP primary tumours with
comparable invasiveness (pTis and pT1). g, Quantitation of the number of CD8™ cells at the
tumour invasive front detected by IHC. h, GSEA of TCGA male CRC RNA-seq data using
gene set ‘c7.all.v7.4.symbols.gmt [Immunologic signatures]’. KDM5D-High or -Low were
determined following the same criteria as in Extended Data Fig. 3l. For b, e, g, Data are
mean value £ s.d.; Pwas derived with two-tailed unpaired ¢test; no adjustment for multiple
comparisons. FDR, false discovery rate; NES, normalized enrichment score.
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