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Loss of KDM6A-mediated genomic
instability and metabolic reprogramming
regulates response to therapeutic
perturbations in bladder cancer

Pratishtha Singh 1,9, Ranit D’Rozario1,9, Bidisha Chakraborty1,9,
Swadhin Meher1,9, Deblina Raychaudhuri1, Aminah J. Tannir1, Yang Li2,
Anurag Majumdar1, Jessalyn Hawkins1, Yun Xiong3, Philip Lorenzi3,
Padmanee Sharma 1,4,5,6, Kadir Akdemir7, Patrick Pilie4, Abhinav K. Jain 8,
Byron Hing Lung Lee 2 & Sangeeta Goswami 1,4,6

Mutations in epigenetic regulators are common in bladder cancer, yet their
impact on therapeutic responses remains unclear. Here, we identify that loss-
of-function mutations in KDM6A, a histone demethylase altered in about 26%
of advanced bladder cancers, are associated with poor survival after cisplatin
chemotherapy, whereas they correlatewith improved outcomeswith anti-PD-1
therapy. Using CRISPR-Cas9-engineered murine and human bladder cancer
models, we show that KDM6A deficiency increases formation of extra-
chromosomal circularDNAcarrying chemoresistance loci, promoting cisplatin
resistance. In parallel, KDM6A loss impairs DNA repair and rewires tumor
metabolism, reducing glycolysis and lactate output. This metabolic shift
diminishes histone lactylation in regulatory T cells, suppressing immunor-
egulatory genes and limiting expansion of PD-1hi regulatory T cells. Collec-
tively, ourfindings establish KDM6Amutation as a key regulator of therapeutic
responses, providing a foundation for its use in guiding precision therapy in
advanced bladder cancer.

Bladder cancer is the sixth most commonly occurring cancer in the
United States, with the five-year overall survival (OS) for advanced
bladder cancer being less than 10%1. Cisplatin-based chemotherapy
has been a mainstay of therapy for many decades; however the
advent of immune checkpoint therapy (ICT) and targeted therapyhas
changed the current landscape of treatment for bladder cancer2,3.

While the availability of different therapeutic agents such as che-
motherapy, ICT and targeted therapy, either as single agents or in
combination, has significantly improved outcomes, there remains a
lack of biological insight into selecting and sequencing these thera-
pies based on patient attributes to develop a personalized treatment
algorithm.
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The genes encoding key epigenetic regulators are frequently
mutated in bladder cancer4,5. These epigenetic factors orchestrate
gene expression, impacting multiple pathways governing cellular
phenotype and function6,7.While the impactofmutations in epigenetic
factors on initiation and progression of bladder tumorigenesis has
been studied8–10, the mechanistic insight into the roles of these
mutations in regulating response to therapeutic agents remains largely
unexplored. Lysine Demethylase 6A (KDM6A) is a commonly mutated
gene in bladder cancer, and approximately 26% of patients with
muscle-invasive bladder cancer harbor KDM6A mutations5. KDM6A
catalyzes the demethylation of H3K27 di- and tri- methyl (H3K27me2/
me3) marks which are repressive histone post-translational modifica-
tions (PTMs), thereby promoting transcriptional activation11,12.

Here, we investigate how inactivating mutations in KDM6A, a
frequently occurring mutation in advanced bladder cancer, regulate
responses to therapeutic perturbations including chemotherapy and
ICT in bladder cancer. Retrospective analyses of bladder cancer
patient cohorts reveal that loss-of-function mutations in KDM6A, a
histone demethylase frequently mutated in approximately 26% of
advanced bladder cancer cases, are significantly associated with
reduced overall survival (OS) following cisplatin-based chemotherapy.
Extrachromosomal circular DNA (eccDNA) has recently emerged as a
key mediator of chemoresistance across cancer types. Analysis of the
TCGA-BLCA cohort13 reveals that tumors harboring KDM6Amutations
contained a higher abundance of circular amplicons and upregulated
the expression of POLQ14,15, a key enzyme in eccDNA biogenesis. Con-
sistent with these observations, whole-genome sequencing (WGS) of
human KDM6A-knockout bladder cancer cells demonstrate genome-
wide copy number gains, particularly across chromosomes 2, 3, and 7,
indicating increased regional amplifications upon KDM6A loss. More-
over, WGS identify multiple eccDNA amplicons encompassing onco-
genes and chemoresistance-associated loci, including TP6316–18,
CLDN419,20, GLI221–24, LUC7L325,26, ERCC427, and SHCBP128–30. Together,
our data identify KDM6A loss as a key driver of eccDNA accumulation
and oncogene amplification, establishing a mechanistic link between
chromatin dysregulation and cisplatin resistance in bladder cancer,
and highlighting KDM6A as a potential biomarker for predicting
response to cisplatin-based chemotherapy.

To investigate whether KDM6A loss confers differential sensitivity
to other therapeutic modalities, we analyze outcomes in patients trea-
tedwith immune checkpoint blockade. In contrast to thepoor response
to cisplatin, patients harboring KDM6Amutations exhibit improved OS
following anti-PD-1/anti-PD-L1 therapy, suggesting a context-dependent
role for KDM6A in modulating therapeutic efficacy. Supporting this
observation, KDM6A-mutant tumors display elevated tumor mutation
burden (TMB). Mechanistic interrogation in both human and murine
models reveal that KDM6A directly regulates the transcription of genes
involved in mismatch repair (MMR) and double strand break repair
(DSBR). Loss of KDM6A result in transcriptional repression of DNA
repair programs, potentially augmenting neoantigen load and enhan-
cing tumor immunogenicity, thereby contributing to increased
responsiveness to immune checkpoint inhibitors.

In parallel, our work reveals that KDM6A is critical for tumor
metabolic shift that ultimately modifies the tumor immune micro-
environment in bladder cancer. Loss of KDM6A suppress glycolytic
flux and decrease intratumoral lactate accumulation, thereby attenu-
ating histone lactylation (H3K9la and H3K18la) in regulatory T cells
(Tregs). This epigenetic modification results in downregulation of key
immunosuppressive genes, including Foxp3, Tgfb, and Pdcd1, and
impair PD-1 expressiononTregs. Consequently, the expansion of PD-1hi

Tregs was limited following anti–PD-1 therapy, enhancing the effector
CD8⁺T cell-to-Treg ratio and improving anti-tumor immune responses
in Kdm6a-deficient tumor-bearing mice. Building on the recognized
role of lactate in Treg metabolism, our study links KDM6A-driven

metabolic remodeling to histone lactylation–mediated suppression of
Treg function within the tumor microenvironment.

Collectively, these findings establish KDM6A as a central epige-
netic regulator integrating genomic stability, metabolic state, and
immunologic context to govern therapeutic responsiveness in bladder
cancer. By delineating distinct mechanisms through which KDM6A
mutations mediate resistance to cisplatin-based chemotherapy and
enhanced sensitivity to anti-PD-1/anti-PD-L1 therapy, this study offers a
rational framework for biomarker-driven patient stratification and the
development of precision therapeutic strategies in KDM6A-deficient
bladder cancer.

Results
Inactivating KDM6A mutations are associated with reduced
overall survival following cisplatin therapy with concurrent
accumulations in extrachromosomal DNA formation
To understand how inactivating mutations in KDM6A impact respon-
ses to therapeutic perturbations in bladder cancer, we performed
retrospective analyses of data from patients with resectable and
advanced bladder cancer receiving cisplatin-based chemotherapy31,32.
Our analysis showed that patients with KDM6A mutations (KDM6A-
Mut) have reduced OS compared to those without the mutation
(KDM6A-WT) (Fig. 1A). To delineate the role of KDM6A in regulating
responses to cisplatin therapy, we used CRISPR-Cas9 to excise Kdm6a
from the murine MB49 bladder cancer cell line and generated inde-
pendent KDM6A-KO cell clones (sgKdm6a C1-C3) (Supplementary
Fig. 1A). Consistent with the findings from the clinical cohorts, mice
harboring sgKdm6a tumors showed resistance to cisplatin-based
chemotherapy compared to mice harboring control (sgScramble)
tumors (Fig. 1B, Supplementary Fig. 1C). To further investigate the
differential impact of cisplatin on sgScramble versus sgKdm6a cell
lines, we treated the cell lines with cisplatin in-vitro and noted sig-
nificantly higher cisplatin-induced cytotoxicity in sgScramble cells
compared to sgKdm6a cells (Fig. 1C, Supplementary Fig. 1D). Addi-
tionally, sgKdm6a cells demonstrated higher invasion, migration and
spheroid forming potential in response to cisplatin, compared to
sgScramble cells, indicating reduced sensitivity of Kdm6a-deleted
murine bladder cancer cell line to cisplatin (Fig. 1D, F, Supplementary
Fig. 1F, H, J). To validate the cisplatin-resistant phenotype of KDM6A-
mutant murine bladder cancer cells, we extended our analysis to two
human bladder cancer cell lines, RT4 and ScaBER. We performed
CRISPR-Cas9 mediated knockout of KDM6A in the cell lines, with the
resulting isogenic counterparts designated as K2 and B7, respectively,
for subsequent analysis (Supplementary Fig. 1B). In line with our
findings in murine cells, K2 and B7 cells also exhibited reduced
cisplatin-induced cytotoxicity along with greater invasion, migration
and spheroid formation than RT4 and ScaBER cells, respectively
(Fig. 1C, E, G, Supplementary Fig. 1E, G, I, K). Importantly, we observed
no change in cellular proliferation rate between the control and
KDM6A knockout cells over the treatment period (Supplemen-
tary Fig. 1L).

Notably, extrachromosomal circular DNA (eccDNA) has recently
emerged as a key player driving resistance to cisplatin-based
chemotherapy33–35. Therefore, we compared eccDNA levels between
sgScramble and sgKdm6a cells. Purification of eccDNA followed by
rolling-circle amplification demonstrated a higher abundance of
eccDNA in sgKdm6a cells (Supplementary Fig. 2A). Importantly, ana-
lysis of chromosomal structural variants in the TCGA dataset13 also
demonstrated that patients harboring KDM6A mutation exhibited
more circular amplicons(eccDNA) (Supplementary Fig. 2B), with con-
sistent upregulation of POLQ expression14,15 (Supplementary Fig. 2C).
Importantly, we noted that eccDNA derived frompatients with KDM6A
mutation selectively amplify SPP1, SHCBP1 and EGFR genes, strongly
associated with cisplatin-resistance28,29,36–38 (Supplementary Fig. 2D).
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To further substantiate the role of KDM6A loss in eccDNA generation
and cisplatin resistance, we performed Whole Genome Sequencing
(WGS) ofRT4 andKDM6AKORT4 (K2) cell lines.We identifiedgenome
wide increase in copy numbers in various regions specifically in chro-
mosomes 2, 3 and 7 in K2 cells (Fig. 1H). Analysis of the circular-
amplicons using Circle-map showed multiple circular amplicons car-
rying critical genes implicated in promoting cisplatin resistance

including TP63, CLDN4, GLI2, LUC7L3, ERCC4 and SHCBP1 (Fig. 1I,
Supplementary Fig. 2E). Further scatter plots for the eccDNA gene loci
in these chromosomes demonstrated increased copy numbers in K2
cells thanRT4 cells (Fig. 1I, Supplementary Fig. 2F). Cumulatively, these
findings indicate that the lossofKDM6Aconfers resistance to cisplatin-
based chemotherapy through accumulation of eccDNA harboring
oncogenes linked to cisplatin resistance and may serve as a potential
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biomarker of cisplatin-based chemotherapy resistance in advanced
bladder cancer.

Loss of KDM6A impairs theMMRmachinery and correlates with
improved overall survival following immune checkpoint
therapy
Given the associationbetweenKDM6A loss and cisplatin resistance, we
next investigated whether KDM6A mutations impact the response to
immune checkpoint therapy (ICT), a key therapeutic modality for
patients with advanced bladder cancer. Analyses of the IMVigor210
cohort (N = 275)wherepatientswith advancedbladder cancer received
anti-PD-L1 therapy39 demonstrated that patients harboring the KDM6A
mutation had significantly improved OS in response to anti-PD-L1
therapy compared to patients without KDM6A mutation (Fig. 2A).
Analyses of another cohort40 of patients with advanced bladder cancer
receiving ICT (MSK_2018, N = 148) also showed improved OS in
KDM6A-Mutpatients (SupplementaryFig. 3A). Further, consistentwith
the findings from the clinical cohorts, deletion of Kdm6a in murine
bladder cancer cell line attenuated tumor growth following anti-PD-1
therapy in tumor-bearing mice (Fig. 2B, Supplementary Fig. 3B) con-
firming the association of inactivating KDM6A mutations with
improved response to anti-PD-1 therapy.

Additionally, we noted higher tumor mutation burden (TMB) in
patients with KDM6A mutations, (Fig. 2C). Since higher TMB is fre-
quently driven by mutations in genes encoding enzymes involved in
DNAMMR41, we investigated the frequency of MMR genemutations in
the TCGAbladder cancer patient cohort (N = 412).However, wedid not
note any cooccurrence of the KDM6A mutation with mutations in the
genes associated with the MMR pathway in these patients (Fig. 2D).
Notably, analyses of the HCRN dataset42 demonstrated decreased
expression of several critical genes involved in the MMR pathway
including MSH2 and MSH6 in patients harboring the KDM6A mutation
indicating an attenuated MMR machinery in these patients (Supple-
mentary Fig. 3C). This highlighted a distinct KDM6A-mediated path-
way regulating genes associated with the MMR machinery and TMB.

Next, to investigate the mechanisms by which KDM6A regulates
the expression of genes involved in the MMR pathway in bladder can-
cer, we performed chromatin immunoprecipitation sequencing (ChIP-
seq) of sgScramble and sgKdm6a cells.Wenoteddirect KDM6Abinding
to multiple MMR genes including Msh2 and Msh6, in sgScramble cells
with lack of binding of KDM6A to these genes following the loss of
Kdm6a in sgKdm6a cells (Fig. 2E, Supplementary Fig. 3D, F, G, I).
Importantly, we also observed enrichment of H3K27me3 marks with
concurrent attenuation of H3K4me3 enrichment in these genes in the
absence of KDM6A (Fig. 2E, F, Supplementary Fig. 3E–I).

We used RNA-sequencing (RNA-seq) based gene expression stu-
dies to confirm the downregulation of the MMR genes in sgKdm6a

cells. RNA-seq demonstrated a reduction in the expression of theMMR
genes in sgKdm6a cells (Fig. 2G, Supplementary Fig. 3J), mirroring the
findings from the patient cohorts, suggesting KDM6A- and H3K4me3-
mediated regulation of these genes. To confirm the reduction in MMR
enzyme expression at the protein level, we performed flow cytometry.
This analysis revealed decreased expression of MSH2 and MSH6 in
sgKdm6a cells compared to sgScramble cells (Fig. 2H). Consistent with
these observations, both K2 and B7 cell lines exhibited an attenuation
of MSH2 and MSH6 in both transcript and protein levels (Fig. 2I,
Supplementary Fig. 4A-C). Further investigation using ChIP-qPCR in
the RT4 and K2 cell lines demonstrated a reduced binding of KDM6A
to specific MMR genes including MLH1 and MSH6 in K2 cells (Supple-
mentary Fig. 4D), Additionally, we noted a reduced enrichment of the
H3K4me3 in MLH1, MSH6 and MSH2 genes in absence of KDM6A
(Supplementary Fig. 4E) which further solidified our data in murine
sgKdm6a clones.

Disrupted MMR pathway is associated with microsatellite
instability and anMSI-high phenotype43,44. Therefore, to determine the
functional impact of the decreased expression of MMR genes in
sgKdm6a tumor cells, we compared microsatellite instability (MSI) in
sgScramble versus sgKdm6a MB49 tumors. We used fluorescent
fragment length analysis (FFLA) to compare the microsatellite
instability in sgScramble (N = 7) and sgKdm6a (N = 7) tumors. FFLA
involves labeling DNA fragments with fluorescent dyes and analyzing
their sizes and distribution via capillary electrophoresis. Importantly,
analysis of electropherogram peaks revealed a significant left shift of 5
nucleotides in the modal (tallest) peak in sgKdm6a tumors compared
to sgScramble tumors indicating contraction of the mBAT-64 micro-
satellite length and genetic instability (Fig. 2J, Supplementary Fig. 4F).
Similarly, wenoted a right shift of 5 nucleotides in themodalpeak inK2
cells compared to RT4 cells indicating expansion of the NR21 micro-
satellite (Supplementary Fig. 4G, H). Cumulatively, these findings
indicate that KDM6A modulates the epigenetic landscape by altering
the enrichment of repressive H3K27me3 and active H3K4me3marks at
the promoter regions of DNA MMR genes thus regulating their
expression andmicrosatellite instability inmurine and human bladder
cancer cells.

The MMR-deficient, MSI-h phenotype has been associated with
improved responses to ICT45,46 and reduced sensitivity to platinum-
based chemotherapy47–50. Therefore, attenuated MMR activity follow-
ing the loss of KDM6A could account for improved response to ICT
while decreasing sensitivity to cisplatin.

Loss of KDM6A impairs the double-stranded break repair
pathway
In addition to reduced expression of genes involved in the MMR path-
way following the loss of KDM6A, we observed lower expression of

Fig. 1 | Inactivating KDM6A mutations reduce OS with cisplatin in bladder
cancer, by promoting extrachromosomal DNA formation. A. Kaplan-Meier plot
demonstrating OS of advanced bladder cancer patients with (KDM6A-Mut) and
without (KDM6A-WT) KDM6A mutation receiving platinum-based chemotherapy
(n = 59 patients, KDM6A-Mut =17, KDM6A-WT= 42). Two-tailed Log-rank test was
performed. B. Box-and-whisker plot illustrating weights of MB49 sgScramble and
sgKdm6a Clone C1 tumors from mice treated with and without cisplatin-based
chemotherapy (n = 10 mice per group). C. Box-and-whisker plots depicting per-
centage of Annexin+ cells in sgScramble and sgKdm6a C1(Top); and RT4 and
K2(Bottom) cells, with or without 5 µM cisplatin treatment for 48h (n = 5(Top) and
n = 4(Bottom) biologically independent samples). D, E. Representative ima-
ges(Left) and corresponding box-and-whisker plots(Right) showing number of
invaded cells in Transwell assay for sgScamble and sgKdm6a C1(D) cells; and RT4
and K2(E) cells, treated with or without 5 µM cisplatin for 48hours(n = 4 indepen-
dent visual fields). Data are representative of two independent experiments. Scale
bars included. F, G. Representative images(Left) and corresponding box-and-
whisker plots(Right) comparing the diameter of sgScramble and sgKdm6a C1(F)

spheroids; and RT4 and K2(G) spheroids treated with 5 µM cisplatin for 48h
(n= 7(F) and n = 8(G) biologically independent samples). Data is representative of
two independent experiments. Scale bars included. H. The heatmap represent
genome-wide copy-number changes in K2 and RT4 cells. The red and blue tones
denote copy number amplifications and losses respectively. I. Circos plot(Left)
displaying TP63 eccDNA amplicon in K2 cells, representing whole amplicon(outer
red ring), start coordinate(black dot), and TP63 segment(inner blue region) within
the amplicon. The scatter plots(Right) showing TP63 eccDNA loci copy number
amplifications in RT4 and K2 cells. Gray dots represent probes across genomic
region(x-axis), while y-axis represents the copy ratio(log2) at that genomic position
for gray dots. The orange horizontal line is the segmentation line indicating true
copy number state, and yellow vertical barsmark the indicated TP63 regions within
the amplicon. For B-E, p-values were calculated by Two-way ANOVA test with
Benjamini-Hochberg correction for multiple comparisons. For F and G, data were
analyzed by two-tailed Student’s t-test. Center line marks the median, edges of the
box represent the interquartile(25th-75th) percentile and whiskers represent
minimum-maximum values. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-68132-2

Nature Communications |         (2026) 17:1382 4

www.nature.com/naturecommunications


EXO1, a gene involved in DSBR in bladder cancer patients harboring
KDM6A mutations42 (Supplementary Fig. 5A). Importantly, we did not
observe any cooccurrence of theKDM6Amutationwithmutations in the
DSBR genes in these patients suggesting an independent role of KDM6A
in regulating the expression of DSBR genes (Supplementary Fig. 5B).

Next, we analyzed the murine ChIP-seq data to investigate the
impact of KDM6A loss on genes involved in DSBR. Our results showed

a reduction in KDM6A binding in multiple genes involved in DSBR
pathways including Exo1 and Lig3 in sgKdm6a cells indicating KDM6A-
mediated regulation of these genes (Fig. 3A, Supplementary Fig. 5C, D,
F, G). We also observed an increase in H3K27me3 (Supplementary
Fig. 5E)with concurrent decrease inH3K4me3 enrichment across these
genes (Fig. 3A, B, Supplementary Fig. 5C, D, F, G). RNA-seq analysis also
demonstrated a reduction in the expression of these DSBR genes in
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sgKdm6a cells, confirming thefindings from theChIP-seqdata (Fig. 3C,
Supplementary Fig. 5H). Further, K2 and B7 cells demonstrated sig-
nificantly lower expression of several genes involved in DSBR, com-
pared to RT4 and ScaBER cells respectively (Supplementary Fig. 5I, J).
Additionally, ChIP qPCR analysis in RT4 and K2 showed reduced
KDM6A binding in multiple DSBR related genes like BAZ1B, EXO1 and
LIG3 (Supplementary Fig. 5K) with simultaneous reduction in
H3K4me3 enrichment at these gene promoters (Supplementary
Fig. 5L). We also noted no significant differences in cell cycle dis-
tribution and cell proliferation rate between the control and the
KDM6A knockout cell lines, suggesting that the reduction in DSBR
gene expression is not secondary to altered proliferation or cell cycle
phase distribution (Supplementary Figs. 1L, 5M).

We also assessed EXO1 protein expression levels in sgScramble
and sgKdm6a tumors through immunohistochemical (IHC) staining
and imaging of murine tumor sections. This revealed a significant
decrease in EXO1 protein expression in sgKdm6a tumors (Fig. 3D). To
elucidate the functional implications of reduction in EXO1 expression,
we conducted several studies to compare genomic integrity between
sgScramble and sgKdm6a cells. We first assessed the levels of Gam-
ma(phosphorylated)-H2AX (gamma-H2AX), between sgScramble and
sgKdm6a cells. Gamma-H2AX is a surrogate marker for DNA damage
and forms foci at sites of DNA double-strand breaks51. The phosphor-
ylation of H2AX at these sites is an early and sensitive indicator of DNA
damage response. Confocal microscopy and flow cytometry studies
revealed a significantly higher abundance of gamma-H2AX foci in both
untreated and Etoposide (DNA damage inducer)-treated sgKdm6a
cells compared to treated sgScramble cells (Fig. 3E, Supplementary
Fig. 5N). These findingswere also validated in sgKdm6a tumor samples
(Fig. 3F) as well as in the human cell lines RT4 and K2 (Fig. 3H). Addi-
tionally, the COMET assay, which detects DNA damage in individual
cells by measuring the migration of fragmented DNA during electro-
phoresis resulting in a comet-like appearance with a head (intact DNA)
and tail (damaged DNA) was used to directly assess DNA breaks52. The
results indicated significantly higher tail DNA percentage, olive tail
moment, and tail moment in sgKdm6a cells and K2 cell with KDM6A
loss, demonstrating increased DNA damage (Fig. 3G, I). Collectively,
these data demonstrated that loss of KDM6A impairs DSBR, thereby
compromising DNA integrity in bladder cancer cells.

KDM6A drives glycolysis and lactate production in bladder
cancer cells
Previous research has shown that activation of DDR pathways can
induce metabolic shifts, including enhanced glycolytic activity to
support the Pentose-Phosphate-Pathway and generate nucleotide

precursors53–55. In alignment with reduced expression of genes asso-
ciated with DDR pathways in KDM6A-Mut patients, we noted atte-
nuated expression of several genes involved in glycolysis and lactate
production, including LDHA, PGAM1, and HK2 in KDM6A-Mut patients
from IMvigor210 cohort along with LDHA and ENO1 from TCGA-BLCA
cohort dataset5 (Fig. 4A, Supplementary Fig. 6A). Further,murine ChIP-
seq data demonstrated reducedKDM6Abinding, increasedH3K27me3
enrichment and concurrent depletion of H3K4me3 enrichment at
glycolysis associated genes in sgKdm6a cells (Fig. 4B, C, Supplemen-
tary Fig. 6B-F). Gene set enrichment analysis (GSEA) ofH3K4me3peaks
differentially enriched between sgScramble and sgKdm6a cells also
showed significant downregulation of the glycolysis pathway with
concurrent upregulation of the oxidative phosphorylation (OXPHOS)
pathway (Supplementary Fig. 6G). RNA-seq further corroborated these
findings by showing decreased expression of these glycolysis genes in
sgKDM6A cells compared to sgScramble cells (Fig. 4D, Supplementary
Fig. 6H). Consistent decrease in expression of crucial glycolytic path-
way genes HK2, LDHA and ENO2 was observed in human bladder can-
cer cells K2 and B7 with KDM6A excision (Fig. 4E, Supplementary
Fig. 6J). ChIP-qPCR analysis in RT4 and K2 cells further demonstrated
reduced KDM6A binding and decreased enrichment of H3K4me3 at
the promoters of these genes in K2 cells (Supplementary Fig. 6K, L).
Together, these findings indicate downregulation of the glycolysis
pathway in tumor cells following Kdm6a deletion.

To delineate the functional impact of decreased expression
of glycolysis genes in sgKdm6a bladder cancer cells, we com-
pared the metabolic profiles of control and KDM6A Knockout
cells using the Seahorse Extracellular Flux Analyzer-based ATP
Rate Determination Assay. The data demonstrated reduced gly-
colytic ATP production rates in sgKdm6a cells as well as in K2
cells with KDM6A deletion compared to sgScramble and RT4 cells
respectively with concurrent upregulation of mitochondrial
OXPHOS (Fig. 4F-I). Given that downregulation of aerobic glyco-
lysis attenuates lactate production, we measured lactate output in
the culture supernatants of sgScramble, sgKdm6a, RT4, and K2
cells. Our results showed reduced lactate accumulation in the
sgKdm6a and K2 cell lines (Fig. 4J, K). To verify whether these in-
vitro findings are recapitulated in-vivo, we quantified lactate
levels in the tumor interstitial fluid (TIF) of sgScramble and
sgKdm6a tumors. We noted significantly lower accumulation of
lactate in the sgKdm6a TIF, normalized to tumor weight (Fig. 4L,
Supplementary Fig. 6I), demonstrating that the absence of
KDM6A attenuates glycolysis and lactate production in bladder
tumors. Importantly, the observed upregulation of the OXPHOS
pathway in the cisplatin resistant sgKdm6a cells is in alignment

Fig. 2 | Loss of KDM6A impairs the MMR machinery and correlates with
improved OS following ICT. A. Kaplan-Meier plot displaying the OS of KDM6A-
Mut and KDM6A-WT patients treated with anti-PD-L1 therapy in IMVigor210
trial(n = 275 patients, KDM6A-Mut=49, KDM6A-WT= 226). Two-tailed Log-rank test
was performed. B. Box-and-whisker plot illustrating weights from sgScramble and
sgKdm6a C1 tumors in mice treated with and without Anti-PD-1 therapy(n = 8 mice
per group). P-values were calculated by Two-way ANOVA test. C. Box-and-whisker
plots representing TMB in KDM6A-WT and KDM6A-Mut patients with advanced
bladder cancer, from two patient cohorts IMVigor210(n = 293, KDM6A-Mut=54,
KDM6A-WT = 239) and TCGA BLCA(n = 136, KDM6A-Mut=40, KDM6A-WT = 96).
Two-sided Wilcoxon test was performed.D. Somatic interaction plot depicting co-
occurrence of genes in TCGA bladder cancer cohort(n = 412 patients). Two-tailed
pair wise Fisher’s exact test was performed. E. ChIP-seq volcano plots demon-
strating differential enrichment of KDM6A(Top) and H3K4me3(Bottom) marks in
MMR pathway genes between sgScramble and sgKdm6a C1 cells with log2 ratio of
fold change(log2FC) plotted against -log10 adjusted p-value(log10(FDR)). P-values
were calculated using the Audic-Claverie Bayesianmodel withMAnorm. F. Genome
browser plot demonstratingH3K4me3peaks atMsh6 gene locus in sgScramble and
sgKdm6a cells with highlighted regions indicating differential H3K4me3

enrichment. G. RNA-seq volcano plot representing differential expression of DNA
MMRpathway genes between sgScramble and sgKdm6aC1 cell lines with log2 ratio
of fold change(log2FC) plotted against -log10 adjusted p-value(log10(FDR)).
P-values were calculated with two tailed exact test under a negative binomial dis-
tribution using EdgeR. H. Representative histograms(Left) and box-and-whisker
plots(Right) showing Median Fluorescence Intensity(MFI) of MSH6 and MSH2
between sgScramble and sgKdm6a C1 cells(n = 3 biologically independent sam-
ples). One-tailed Student’s t-test was performed. I. Box-and-whisker plots showing
relative expression of MSH6(Top) and MSH2(Bottom) in RT4 and K2 cells(n = 4
biologically independent samples). J. Representative electropherogram(Left)
derived from Fragment Fluorescent Length Analysis(FFLA) of mBAT-64 micro-
satellite from sgScramble and sgKdm6a C1 tumor cells and box-and-whisker
plot(Right) depicting the length of the modal peak in base pair in sgScramble and
sgKdm6a C1 tumor cells(n = 7 mice per group). Data is representative of two
independent experiments. For I and J, data were analyzed by two-tailed Student’s
t-test. For all box-and-whisker plots, center linemarks themedian, edges of the box
represent interquartile (25th−75th) percentile and whiskers represent minimum-
maximum values. For B, D, E and G, p-values were adjusted with
Benjamini–Hochberg(FDR)method. Source data are provided as a Source Data file.
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with previous studies associating a switch from glycolysis to
OXPHOS pathways with cisplatin resistance56,57. Cumulatively,
these findings highlight the role of KDM6A as a major driver of
metabolic pathways in bladder cancer and underscore the asso-
ciation between KDM6A deficiency and reduced lactate produc-
tion by tumor cells.

Loss of KDM6A-mediated reduction in intratumoral lactate
levels reduce Treg abundance and function
Lactate produced by tumor cells has been associated with immune
suppression across various tumor types58. Consequently, we investi-
gatedhow reduced lactate accumulation in sgKdm6a tumors affect the
tumor immune microenvironment and response to anti-PD-1 therapy.
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Mass cytometry (CyTOF)-based immunophenotyping of sgScramble
and sgKdm6a tumors followed by unsupervised clustering and t-SNE
analyses of CD45+ immune cell subsets revealed the presence of dis-
tinct T cells, B cells, NK cells, and immune-suppressive myeloid cell
clusters in the TME (Fig. 5A, Supplementary Fig. 7A). Further, this
analysis revealed that sgScramble tumors, which have higher levels of
intratumoral lactate, harbor a higher abundance of TGFβ +CD44 +
LY6C+ immune-suppressive myeloid cells compared to sgKdm6a
tumors (Fig. 5B). Additionally, sgScramble tumors showed a higher
abundance of Tregs and increased expression of PD-1 in Tregs com-
pared to sgKdm6a tumors (Fig. 5B, D). Notably, following anti-PD-1
therapy, the Treg population significantly expanded in sgScramble
tumors, while this expansion was not observed in sgKdm6a tumors
(Fig. 5C). This differential expansion of Tregs resulted in a higher
T-effector to Treg ratio in sgKdm6a tumors, indicating a preferential
pro-inflammatory shift in the tumor immune microenvironment fol-
lowing anti-PD-1 therapy thus improving responses to ICT (Fig. 5E, F).

Next, to determine the impact of lactate specifically on Tregs, we
performed a pHRodo-based lactic acid uptake assay which confirmed
that Tregs can uptake exogenous lactic acid (La) (Supplementary
Fig. 7B). This is in alignment with a previous study that demonstrated
that Tregs can utilize exogenous lactate tomaintain its functions59. We
also noted that treatment with exogenous sodium lactate (Na-La)
increased PD-1 expression in Tregs (Fig. 5G, Supplementary Fig. 7C, D).
Importantly, when Tregs were treated with supernatants from
sgScramble and sgKdm6a cells, those treated with sgKdm6a super-
natants had lower PD-1 expression and fewer PD-1+ Tregs linked to the
lower lactate levels in the sgKdm6a supernatants (Fig. 5H, Supple-
mentary Fig. 7E, F). Together, these findings demonstrated that loss of
KDM6A decreased glycolysis and lactate production in tumor cells
which subsequently reduced PD-1 expression and expansion of PD-1hi

intratumoral Tregs following anti-PD1 therapy thus improving the
efficacy of anti-PD-1 therapy. In addition to reduction in PD-1 expres-
sion, TGFβ expression was also notably reduced in sgKdm6a super-
natant treated Tregs (Fig. 5H). Production of TGFβ is one of the
mechanisms through which Tregs exert their immunosuppression60.
Therefore, to determine the impact of extracellular lactate levels on
the immune-suppressive function of Tregs, we conducted in-vitro T
cell suppression assays. We noted decreased proliferation of CD4 +
CD25- T conventional cells (Tconv)when co-cultured with sgScramble
supernatant-treated Tregs compared to sgKdm6a supernatant-treated
Tregs indicating attenuated suppressive potential of the sgKdm6a
Tregs (Fig. 5I, Supplementary Fig. 7G). Cumulatively, these findings
demonstrate how tumor cell-specific KDM6A regulates the

intratumoral metabolic milieu, which in turn alters the tumor immune
microenvironment, including PD-1 expression in Tregs and their
immune-suppressive function regulating efficacy of anti-PD-1 therapy
in bladder cancer.

Loss of KDM6A in tumor cells impairs lactate mediated histone
lactylation and function of regulatory T cells
We and others have demonstrated the role of lactate-derived histone
lactylation in the regulation of phenotype and function of immune cell
subsets including macrophages and CD8 T cells61,62. To determine
lactate-mediated epigenetic changes in Tregs, we performed high-
performance liquid chromatography (HPLC)–tandem mass spectro-
metry (MS/MS) analysis of Lys-C digested core histones isolated from
murine Tregs. We noted that addition of 13C labelled Na-La increased
the abundance of H3 histone lysine lactylation (Supplementary
Fig. 8A). Additionally, we observed 13C incorporation in H3K18la con-
firming the role of exogenous lactate in driving histone lactylation in
Tregs (Supplementary Fig. 8B, C). We have previously highlighted the
importance of two specific histone H3 lactylation sites- H3K18la and
H3K9la in regulating CD8 T cell function and phenotype62. To under-
stand the relevance of H3K9la and H3K18la in Tregs, we performed
flow-cytometry assays to determine the impact Na-La on H3K9la and
H3K18la levels which demonstrated dose dependent increase in
enrichment of H3K9la and H3K18la in Tregs following treatment with
Na-La (Fig. 6A, Supplementary Fig. 8D-F). Further, to determine the
impact of H3K9la and H3K18la on chromatin states in Tregs, we per-
formed ChIP-seq studies followed by ChromHMM analysis. This ana-
lysis revealed that chromatin regions marked by H3K9la and H3K18la
are also enriched for other transcription initiation marks including
H3K4me3, H3K9ac and H3K27ac in Tregs (Supplementary Fig. 8G).
Further, genomic regions enriched with H3K9la and H3K18la marks
were identified as transcription start sites (TSS), TSS proximal regions
and CpG islands (Supplementary Fig. 8G). Importantly, treatment with
Na-La resulted in the enrichment of H3K9la and H3K18la marks at the
TSS indicating a role of exogenous lactate-derivedH3K9la andH3K18la
in activating gene transcription (Fig. 6B). However, treatment with Na-
La did not induce H3K4me3 or H3K27ac enrichment in the promoter
regions, indicating selective regulation of H3K9la and H3K18la by
exogenous lactate (Fig. 6B). Next, we annotated the genes showing
differential enrichment of H3K9la and H3K18la following treatment
with exogenous lactate (Fig. 6C). We noted H3K9la and H3K18la
enrichment in multiple genes implicated in the regulation of Treg
identity and function including Tgfb, Il10, Helios, Pdcd1, Lag3, Havcr2
and Irf4 in Na-La treated Tregs (Fig. 6C, Supplementary Fig. 8H). ChIP-

Fig. 3 | Loss of KDM6A impairs the double-stranded break repair pathway. A.
ChIP-seq Volcano plots demonstrating differential enrichment of KDM6A(Left) and
H3K4me3(Right) marks in DSBRpathway genes between sgScramble and sgKdm6a
C1 cells, with log2 ratio of fold change(log2FC) plotted against -log10 adjusted p-
value(log10(FDR). P-values were calculated using the Audic-Claverie Bayesian
model with MAnorm. B. Genome browser plot demonstrating H3K4me3 peaks at
Exo1 gene locus in sgScramble and sgKdm6a cells with highlighted regions indi-
cating differential H3K4me3 enrichment. C. RNA-seq volcano plot representing
differential expression of DSBR pathway genes between sgScramble and sgKdm6a
C1 cells, with log2 ratio of fold change (log2FC) plotted against -log10 adjusted p-
value(log10(FDR)). P-values were calculated with two tailed exact test under a
negative binomial distribution using EdgeR. D. Representative images of immu-
nohistochemical (IHC) staining and box-and-whisker plot(Right) showing percen-
tage of EXO1 expression in sgScramble and sgKdm6a C1 tumors(n = 5 tumors per
group). Data is representative of two independent experiments. E. Representative
microscopy images(Left) and box-and-whisker plot(Right) depicting number of
gamma-H2AX foci per cell(green-FITC and blue-DAPI/nucleus) in sgScramble and
sgKdm6a C1 cells treated with and without 100 µM Etoposide followed by 4 h of
recovery(n = 72). Arrows point to gamma-H2AX foci. Data is representative of two
independent experiments. F. Representative histogram (Top) and box-and-whisker

plots indicating the MFI of gamma-H2AX(Left) and percentage(Right) of gamma-
H2AX positive E-cadherin positive tumor cells in sgScramble and sgKdm6a C1
tumors (n = 3(Left) and n = 6(Right) biologically independent samples). G. Repre-
sentative images(Left) displaying comet-like appearance of DNA(vista green) and
box-and-whisker plots(Right) representing the Tail DNA %, Tail Moment and Olive
Moment of the corresponding comets formed in sgScramble(n = 246) and
sgKdm6a C1(n = 75) cells. Arrows point to comet head and tail. Data is indicative of
two independent experiments. H. Representative microscopy images(Left) and
box-and-whisker plot(Right) depicting number of gamma-H2AX foci per cell(green-
FITC and blue-DAPI/nucleus) in RT4 and K2 cells treated with and without 100 µM
Etoposide followed by 4 h of recovery(n = 60). I. Representative images(Left) dis-
playing comet-like appearance of DNA(vista green) and box-and-whisker plots(-
Right) representing the Tail DNA %, Tail Moment and Olive Moment of the
corresponding comets formed in RT4(n = 106) and K2(n = 131) cells. For D, F, G, I,
data were analyzed by two-tailed Student’s t-test. For E and H, data were analyzed
by Two-way ANOVA. Center line marks the median, edges of the box represent the
interquartile (25th-75th) percentile and whiskers represent minimum-maximum
values. For A, C, E and H, p-values were adjusted with Benjamini–Hochberg(FDR)
method. Source data are provided as a Source Data file.
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qPCR and qPCR studies on Na-La treated Tregs also demonstrated
higherH3K9la andH3K18la enrichmentwith concurrent increase in the
expression of genes regulating Treg identity and function, including
Foxp3, Pdcd1 and Tgfβ1, corroborating a role of exogenous lactate-
derived H3K9la and H3K18la in regulating gene expression in Tregs
(Fig. 6D, Supplementary Fig. 8I).

Next, considering the low intratumoral lactate content in
sgKdm6a tumors (Supplementary Fig. 9A), we interrogated the levels
of histone lactylation in intratumoral Tregs and noted significantly
lower H3K9la and H3K18la in Tregs derived from sgKdm6a tumors
(Fig. 6E, Supplementary Fig. 9B). Further, to directly implicate differ-
ences in lactate production by sgScramble and sgKdm6a bladder
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cancer cells as a major regulator of H3K9la and H3K18la in Tregs, we
cultured Tregs in the presence of culture supernatants derived from
sgScramble and sgKdm6a cells. Flow cytometry demonstrated sig-
nificantly lower enrichment of H3K9la and H3K18la in Tregs cultured
with KDM6A-deficient supernatants compared to control super-
natants, linked to their respective lactate content (Fig. 6F, Supple-
mentary Fig. 9C, D). Importantly, ChIP-qPCR studies demonstrated
attenuated H3K9la and H3K18la enrichment in Foxp3, Tgfβ1 and Pdcd1
in Tregs cultured with sgKdm6a cell supernatant (Supplementary
Fig. 9E). Additionally, qPCR studies confirmed reduced expression of
these genes, establishing a direct association between extracellular
lactate content, H3K9la/H3K18la enrichment, and gene expression
including that of Pdcd1 in Tregs (Fig. 6G). Overall, these findings
identified a critical role of the exogenous lactate derived histone PTM-
histone lactylation in regulating the expression of critical Treg specific
genes, thus regulating their function and response to immunotherapy
in sgKdm6a tumors.

Discussion
Cisplatin-based chemotherapy has been a backbone of bladder cancer
treatment and was among the earliest approved therapies for the
disease2,3. In recent years, therapeutic options for advanced bladder
cancer have undergone significant changes, withmultiple approvals of
anti-PD-1/L-1 therapy, targeted therapies including enfortumab vedo-
tin, sacituzumab govitecan, and combinations of ICT with targeted
therapy or chemotherapy7,63. However, a major challenge has been
identifying biological attributes to select patients for specific therapies
and to develop personalized treatment algorithms. Inactivating
mutations in KDM6A, a commonly mutated gene, is a major driver of
bladder cancer initiation and progression. Nonsense, missense,
frameshift-indel and splice-site mutations in the KDM6A gene which
attenuate gene expression are frequent in patients with muscle inva-
sive bladder cancer5,64. While KDM6A mutations correlate with poor
prognosis in bladder cancer, their role in regulating therapeutic out-
comes remains unknown. This study investigated the mechanistic
underpinnings of how mutations in KDM6A impact sensitivity to dif-
ferent therapeutic perturbations. Retrospective analyses of various
patient cohorts demonstrated that while mutation in KDM6A lowers
OS with cisplatin-based chemotherapy, it correlates with improved OS
with ICT. Based on these clinical correlations, we adopted a reverse
translational strategy to garner mechanistic insights into how the loss
of KDM6A impacts tumor cell intrinsic and extrinsic pathways gov-
erning response to cisplatin-based chemotherapy and ICT. Mechan-
istic studies using CRISPR-Cas9 mediated KDM6A deletion in murine
and human bladder cancer cell lines demonstrated that KDM6A serves
as an upstream regulator of key tumor-intrinsic pathways including

eccDNA biogenesis and oncogene amplification, DDR pathways and
metabolic pathways. Consequently, KDM6A inactivation leads to the
accumulation of eccDNA driving cisplatin resistance in patients har-
boring KDM6A mutation. Additionally, the loss of KDM6A attenuates
the DDR machinery and glycolysis pathway, which in turn shape the
tumor immune microenvironment, improving the efficacy of ICT in
bladder cancer (Fig. 6H).

Resistance to cisplatin-based chemotherapy has been associated
with the accumulation of eccDNA in tumor cells33–35. Consistent with
these findings, we showed that patients harboring KDM6A mutation
demonstrated higher eccDNA amplicons. KDM6A deletion in human
bladder cancer cell line was associated with genome wide copy num-
ber amplifications on chromosomes 2, 3, and 7. Specifically, multiple
eccDNA circular amplicons carrying genes including TP6316–18,
CLDN419,20, GLI221–24 were upregulated in the absence of KDM6A. These
genes have established roles in accelerating tumor progression
throughmechanisms that include promoting invasiveness, metastasis,
suppressing apoptosis, and mediating resistance to cisplatin. Impor-
tantly, our in vitro assays using KDM6A knockout murine and human
cells also demonstrated increased invasiveness, migration, and cis-
platin resistance highlighting the functional contribution of eccDNA
accumulation following KDM6A loss.

Notably, previous studies have linked eccDNA amplification in
tumor cells to resistance to anti-PD-1 therapy in esophageal squamous
cell carcinoma65, attributing this suppression to the presence of
immunomodulatory genes on eccDNA66,67. However, we did not
observe the amplification of these immunomodulatory genes in
eccDNA derived frompatients harboring KDM6Amutation and human
cell lines with KDM6A deletion. Importantly, recent studies also sug-
gest that eccDNA may serve as a potential source of neoantigens68,
warranting further investigation into its role in driving neoantigen-
specific anti-tumor T cell responses and enhancing anti-PD-1 therapy
efficacy. Further, our mechanistic studies using human and murine
bladder cancer cell lines show that this enhanced response is driven by
attenuatedDDRpathways andmetabolic alterations, resulting in a pro-
inflammatory tumor immune microenvironment. Collectively, our
findings suggest that in KDM6A-mutant bladder cancer, cisplatin
resistance and improved response to anti-PD-1 therapy stem from the
interplay of multiple independent pathways.

In this study, we also identified KDM6A as a critical regulator of
the MMR pathway in bladder cancer. Importantly, we showed that
KDM6A directly binds to and regulates the expression of multiple
MMR genes. In the absence of KDM6A, the expression of these genes
were significantly reduced, thereby disrupting the MMR pathway.
Regulation of gene expression is governed by a dynamic interplay of
different histone PTMs including H3K27me3 which represses gene

Fig. 4 | KDM6Adrives glycolysis and lactate production inbladder cancer cells.
A. Box-and-whisker plots depicting the expression of the indicated glycolytic genes
in KDM6A-Mut and KDM6A-WT patients, from the IMvigor210 cohort(n = 275
patients, KDM6A-Mut=49, KDM6A-WT= 226). Two-tailed Wilcoxon test was per-
formed. B. ChIP-seq volcano plots demonstrating the differential enrichment of
KDM6A(Left) and H3K4me3(Right) marks in glycolytic genes between sgScramble
and sgKdm6a C1 cell lines, with log2 ratio of fold change (log2FC) plotted against
-log10 adjusted p-value (log10(FDR)). P-values were calculated using the Audic-
Claverie Bayesian model with MAnorm. C. Genome browser plot demonstrating
H3K4me3 peaks at Hk2 gene locus in sgScramble and sgKdm6a cells with high-
lighted regions indicating differential H3K4me3 enrichment. D. RNA-seq volcano
plot illustrating differentially expressed glycolytic genes between sgScramble and
sgKdm6a C1 cell lines with log2 ratio of fold change (log2FC) plotted against -log10
adjusted p-value (log10(FDR)). P-values were calculated with two tailed exact test
under a negative binomial distribution using EdgeR. E. Box-and-whisker plots
showing relative expression of indicated genes in RT4 and K2 cells(n = 4 biologi-
cally independent samples). F. Box-and-whisker plot representing glycolytic (Top)
and mitochondrial (Bottom) ATP production rate in sgScramble and sgKdm6a C1

cell lines (n = 9 biologically independent samples).G. Extracellular acidification rate
(ECAR) between sgScramble and sgKdm6a C1 cell lines. Data represented as mean
+/- Standarderror ofmean (SEM). (n = 11 biologically independent samples).H. Box-
and-whisker plot representing glycolytic (Top) and mitochondrial (Bottom) ATP
production rate in RT4 and K2 cell lines. I. ECAR between RT4 and K2 cells. Data
represented as mean +/- SEM. (n = 5 biologically independent samples). J–K. Box-
and-whisker plots indicating the Extracellular (EC) L-Lactate concentration in the
supernatants of sgScramble and sgKdm6a C1 cell lines, measured following 24 h of
culture (J) and in the supernatants of RT4 and K2 cells, measured following 48h of
culture (K). (n = 3 biologically independent samples). L. Box-and-whisker plot
demonstrating L-lactate concentrations in the TIF normalized to corresponding
tumor weights, obtained from sgScramble(n = 8) and sgKdm6a C1(n = 11) tumor
bearing mice. For E, F, H, J–L, data were analyzed by two-tailed Student’s t test,
center linemarks themedian, the edges of the box represent the interquartile (25th-
75th) percentile and whiskers represent minimum-maximum values. For B and
D, p-valueswere adjustedwith Benjamini–Hochberg(FDR)method. Source data are
provided as a Source Data file.
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transcription and H3K4me3 which creates a permissive chromatin
state for transcription initiation69,70. KDM6A is known to demethylate
H3K27me3 thereby initiating gene transcription. However, recent
studies have also shown that knockdown of KDM6A in non-small cell
lung cancer cell lines significantly reduces H3K4me3 enrichment,
potentially through interactions with the histone lysine methyl-
transferase KMT2B71,72. Consistent with these findings, we observed

that CRISPRmediated deletion ofKdm6a is associatedwith attenuated
H3K4me3 enrichment in tumor cells. Importantly, this directionality is
corroborated by orthogonal assays including ChIP qPCR and gene
expression analyses in both murine and human models. Taken toge-
ther, these results support a model in which KDM6A helps shape the
epigenetic landscape of gene regulation, including MMR pathway
genes, while acknowledging that the changes in H3K4me3 could
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potentially represent only one component of a broader regulatory
mechanism.

We alsodelineated a critical role of KDM6A in regulating theDSBR
machinery including homologous recombination (HR) and Non-
homologous end joining (NHEJ) in bladder cancer cells. This is in
alignment with previous findings in hematologic malignancies73.
Tumorswith defectiveDSBRmachinery rely heavily on PARP-mediated
repair for survival which makes them sensitive to PARP inhibition74,75.
Therefore, future preclinical and clinical studies are warranted to
delineate the efficacy of PARP inhibitors either as monotherapy or as
combination therapy with ICT in patients with metastatic bladder
cancer harboring KDM6Amutated tumors which are deficient in DSBR
andMMR pathways. We observed that patients with advanced bladder
cancer harboring KDM6A mutations exhibit decreased expression of
MMR and DSBR genes. However, we did not find any correlation
between KDM6Amutations and mutations in MMR and DSBR genes in
these patients. These findings demonstrate that KDM6A mutations
downregulate critical DNA repair pathways even in the absence of
mutations in DSBR and MMR genes. Additionally, the defect in DSBR
pathway due to KDM6A loss was not confounded by cell proliferation
or cell cycle distribution implicating KDM6A as an independent reg-
ulator of the DSBR and MMR pathways in bladder cancer.

Among the genes downregulated upon KDM6A loss, EXO1 and
LIG3 occupy critical nodes at the interface of the MMR and DSBR
pathways. EXO1 governs the excision step of mismatch repair and
contributes to end resection during homologous recombination76–79,
while LIG3mediates gap ligation and facilitates alternative end-joining
under conditions of replicative stress80. Downregulation of these
genes, together with other MMR-associated components, compro-
mises both mismatch correction and elements of DNA double-strand
break repair, cumulatively promoting genomic instability. However,
the repair deficiency induced by KDM6A loss is mechanistically dis-
tinct from classical MSI-high or DSBR-defective tumors, as it arises
from epigenetic transcriptional repression rather than direct muta-
tional inactivation of canonical repair genes, defining a unique formof
chromatin-driven genomic instability.

A prior study reported that KDM6A serves a critical function in
promoting glycolysis and tumor progression81. Building on this con-
cept, we established a direct link between the metabolic reprogram-
ming induced by KDM6A loss and subsequent tumor immune
modulation, specifically via attenuated glycolysis and a resulting
reduction in glycolysis-derived lactate generation. Intratumoral Tregs
utilize lactate as a metabolic fuel to support their immune-suppressive
functions59. In alignment with this, our CyTOF- based interrogation of
the tumor immune microenvironment demonstrated decreased accu-
mulation of Tregs in sgKdm6a tumors which showed reduced intratu-
moral lactate accumulation. A previous study has reported that lactate
plays a role in regulating Treg function throughMOESIN lactylation and

TGF-beta signaling82. Additionally, lactate-derived histone lactylation is
a histone PTM which has been shown to regulate the phenotype and
function of immune cell subsets including macrophages61. We have
previouslydelineated the roleof endogenousglycolysis-derivedhistone
lactylation in regulating the phenotype and function of different CD8 T
cell subsets62. In this study,wedemonstrated that tumor-derived lactate
regulates histone lactylation in Tregs. A series of experiments demon-
strated the enrichment of H3K9la and H3K18la in key genes including
Foxp3, Tgfb, and Pdcd1, involved in regulating Treg phenotype and
function. Importantly, loss of Kdm6a-mediated reduction in intratu-
moral lactate resulted in attenuation of H3K9la and H3K18la in intra-
tumoral Tregs with concurrent reduction in the expression of T-reg
specific gene such as Foxp3 and Tgfβ.

Further, we noted reduced abundance of intratumoral PD-1hi T
regs inmicebearing sgKDM6A tumors. A previous study indicated that
lactate regulates PD-1 expression in Tregs83. Therefore, reduced
abundance of intratumoral lactate in mice bearing sgKDM6A tumors
possibly attenuated histone lactylation-mediated expression of PD-1 in
Tregs. The expansion of PD-1hi Tregs has been linked to resistance to
anti-PD-1 therapy. Failure to expand the PD-1hi T regs in mice bearing
sgKDM6A tumors increased the ratio of cytotoxic CD8 T cells to Tregs
with improved response to anti-PD-1 therapy highlighting the potential
role of lactate mediated histone lactylation in regulating the response.
Together, these findings uncovered a previously unrecognized role of
histone lactylation in modulating Treg phenotype and function within
the TME. Additionally, these findings delineated the role of KDM6A in
regulating the intratumoral metabolic milieu thus altering the tumor
immune epigenome and driving response to ICT in bladder cancer.

Overall, retrospective analysis of clinical trials and reverse trans-
lational studies using human andmurine cell lines as well as syngeneic
murinemodels providedmechanistic insight into distinct pathways by
which the loss of KDM6A regulates therapeutic responses in bladder
cancer (Fig. 6H). First, we demonstrated that the loss of KDM6A
enhances eccDNA biogenesis and oncogene amplification driving cis-
platin resistance. Second, KDM6A loss attenuates the MMRmachinery
leading to improved response to ICT. Third, the loss of KDM6A sup-
presses glycolysis and lactate production in tumor cells which
attenuates histone lactylation in intratumoral Tregs. This down-
regulates their immune-suppressive functions, leading to a pro-
inflammatory shift in the tumor immune microenvironment, driving
an improved response to ICT. Together, our findings identify KDM6A
as a central regulator that orchestrates diverse biological processes
including eccDNA biogenesis, DNA repair, and metabolic reprogram-
ming that collectively confer resistance to cisplatin while enhancing
responsiveness to immune checkpoint therapy. Cumulatively, these
results providemechanistic insight into the utility of KDM6Amutation
status for patient stratification and the development of personalized
treatment algorithms in advanced bladder cancer.

Fig. 5 | Loss of KDM6A-mediated reduction in intratumoral lactate levels
reduceTregabundance and function.A. t-SNE visualization of CD45+ immune cell
subsets by CyTOF in tumor microenvironment(TME) of sgScramble and sgKdm6a
C1 tumor bearingmice treatedwith andwithout anti-PD-1 (n = 4mice per group).B.
Box-and-whisker plot showing relative frequencies of intratumoral
LY6C+CD44+TGFβ+ monocytes (Left) and CD3 +CD4 + FOXP3+CD25 + LAG3 +
CTLA4+ Tregs (Right) in untreated mice bearing sgScramble and sgKdm6a C1
tumors (n = 4). C. Box-and-whisker plot displaying relative frequencies of intratu-
moral CD3+CD4+FOXP3+ CD25+LAG3+CTLA4+ Tregs in sgScramble and sgKdm6a C1
tumor bearing mice treated with and without anti-PD-1(n = 4). D. Representative
histogram(Left) and box-and-whisker plot(Right) representing MFI of PD-1 in
intratumoral Tregs from mice bearing sgScramble and sgKdm6a C1 tumors(n = 4).
E, F. Box-and-whisker plots depicting the ratio of intratumoral
CD3+EOMES+TBET+PD1+GZMB+ T effector to CD3+CD4+FOXP3+CD25+LAG3+CTLA4+

Tregs (E) and intratumoral CD3+GZMB+TBET+LY6C+ Memory T cells to
CD3+CD4+FOXP3+CD25+LAG3+CTLA4+ Tregs (F) in sgScramble and sgKdm6a C1

tumor bearing mice with and without anti-PD-1 treatment(n = 4). G. Representative
histogram(Left) and box-and-whisker plot (Right) demonstratingMFI for PD-1 in in-
vitro generated Tregs treated with and without 25mM Na-La for 48h(n= 5 biolo-
gically independent samples).H. Box-and-whisker plots indicatingMFI of PD-1(Left)
and TGF-β(Right) in in-vitro generated Tregs treated with supernatants from
sgScramble or sgKdm6a C1 cell lines for 24hours(n = 6 biologically independent
samples). I. Box-and-whisker plot representing percentage of proliferated, anti-
CD3/CD28 Dynabeads stimulated Tconv (CD4

+CD25-) cells following co-culture with
sgScramble or sgKdm6a C1 supernatant pre-treated Tregs (CD4+CD25+) at the
indicated ratios for 4 days.(n = 4 biologically independent samples). For B data
were analyzed by one-tailed and for D, G and H, data were analyzed by two-tailed
Student’s t test, respectively. ForC, E, F and I, p-values were calculated by Two-way
ANOVA test with Benjamini-Hochberg correction for multiple comparisons. For all
box-and-whisker plots, center line marks the median, edges of the box represent
the interquartile (25th–75th) percentile and whiskers represent minimum-
maximum values. Source data are provided as a Source Data file.
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Methods
Cell lines (CRISPR-Cas9 mediated deletion of Kdm6a)
For knockout murine cell line generation:

CRISPR-Cas9 technology was used to establish Kdm6a knockout
(KO) lines in MB49 cells (MDACC Functional Genomics Core). Single
guide RNA was subcloned into LentiCRISPR v2 vector (AddGene
#52961). The following mKdm6a gRNA sequence: TAGCATTAT

CTGCATACCAG, TTCCTCATCACCGAAAGCGG and TTCGTAGCAGCGAA-
CAGCCT were used. LentiCRISPR v2 gRNA was transfected into MB49
cells using the JetPrime transfection reagent (VWR, 89129-924). 2 days
after transfection, 2ug/ml puromycin was used to remove non-
transfected cells. Multiple single cell mKdm6a KO clones (C1-C3)
were screened by western blots and genomic DNA sequencing and
authenticated by ATCC mouse cell line STR testing.
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For control murine cell line generation:
LentiCRISPR V2 vector only was co-transfected with pMD2.G and

psPAX2-D64V into 293 T cells and the virus containing medium were
collected 48 h after transfection and used for cell transduction.

Cells were transduced with lentivirus and replaced with medium
containing 2ug/mL puromycin after 72 h of transduction. Cells were
cultured with puromycin medium for 5 days and replaced medium
every two days. Once reached confluent in 10 cm dish, cells were
harvested for frozen stock.

Murine cell line maintenance: Cells were maintained in DMEM
medium supplemented with 10% FBS at 37 °C and 5% CO2.

Human cell lines:
CRISPR-Cas9 mediated knockout in RT4 and ScaBER cell lines

were performed following previously described protocol8. Briefly,
KDM6A knockout sgRNAs (GGTATGCAGATAATGCTGAA, ACAGTTTA-
CAGTCTGACTAC) were cloned into lentiCRISPR v2 nickase vector.
Lentiviral plasmids were cotransfected with psPAX2 and pMD2.G into
HEK293T cells to generate lentiviral particles and used for target cell
transduction. Transduced cells bearing CRISPR vectors were cultured
in a selective growth medium containing puromycin and single clones
were screened for KDM6A expression by immunoblot. Clones with no
detectable KDM6A expression were then selected for subsequent
experiments. The RT4 and ScaBERcell lineswere authenticated by STR
testing.

Human cell line maintenance: RT4 and K2 were cultured in MEM
media and SCaBER and B7 were cultured in DMEM media supple-
mented with 10% FBS at 37 °C and 5% CO2.

Mice
This study used age and sex matched 5–7-weeks old C57BL/6 mice
purchased from National Cancer Institute (NCI) for experiments. Mice
were housed and sustained in pathogen-free conditions, 20-25 °C, 30-
70% humidity and on a 12-hour light/12-hour dark cycle at the Animal
Resource Center, TheUniversity of TexasMDAnderson Cancer Center
(MDACC) Institutional Animal Care and Use Committee approved all
animal protocols (Protocol number 00002153-RN01). Sex was not
considered in the study design. The study involves understanding the
role of KDM6A in the regulation of response to therapeutic perturba-
tions in bladder cancer. Therefore sex and gender based analyses were
not performed.

Overall Survival (OS) studies
The OS was compared between bladder cancer patients with and
without KDM6A mutations (KDM6A-Mut and KDM6A-WT) utilizing
publicly available clinical and genomic datasets. The data for
IMviogor210 studywhich evaluated atezolizumab in advanced bladder
cancer (NCT02108652, NCT02951767) was accessed through IMvi-
gor210CoreBiologies R package39. Additionally, the OS data for

advanced bladder cancer patients treated with at least one dose ICT
(atezolizumab, avelumab, durvalumab, ipilimumab, nivolumab, pem-
brolizumab, or tremelimumab) was retrieved from cBioPortal40. The
clinical and genomic data for patients with resectable and advanced
bladder cancer receiving cisplatin-based chemotherapy was retrieved
from two independent studies, blca_msk_tcga_2020 and paired_-
bladder_2022 in cBioPortal31,32.

Survival curve for above mentioned patient data was estimated
with Kaplan-Meier method using “survfit” function from “survival” R
package. The survival curves were plotted using “ggsurvplot” function
from “survminer” R package. The statistical analyses were conducted
in R v4.1.2.

Identification of eccDNA in bladder cancer patients
We obtained previously reported amplicon intervals identified from
WGS data of TCGA-BLCA cohort13. We quantified distribution of
structural-class categories across patients stratified by KDM6A muta-
tion status. Within each KDM6A stratum (WT: n = 85, Mut: n = 27), we
counted samples per classification and converted counts to percen-
tages of the stratum total. The resulting proportions for circular
amplicons were visualized with barplot created using ggplot2. Ampli-
con intervals were annotated to proximal gene symbols using
Ensemble via the biomaRT R package. The annotated amplicon inter-
vals were manually inspected for presence of cisplatin resistant genes
reported in literature. The representative figures for eccDNA ampli-
cons in Supplementary Fig. 2D were prepared using Biorender and
(Integrative Genomics Viewer) IGV84,85.

Tumor mutation burden and somatic interactions
Tumor mutation burden for patients with advanced bladder cancer
was retrieved from IMvigor210 study and The Cancer Genome Atlas
(Stage IV) (TCGA-BLCA, n = 136)5,39. The mutational burden was com-
pared between patients with and without KDM6A mutations. Somatic
variants summary for all bladder cancer patients in the TCGA-BLCA
(n = 412) were downloaded inMutationAnnotation Format (maf) using
TCGAbiolinks R package. The co-occurrence or mutual exclusivity of
KDM6Amutationswithmutations inMMRandDSBR-related geneswas
computed using the “somaticInteractions” function in maftools
v2.10.05. Significance of co-occurrence and mutual exclusivity was
estimated with two-tailed Pair wise Fisher’s exact test and derived P
values were adjusted with Benjamini–Hochberg method (-log10(-
pAdj)). The somatic interactions plots were prepared in ggplot2. The
statistical analyses were conducted using R v4.1.2 and GraphPad
Prism 10.0.

mRNA expression levels for patient cohorts
The RNA-sequencing expression levels for genes involved in MMR and
DSBR pathways were obtained from publicly available transcriptomic

Fig. 6 | Loss of KDM6A in tumor cells impairs lactate mediated histone lacty-
lation and function of Tregs. A. Box-and-whisker plots depicting the MFI of
H3K9la(Top) and H3K18la (Bottom) in in-vitro generated Tregs treated with and
without 25mM Na-La for 48h. (n = 3 biologically independent samples). B. Heat-
maps demonstrating the genomic occupancy of the indicated hPTMs at the gene
promoter regions (TSS± 5 kb) in in-vitro generated Tregs treated with and without
25mM Na-La for 48h. C. ChIP-seq volcano plots illustrating the differential
enrichment of H3K9la(Left) and H3K18la(Right) marks in the indicated Treg asso-
ciated genes between in-vitro generated untreated Tregs and Tregs treated with
25mMNa-La for 48h, with log2 ratio of fold change (log2FC) plotted against -log10
adjusted p-value (log10(FDR). P-values were calculated using the Audic-Claverie
Bayesian model with MAnorm. D. Box-and-whisker plots representing the relative
expression of indicated Treg associated genes in in-vitro generated Tregs treated
with and without 25mM Na-La for 48 hours(n = 4 biologically independent sam-
ples). E. Box-and-whisker plots showing theMFIofH3K9la(Left) andH3K18la(Right)
in intratumoral Tregs from sgScramble and sgKdm6aC1 tumor bearingmice(n = 10

mice per group). F. Box-and-whisker plots indicating the MFI of H3K9la(Left) and
H3K18la (Right) in in-vitro generated Tregs treated with and without culture
supernatants from sgScramble and sgKdm6a C1 cell lines for 24 hours(n = 3 bio-
logically independent replictes). G. Box-and-whisker plots depicting the relative
expression of indicated genes in in-vitro generated Tregs treated with sgScramble
and sgKdm6a C1 culture supernatants for 24 h (n= 4 biologically independent
samples). For A, D, E and G, data were analyzed by two tailed Student’s t-test. For
F, p-values were calculated by one-way ANOVA test with Benjamini-Hochberg
correction for multiple comparisons. Center line marks the median, edges of the
box represent the interquartile (25th-75th) percentile and whiskers represent
minimum-maximum values.H. Graphical summary of the findings presented in this
study depicting the role of KDM6A as a critical epigenetic regulator driving geno-
mic stability and metabolic reprogramming responsible for differential responses
to chemotherapy and ICT in bladder cancer. Created in BioRender. Raychaudhuri,
D. (2025) https://BioRender.com/sypcqql. Source data are provided as a Source
Data file.
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and genomic data at cBioPortal for advanced bladder cancer patients
treated with ICT(HCRN)42. The mRNA expression levels of genes
involved in glycolysis pathways were retrieved from IMvigor21039.
Additionally, mRNA expression levels for genes were retrieved for
TCGA-BLCA cohort were obtained cBioPortal. The mRNA expression
data for TCGA-BLCA and HCRN cohorts were obtained prior to June
2024. The expression levels of gene involved in MMR, DSBR and gly-
colytic pathways were compared between KDM6A-Mut and KDM6A-
WT. The statistical analyses were conducted using R v4.1.2 and
GraphPad Prism 10.0.

Western Blot
KDM6Aexpressionwas accessed in all themurine andhuman cell lines.
Briefly, cells were lysed using freshly prepared lysis buffer (2%SDS,
10mM Tris pH 7.5, supplemented with 1X protease inhibitors) by fre-
quent vortexing and incubated on ice for 20min. This was followed by
centrifugation at 17000 × g for 2min using QIAshredder and the pro-
tein in the collected supernatant was quantified using the Pierce BCA
Protein Assay kit according to the manufacturer’s protocol. Samples
were mixed with 2X reducing Laemmli buffer and incubated at 95 °C
for 10min. 15μg of samples were loaded into a PROTEAN TGX gel and
underwent electrophoresis. After electrophoresis, proteins were
transferred to an Immobilon membrane for 1 h. Then, the membrane
with the transferred protein was blocked for 1 h in EveryBlot Blocking
buffer, then incubated overnight at 4 °C in 1:2000 of anti-KDM6A
primary antibody diluted in EveryBlot Blocking Buffer. The following
morning, the membrane was washed 5 times in PBST before being
incubated with 1:2000 of anti-Rabbit IgG HRP linked secondary anti-
body diluted in EveryBlot Blocking Buffer for 1 h. Lastly, themembrane
was washed in PBST six times followed by chemiluminescent imaging
in a BioRad ChemiDoc imaging instrument.

In-vivo tumor model and tumor processing
sgScramble and sgKdm6a C1 cells were collected from culture via
trypsinization and then washed with PBS. C57BL/6 mice were injected
subcutaneously in the right flank with 2 ×105 sgScramble or sgKdm6a
C1 cells resuspended in 100μl of PBS. The tumor volume was mon-
itored on day 3, 4, 7 and 10 using digital calipers post-tumor inocula-
tion. On Day 11 post tumor implantation, mice were sacrificed, and the
tumors were isolated and weighed. The maximum tumor size for
subcutaneous tumors permitted by the Institutional Animal Care and
Use Committee (IACUC protocol no. 00002153-RN01) at The Uni-
versity of Texas MD Anderson Cancer Center (MDACC) is 15mm.
However, mice were sacrificed, and tumors were isolated on Day 11,
prior to reaching this size limit.

Collected tumors were transferred to Eppendorf tubes containing
FBS-freemedia supplementedwith 0.66mg/ml of Liberase and 20mg/
ml of DNAse. Next, tumors were chopped using scissors, and the
sample tubes were transferred to a thermal shaker for tumor digestion
at 37 °C at 1000 rpm for 30min. Following tumor digestion, a single-
cell suspension was obtained by mushing tumors through a 70μm
strainer. The single-cell suspensionwas subsequently washed in PBS at
200 × g for 5min at 4 °C, the cell pellet was subjected to RBC lysis by
resuspending in ACK Lysis Buffer and then washed in PBS before
proceeding to downstream assays. For some experiments, the cell
pellet was resuspended in freezing media comprising of 90% FBS and
10% DMSO before storage at −80 °C for downstream use.

Anti-PD-1 in-vivo treatment regimen
Tumor-bearing mice were injected intraperitoneally with 200μg,
100μg, and 100μg of anti-PD1 diluted in 100μl PBS onDays 3, 6 and 9
post-tumor implantations. The tumor volumewasmonitored on day 3,
4, 7 and 10 using digital calipers post-tumor inoculation and was cal-
culated using the formula, Tumor Volume = (Length ×Width2)/2. The
tumors were isolated, weighed, and subjected to tumor processing on

Day 11 post-tumor implantation as described previously. The max-
imum tumor size for subcutaneous tumors permitted by the Institu-
tional Animal Care and Use Committee (IACUC protocol no.
00002153-RN01) at The University of Texas MD Anderson Cancer
Center (MDACC) is 15mm. However, mice were sacrificed, and tumors
were isolated on Day 11, prior to reaching this size limit.

In-vivo cisplatin-based chemotherapy regimen
Tumor-bearing mice were injected intraperitoneally with 2.5mg/kg of
gemcitabine plus 6mg/kg of cisplatin on Days 1, 4 and 7 post-tumor
implantations. The tumor volume wasmonitored on day 3, 4, 7 and 10
using digital calipers post-tumor inoculation and was calculated using
the formula, Tumor Volume = (Length ×Width2)/2. Tumors were iso-
lated, weighed and subjected to tumor processing on Day 11 post-
tumor implantation as described previously.

Murine splenocyte isolation and in-vitro Treg generation
Spleens were harvested from C57BL/6 mice, mushed and single-cell
suspension was obtained by passing through a 70 µm strainer. The
resulting single-cell suspension was treated with ACK Lysis Buffer to
lyse the RBCs. The cell counts were obtained using an automated cell
counter before proceeding to Magnetic Assisted Cell Sorting (MACS)
of naïve CD4 T cells.

Naïve CD4 T cells were magnetically isolated using the Murine
NaïveCD4TCell IsolationKit, as permanufacturer’s guidelines. Briefly,
splenocytes were resuspended in MACS buffer (1X PBS supplemented
with 0.5% BSA and 2mM EDTA) on ice. Naïve CD4 Biotin Antibody
Cocktail was added, mixed thoroughly, and incubated at 4 °C for
15min. Next, Anti-Biotin Microbeads were added to the samples,
mixed thoroughly, and incubated on ice for an additional 15min. CD44
Microbeadswere then added, followed by a final incubation for 20min
on ice. The samples were subsequently washed by centrifugation at
200 × g for 5min at 4 °C in surplus MACS Buffer. The resulting cell
pellets were resuspended in MACS buffer, passed through LS columns
and the naïve CD44- CD4 T cells were collected in the flow-through.

Subsequently, to generate Tregs, naïveCD4Tcells (1-1.5 ×106 cells
per well) were stimulated with 3μg/ml of anti-CD3, 2μg/ml of anti-
CD28, 10 ng/ml of murine recombinant IL-2, and 10 ng/ml of recom-
binant mouse TGF-β in complete RPMI media and plated in 24-well
plates. The cells were then incubated for 5 days at 37 °C with 5% CO2.

Genomic DNA isolation for Whole Genome Sequencing (WGS)
Genomic DNA was extracted from 2 ×106 RT4 and K2 cells using
QIAamp DNA Micro Kit, according to the manufacturer’s
instructions. For cell lysis, the cell pellet was resuspended in
buffer ATL, proteinase K and buffer AL was added and pulse-
vortexed for 15 s, followed by 10min incubation at 56 °C in a
thermo shaker. After incubation, 100% ethanol was added, pulse-
vortexed for 15 s and incubated at room temperature for 3 min.
The lysates were then transferred to QIAamp MinElute columns
and centrifuged at 6000 × g for 1 min at room temperature, fol-
lowed by washing with buffer AW1 and AW2. Then, the columns
were centrifuged at 20,000 × g to remove excess buffer, nuclease-
free water was added, incubated for 5min at room temperature
and centrifuged at 20,000 × g to elute the genomic DNA. The
concentration of genomic DNA was measured with a Qubit Flex
Fluorometer using the dsDNA HS Assay kit according to the
manufacturer’s instruction. 500 μg of DNA with an DNA Integrity
Number value > 7 from each condition was sent to the MDACC
Advanced Technology Genomics Core for library preparation and
WGS sequencing on the Illumina NovaSeq instrument.

Whole Genome Sequencing data analysis
The raw paired-end FASTQ reads were generated from whole genome
sequencing of RT4 and K2 cells. We trimmed the raw sequences with
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Trimmomatic v. 0.39 to remove adapters and low-quality bases. The
reads were mapped to human reference genome (hg19) using BWA-
MEM of Burrows-Wheeler Aligner(BWA) v0.7.17-r1188 and mapped
“bam” reads were generated. Further processing including duplicate
removal, sorting and indexing was performed with SAMTOOLS v1.1386.
We estimated copy number variants for each sample using CNVkit and
genomewide heatmap showing copy number ratiowas generatedwith
“cnvkit.py heatmap” module. As our study was focused on identifica-
tion of eccDNA, we used Circle-Map v.1.1.2 to identify circular
amplicons87. All soft clipped, hard clipped and discordant reads were
extracted to a new “bam” file using “ReadExtractor” module and
“realignment”module was executed with default parameters of Circle-
Map. We used standard threshold of minimum 2 split reads and circle
score above 50 to obtain robust set of eccDNA. Circlize v 0.4.15,
Biorender and ggplot2 were used to generate circular representations
of identified eccDNAamplicons and copy number variation for specific
regions between different groups were visualized with “cnvkit.py
scatter” module.

ChIP Sequencing
ChIP assays were performed using pooled samples from
MB49 sgScramble and two biological clones of sgKdm6a (C1, C2) cell
lines, as well as in-vitro generated Tregs, treated with or without 25mM
Na-La for 48 h, using the MAGnify Chromatin Immunoprecipitation
System kit as per the manufacturer’s instructions. Briefly, cells were
incubated with 37% formaldehyde for 10min at room temperature to
crosslink the chromatin. Then to stop the crosslinking reaction, the
sampleswere treatedwith 1.5Mglycine and incubated for 5min at room
temperature. Next, the samples were washed thrice with ice-cold PBS
through centrifugation at 200×g at 4 °C for 10min. The resulting cell
pellets were then resuspended in lysis buffer supplemented with pro-
tease inhibitors and subjected to sonication to fragment the DNA into
150-300 kb fragments. For every immunoprecipitation reaction, 10μg
of specific antibodies as detailed in the Figure legends and Supple-
mentary Table 1, were first coupled with Protein A/G Dynabeads and
then added to the sheared samples and incubated overnight at 4 °C.The
subsequent day, unbound antibodies were removed by washing thrice
with Immunoprecipitation (IP) Buffer 1 and twice with IP Buffer 2. The
crosslinking was then reversed through heat treatment, using the
Reverse crosslinking buffer supplemented with Proteinase K. Next, the
target DNA was purified using the DNA purification magnetic beads
resuspended in DNA purification buffer and incubated at room tem-
perature for 30min. The bead-bound DNA was then washed twice with
DNA wash buffer to remove any residual contaminants. Finally, the
purified target DNA was eluted out by incubating the bead-bound DNA
with DNA elution buffer at 55 °C for 20min in a thermocycler. The
immunoprecipitatedDNAwas thenquantifiedwith the dsDNAHSAssay
kit using theQubit Flex Fluorometer. 10μg of DNA from each condition
was sent to the MDACC ATGC for library preparation and sequencing
which was carried out using the Illumina NextSeq500 instrument.

ChIP Sequencing data analysis
The quality of ChIP-seq FASTQ sequences generated as described
above, were assessed using FastQC v0.11.9, followed by mapping by
bowtie2 v2.3.5.188 with mouse reference genome mm10. The bam files
obtained from mapping were further processed using SAMBLASTER
v0.1.2689 and SAMTOOLS v1.1386, for duplicate removal, sorting and
indexing. Further, SAMBAMBAv0.6.690 was used to normalize the bam
files per read counts by performing random sampling. The ChIP-seq
signal enrichment over “Input control” background was identified
using Model based analysis of ChIP-seq (MACS)2 v2.2.891. The peaks
with significant p values (<0.05) were considered for further annota-
tion with using CHIPseeker v1.30.392 and clusterProfiler93 packages in R
v4.3.2. The quantitative pairwise comparisons of different datasets
were performed usingManorm v1.1.494 using both peak (bed) and read

(bam) coordinates for respective sample. The significant enrichment
of target genes was estimated of the basis of M value which describes
the log2 fold change and plotted with ggplot2. The differential peaks
for specific genes were visualized using Integrative Genomics Viewer
(IGV)84,85. Differential pathways enriched among datasets were identi-
fied using GSEA v4.2.395. The bigwig files were generated from aligned
bam reads with “bamCoverage” function of deepTools v3.5.196 and
profile plots for specific genes were plotted using the computeMatrix
and plotProfile programs of deepTools.We obtained differential peaks
for set of genes involved in MMR, DSBR and glycolysis to prepare
consolidated BED for each pathway between groups. Signal intensity
over these regions was quantified with deepTools using computeMa-
trix. The resulting matrix was visualized with plotProfile to obtain
average signal profiles for consolidated set of genes involved in MMR,
DSBR and glycolysis for different groups. For profile plots of individual
genes, we extracted the differential peaks mapping to genes involved
inMMR, DSBR and glycolysis as BED regions for each gene individually
(reference-point mode, TSS, +/−1kb flanking regions). Signal intensity
over these regions was quantified with deepTools using computeMa-
trix (reference-point mode, TSS, +/−1kb flanking regions). The result-
ing matrix was visualized with plotProfile to obtain average signal
profiles for signals for genes of interest for different groups. The
coverage (bw) data were used to generate heatmaps showing the
distribution of promoters (TSS, +/−5 kb) in Treg with and without
sodium lactate treatment for different histone post-translational using
“computeMatrix” and “plotHeatmap” functions of deepTools. The
genome wide annotation of aligned reads was performed using
ChromHMM v1.2497 which applies multivariate hidden Markov model
(HMM) to assign states by modeling combinatorial presence and
absence of each mark. The reads were subjected to “BinarizeBam”

followed by “LearnModel” using mm10 assembly study enrichment
and functional annotation of each mark in 7-state model.

RNA sequencing
MB49 sgScramble and two biological clones of sgKdm6a (C1, C2) cells
were collected fromculture by trypsinization, washed once inPBS, and
then snap-frozen in liquid nitrogen before total RNA extraction per-
formed by the MDACC Biospecimen Extraction Core Facility. A mini-
mum of 120 ng of extracted RNA with an RNA Integrity Number
value > 7was sent to theMDACCATGC for stranded, paired-endmRNA
sequencing in a NextSeq500 instrument.

RNA sequencing data analysis
For RNA-seq analysis, the paired-end raw FASTQ sequences were
subjected to quality control with FastQC v0.11.9, followed by adapter
removal using Trimmomatic v0.39 78. The trimmed fastq reads were
mapped to mm10 reference genome using STAR v2.7.3a 79 and
resulting bam reads were sorted and indexed with SAMTOOLS v1.13.
The gene counts for each sample were estimated with HTseq v2.0.2.
The raw counts from HTSeq were imported into R and analyzed with
edgeR to compare different groups. Count matrices were assembled
and labeled accordingly, then converted to DGElist. CPM were com-
puted for quality checks and dispersion was visualized with plotBCV.
As this comparison did not include biological replicates, differential
expressions were assessed with edgeR’s exact test with a fixed biolo-
gical coefficient of variation as recommended by published protocol98.
We adjusted the resulting P-values obtained from differential gene
expression analysis between groups for multiple testing using the
Benjamini–Hochberg false discovery rate (FDR). The volcano plots
showing differential gene expression between groups were plotted
with ggplot2 in R.

Isolation of CD4+CD25+ Tregs and CD4+CD25− Tconv cells
MurineCD4+CD25+ Tregs, andCD4+CD25−Tconv cellsweremagnetically
isolated using murine CD4+CD25+ Regulatory T Cell Isolation Kit,
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according to the manufacturer’s protocol. Briefly, cells were resus-
pended in MACS buffer and CD4+CD25+ Regulatory T Cell Biotin-
AntibodyCocktail was added and incubatedon ice for 15min. Next, the
Anti-Biotin Microbeads were added, incubated at 4 °C for 15min, fol-
lowing which the samples were washed in surplus MACS buffer by
centrifugation. The resulting cell pellet was passed through the LD
columns, flow through was collected and centrifuged at 200 × g for
5min at 4 °C. The cell pellet was then resuspended in MACS buffer,
CD25-PE antibody was added, mixed well, and incubated for another
15min on ice. The samples were incubated for an additional 15min
with Anti-PE Microbeads and washed in excess MACS buffer by cen-
trifugation. The pellets were resuspended and run through the MS
Columns. CD4+CD25− Tconv cells were collected in the flow-through,
while CD4+CD25+ Tregs were eluted from the column using a plunger.

Flow cytometry
Flow cytometry was conducted on the cells as mentioned in the figure
legend.

2-3 ×106 cells were briefly rinsed in FACSbuffer (PBS supplemented
with 5% FBS) by centrifugation at 200×g at 4 °C for 5min. After
washing, the cells were incubated on ice for 15min in a blocking buffer
containing murine, bovine, hamster, rat, and rabbit serum along with
25μg/mL 2.4G2 (Fc block) antibody in PBS. The cells were then stained
with the surface antibody cocktail as detailed in the Supplementary
Table 1 for 30min at 4 °C. After, two subsequent washes with FACS
buffer, the cells were fixed and permeabilized on ice for 45min. Fol-
lowing another wash with 1X permeabilization buffer, the cells were
incubated in the intracellular antibody cocktail as mentioned in Sup-
plementaryTable 1 for 20minat roomtemperature. Finally, the samples
were washed with FACS buffer, fixed with 1% paraformaldehyde. The
sampleswere then acquired using a BDLSRFortessa flowcytometer and
FlowJo v10.10 softwarewas used for analysis of the flow cytometry data.

Annexin V based cytotoxicity assay
To evaluate cisplatin-induced cytotoxicity, between
MB49 sgScramble, RT4 and SCaBER cells with their corresponding
KDM6AKO clones, cells were treatedwith or without 5 µMcisplatin for
48 h. Following that the cells were harvested and stained with Annexin
V-Pacific Blue diluted in 1X Annexin Binding Buffer for 15min at room
temperature. The stained cells were then washed with 1X Annexin
Binding Buffer and acquired immediately on the BD LSR Fortessa flow
cytometer and analyzed using FlowJo v10.10 software.

Spheroid generation assay
To compare the spheroid formation ability between
MB49 sgScramble, RT4 and SCaBER cells with their corresponding
KDM6A KO clones in presence of cisplatin, cells were allowed to form
spheroids on top of agarose. Briefly, 100 µl of 1.5%molten agarose was
transferred to each well of a 96-well flat-bottom plate and allowed to
solidify. Then 2 ×104 cells resuspended in 200 µl of complete media
containing 5 µMcisplatinwere transferred to the top of the agarose. To
allow spheroid formation, the plates were centrifuged at 220 × g for
10min and incubated for 48 h at 37 °C. After 48 h, spheroids were
imaged in a EVOS FL imaging system under a 4X objective. The ImageJ
software was used to measure the diameter of the spheroids using the
scale in the microscopy images as reference.

Wound-healing assay
To compare the migration ability of MB49 sgScramble, and SCaBER
with their respective KDM6A KO clones in presence of cisplatin,
wound-healing assay was performed. Briefly, 2 ×105 cells were seeded
into each well of a 24-well plate and incubated until cells reached
confluency. Using a sterile 200 µl pipette tip a scratch was made
through themiddle of the well and imaged at 0 h in a EVOS FL imaging
system under a 4X objective. The cells were then treated with or

without 5 µMcisplatin in serum freemedia followedby 48h incubation
and imaged as described previously. The images were analyzed in
ImageJ Software using the Wound healing size tool to determine the
wound closure percentage. The wound closure was calculated as the
percentage reduction in scratch area between 0 and 48 h.

Cell Transwell Invasion assay
To determine cellular invasiveness, the MB49 sgScramble, RT4 and
SCaBER with their respective KDM6A KO clones were subjected to
starvation by culturing in serum free media for 24 h. Following serum
starvation, 5 ×104 cells were seeded in FBS free media, either with or
without 5 µM cisplatin, onto the transwell inserts with 8μm pore
membrane coatedwithMatrigel (1:8 dilution in serum freemedia). The
inserts were then placed into wells of 24-well plate containing 30% FBS
media. Following 48 h incubation, the invaded cells on the lower side
of the membrane were washed with PBS and fixed in 4% PFA for 7min
at RT. The membranes were then excised out using scalpel, mounted
on a glass slide using VECTASHIELD mounting media containing DAPI
and imaged using the EVOS FL imaging system at either 10X or 20X
magnification. The cell numbers were quantified by counting 4 inde-
pendent visual fields using the ImageJ Software.

Cell proliferation assay
1 ×106 cells of interest were stained with CellTrace™ CFSE according to
the manufacturer’s instructions. Briefly, cells were harvested and
resuspended in 1ml PBS, then 1 µl of 5mM CFSE dye was added, and
the cellswere incubated in dark at RT for 20min. Following incubation,
the cells were resuspended in complete media and incubated for
another 5min. Cells were then centrifuged and washed again with
complete medium to remove any excess dye. At 0 h, a baseline mea-
surement of CFSE intensity was acquired in BD LSRFortessa flow cyt-
ometer in FITC channel. The cells were then cultured for an additional
48 h, after which they were acquired again in flow cytometer. FlowJo
v10.10 software was employed to analyze the differences in the CFSE
dilution which is used as a measure of cell proliferation.

Extrachromosomal circular DNA isolation and rolling circle
amplification
Nuclei extraction was performed on 7 million sgScramble and
sgKdm6a C1 cells per reaction, using CUTANA nuclei extraction buffer
supplemented with spermidine and Halt protease inhibitor. The sam-
ples were incubated for 10min on ice, and then centrifuged at 600 × g
for 5min at 4 °C. Following nuclei extraction, lysis and circular DNA
isolation was performed using the QIAprep spin miniprep kit accord-
ing to the manufacturer’s instructions. Briefly, the nuclei were resus-
pended in P1 buffer, followingwhichproteinaseKwas added to the cell
suspension. The samples were incubated for 17 h on a 50 °C heating
block with agitation at 700 rpm. Then, buffer P2 was added to the
samples andmixed thoroughly by inversion. To stop the lysis reaction,
buffer N3 was added and mixed thoroughly by inversion. The sample
was spun at 17,900 × g for 1min. The supernatant was collected, added
in the QIAprep spin column, and spun at 17,900 × g for 1min. The spin
column was washed using buffer PB, and spun at 17,900 × g for 1min
followed by a wash with buffer PE and spun at 17,900 × g for 1min. An
additional spin was performed to remove residual wash buffer, then
the columnwas placed on a fresh 1.5mL Eppendorf tube. Nuclease free
water was added to the column and left to stand for 5min at room
temperature and eluted by centrifugation at 17,900 × g for 1min.

Subsequently the isolated DNAwas subjected to linear DNA using
the Plasmid safe ATP dependent DNase kit at 37 °C for 1 h and the
reactionwasdeactivated at 70 °C for 30min, as per themanufacturer’s
instruction. Next, the sample was purified using the AMPure XP
Reagent according to the manufacturer’s instructions.

Subsequently the purified DNA was subjected to rolling circle
DNA amplification. Briefly, a denaturation mix was prepared using the
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phiDNA polymerase kit according to the manufacturer’s instructions.
The sample was amplified for 21 h at 30 °C, then inactivated for 10min
at 65 °C. The PCR products were visualized via electrophoresis on a 1%
agarose gel.

Immunohistochemistry (IHC)
IHC staining was performed on formalin-fixed, paraffin-embedded
tissue sections of sgScramble and sgKdm6a C1 tumors to detect EXO1
levels. sgScramble and sgKdm6a C1 tumors were isolated as described
previously, fixed in 10% formalin for 4 h and sent to MDACC Research
Histology Core Laboratory (RHCL) for sectioning and staining. Fixed
tumors were embedded in paraffin and sectioned at 4-micron thick-
ness. Next, sections were deparaffinized, hydrated and antigen
retrieved with BOND Epitope Retrieval Solution 1 followed by washing
with BOND wash buffer. For staining BOND Polymer Refine Detection
kitwas used, sectionswere blockedwith hydrogenperoxide for 15min,
stained with rabbit anti-mouse EXO1 antibody at a 1:200 dilution for
30min, followed by staining with anti-rabbit Poly-HRP-IgG secondary
antibody for 15min. Slides were visualized using 3′-3-Diaminobenzi-
dine substrate as a chromogen, followed by hematoxylin counter-
staining for 3min. Slides were scanned into Aperio eSlide manager for
visualization. The quantification of the Exo1 expressionwas performed
using the color deconvolution 2 plugin on the ImageJ software.

Microsatellite Instability detection
To detect Microsatellite instability, the following markers were used-
mBAT64, mBAT24, mBAT37 and mBAT59 for the mouse genome and
NR21, NR27, NR24, BAT25 and BAT26 for the human genome. These
microsatellite markers were PCR amplified from the respective gen-
omes, and the size of themarker was analyzed by fluorescent fragment
length analysis (FFLA). Briefly, sgScramble and sgKdm6a C1 tumors
were processed as described previously to obtain sgScramble and
sgKdm6a C1 single cell suspensions, while RT4 and K2 cells were har-
vested via trypsinization. GenomicDNAwas extracted from2×106 cells
using QIAamp DNA Micro Kit as previously detailed. These micro-
satellite markers were PCR amplified from 20 ng genomic DNA with
primers as detailed in the Supplementary Table 1, using the Type-it
Microsatellite PCR Kit as per the manufacturer’s instructions. PCR
conditions were as follows for murine microsatellite markers: initial
activation at 95 °C for 5min; followed by 27 cycles of 95 °C for 30 s,
60 °C for 90 s and 72 °C for 30 s; then afinal extension step at 60 °C for
30min. For human microsatellite markers, the following PCR condi-
tions were used: initial activation at 95 °C for 15min; followed by 35
cycles of 95 °C for 30 s, 55 °C for 90 s and 72 °C for 30 s; then a final
extension step at 72 °C for 10min. The size and distribution of the PCR
ampliconswere determinedby capillary electrophoresis performedon
a 3730 Genetic Analyzer instrument followed by analysis of data using
the Peak Scanner software. The microsatellite-based amplicons were
sent to MDACC ATGC for FFLA. The amplicons were mixed with for-
mamide and Liz 500 size standard in a 96-well PCRplate, loaded on the
mentioned instrument and run for 45min. The results (.fcs files) were
imported to Peak Scanner software, size standard and analysismethod
were set toGS500LIZ and SizingDefault PP, respectively and analyzed.
The modal peaks of the microsatellite markers in the electro-
pherogram were identified between 75-195 bp. The modal peak posi-
tion in base pairs ofmBAT-64 was compared between sgScramble and
sgKdm6a C1 tumor cells and the modal peak position for NR21 was
compared between RT4 and K2 cells.

Gamma-H2AX assays
To detect dsDNA breaks in cell lines, presence of gamma-H2AX foci
were detected using flow cytometry or microscopy-based studies.

For flow cytometry experiments, sgScramble and sgKdm6a
C1 cells were seeded in a 24-well plate and incubated overnight at

37 °C. The following day, cells were treated with 100 µM Etoposide for
1 h followed by 4 h recovery or no recovery. Cells resuspended in PBS
were transferred to a 96-well round bottom plate, centrifuged at
900 × g for 5min at 4 °C and resuspended in fixation and permeabili-
zation buffer for 40min on ice. Following fixation and permeabiliza-
tion, the cells were centrifuged at 900 × g for 5min at 4 °C and the cell
pellet was subsequently stainedwith Anti-Phospho-HistoneH2A.X (Ser
139) primary antibody for 20min at room temperature. After incuba-
tion, cells werewashedwith PBS by centrifugation at 1400 × g for 5min
at 4 °C and subsequently stained with anti-mouse FITC-conjugated
secondary antibody for 15min in dark at room temperature. Then, the
cells were washed with PBS and fixed with 1% paraformaldehyde. The
samples were acquired using a BD LSR Fortessa flow cytometer and
analyzed using FlowJo v10.10 to determine the percentage of gamma-
H2AX positive cells.

For microscopy experiments, 1 ×106 sgScramble, sgKdm6a C1,
RT4, and K2 cells were seeded on poly-D-lysine coated coverslips and
incubated for 24 h at 37 °C. After the cells properly adhered, they were
treated as described previously, then fixed with 3.7% paraformalde-
hyde for 20min at room temperature, permeabilized with 1% Triton
X-100 for 10min at room temperature and subsequently blocked for
30min with blocking buffer (1% BSA in PBS) at room temperature.
After blocking, the cells were incubated with the H2AX primary anti-
body as mentioned previously for 90min at room temperature,
washed with PBST (0.05% Tween-20 in PBS) and then incubated with
anti-mouse secondary antibody in the dark for 1 h at room tempera-
ture. Then, the cells were washed with PBST followed by DAPI staining
in the dark for 15min. To remove excess dye cells were washed with
PBS and cover slips were mounted on to slides using mounting media.
The slides were imaged using the Leica SP8 confocal system or the
Zeiss LSM880 confocal system at the MDACC Advanced Microscopy
Core (AMC) and the raw image files were imported to ImageJ software
for analysis. The gamma value was corrected uniformly within each
comparison group and the number of distinctly visible gamma-H2AX
foci were counted manually for each cell.

Gamma-H2AX assay of in-vivo tumor cells
sgScramble and sgKdm6A C1 tumors were processed as described
previously to obtain sgScramble and sgKdm6a C1 tumor single cell
suspensions. 3 ×106 sgScramble and sgKdm6a C1 tumor cells were
transferred to a 96-well round bottomplate, centrifuged at 900 × g for
5min at 4 °C and the cell pellet was stained with PB conjugated anti-
CD45+ antibody followed by 15min incubation at room temperature.
The cells were washed with PBS followed by fixation and permeabili-
zation and then stained with H2AX primary antibody and anti-mouse
secondary antibody as described previously. The cells were then
washed with PBS and incubated with PE conjugated tumor cell marker
anti-E-Cadherin antibody for 15min at room temperature. Cells were
washed, fixed, acquired and analyzed as described previously to
determine the MFI of gamma-H2AX in tumor cells and percentage of
gamma-H2AX positive tumor cells.

Comet assay
To compare DNA damage in MB49 sgScramble and RT4 cell lines with
their respective KDM6A KO cell lines, comet assay kit was used for
single cell gel electrophoresis and DNA staining according to the
manufacturer’s protocol. 2 × 105 cells were seeded in a 24-well plate
and incubated overnight at 37 °C. The following day, cells were treated
with 100 µM Etoposide for 2 h followed by 1 h recovery. Following the
treatment, cells were collected, resuspended in cold 1X PBS to achieve
a final of 500 cells/μl andmixed withmolten comet agarose at 37 °C in
the ratio of 1:10 (v/v). A base layer of agarose was prepared on comet
slides and allowed to solidify, then the cell-agarose mixture was
transferred on top of the base layer. Following solidification, alkaline
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lysis of cells was performed by immersing the slides in pre-chilled lysis
buffer for 45min at 4 °C in the dark, followed by a 45-minute immer-
sion in pre-chilled alkaline solution. Then single cell alkaline electro-
phoresis was performed by placing the slides in an electrophoresis
chamber containing cold alkaline electrophoresis solution, at 1 volt/cm
for 25min at 310mA. The slides were then washed three times with
cold autoclaved water, followed by cold 70% ethanol for 5min. Slides
were allowed to air dry at room temperature and stained with Vista
green DNA dye for 15min in dark at room temperature. Excess dye was
removed, and slides were imaged using Leica SP8 confocal system at
the MDACC Advanced Microscopy Core. The raw image files were
imported to ImageJ software, and gamma value was corrected uni-
formly within each comparison group for further analysis. Using the
OpenComet plugin, profile analysis was done with background cor-
rection off for comet finding and head finding. The output of the
analysis provided the corresponding tail DNApercentage, tail moment
and olive moment of the comets.

Cell cycle analysis
Cell population in each cell cycle stage was determined by using the
Vybrant DyeCycle Violet DNA binding Stain according to the manu-
facturer’s instruction. Briefly, 2 ×105 cells were incubated with 10 µMof
theDNAbindingdye in completemedia at 37 °C indark for 30min. The
cells were then directly acquired in BD LSRFortessa flow cytometer
using the BV421 channel. FlowJo v10.10 software was used for analysis
of the flow cytometry data. The univariate cell cycle model using the
Watson (Pragmatic) algorithm in FlowJo was used to analyze the dis-
tribution of cells across different cell cycle stages based on their DNA
content.

Seahorse assay (ATP Real-time Rate Assay)
To compare the ATP production rates from glycolytic and mitochon-
drial pathways between murine MB49 sgScramble and sgKdm6a C1
cell lines as well as between human RT4 and its KDM6A KO Clone K2,
the SeahorseXFReal-TimeATP rate assaywas performed following the
manufacturer’s instructions by the MDACC Metabolomics Core. The
cells were seeded overnight in the XF-96 well-plate. The assay was
performed using an XF-96 Analyzer which measured the extracellular
acidification rate (ECAR) under basal conditions as well as after
sequential injections of 1.5μM oligomycin and 0.5μM Rotenone/
Antimycin A. Real-time rates of ATP production were recorded and
assessed using the Wave software.

Extracellular lactate measurement assay
To distinguish differences in concentration of L-Lactate produced,
culture supernatants were collected from murine MB49 sgScramble
and sgKdm6a C1 cell lines after 24 h of culture, and from human RT4
and its KDM6A KO Clone K2 cells following 48 h of culture.

To compare the intratumoral concentration of L-Lactate in
sgScramble and sgKdm6a C1 tumors, tumor interstitial fluid (TIF) was
collected by resting tumors on a 40μm nylon filter, then centrifuging
the sample tubes at 106 × g for 10min at 4 °C. The collected TIF sam-
ples were transferred to separate Eppendorf tubes, snap-frozen in
liquid nitrogen, and then stored at −80 °C before assaying.

TIF and culture supernatant samples were processed for extra-
cellular lactate quantification using the L-Lactate Assay Kit. Briefly,
sampleswere subjected to deproteination using cold 0.5MMPAon ice
for 5min. After deproteination, samples were centrifuged at
10,000× g for 5min at 4 °C. Next, the supernatant was collected,
transferred to a new tube, and neutralized using potassium carbonate
and centrifuged at 10,000 × g for 5min at 4 °C, after which the
supernatant was collected. The assay plating was conducted following
the manufacturer’s instructions, and the absorbance was read using a
BioTek Synergy H1 microplate reader at 535 nm.

Mass cytometry (CyTOF) for immune profiling of tumor
microenvironment
Tumor samples processed and stored as previously described were
revived in complete DMEM media. Then, 3 × 106 cells were collected
from each sample and washed with PBS, resuspended in 194Pt
monoisotopic cisplatin at a final concentration of 5μM in FACS buffer
and incubated for 3min at room temperature. Subsequently, samples
were washed three times with FACS buffer followed by fixation and
permeabilization for 15min at room temperature using Maxpar bar-
code fixation and permeabilization buffer. Then, samples were labeled
using palladium barcoding, according to the manufacturer’s protocol,
and incubated for 30min at room temperature. After labeling, samples
were washed three times in FACS buffer and surface staining was
performed by resuspending samples in the antibodymixture (outlined
in Supplementary Table 1) prepared in blocking buffer at 4 °C for
30min. After surface staining, samples were washed twice with FACS
buffer and then subjected to fixation and permeabilization for 1 h at
4 °C. Next, samples were washed twice in permeabilization buffer and
resuspended in the intracellular antibody mixture prepared in per-
meabilization buffer (described in Supplementary Table 1) for 30min
at 4 °C. After washing with FACS three times, samples were fixed using
1.6% paraformaldehyde in PBS supplemented with 100nM iridium
nucleic acid intercalator and left overnight at 4 °C. The following day,
samples were washed with PBS three times and resuspended in
nuclease-free water before acquisition using a Helios mass cytometer.
We analyzed the CyTOF data using Premessa, FlowCore, and FlowSOM
packages as described in a previously published protocol99.

pHrodo red assay for lactic-acid uptake
Tregs were collected from culture and 1 ×106 cells were plated per well
in a 96 well plate, then washed with 20mM HEPES in PBS. After
washing, cells were resuspended in the pHrodo staining solution pre-
pared according to manufacturer’s instructions in 20mM HEPES and
incubated at 37 °C for 30min. Following staining, cells were washed
twice in 20mM HEPES. Following the washes, lactic acid was added to
each sample well at final concentrations of 5mM and 15mM and then
incubated at 37 °C for 30min, following which samples were acquired
on aBDLSR Fortessaflowcytometer and analyzedusing FlowJov10.10.

In-vitro suppression assay
Tregs were generated in-vitro, magnetically sorted for CD4+CD25+

Tregs as described previously and then treatedwith the supernatant of
sgScramble or sgKdm6a C1 cell lines for 36 h. For Tconv cells, single cell
suspensions of murine splenocytes were obtained and magnetically
isolated for CD4+CD25− Tconv cells as previously outlined.

Tconv and Tregs were labelled with Cell Trace Violet (CTV) and Far
Red (FR) respectively according to the manufacturer’s protocol. Tconv

(5 × 104) cells were co-cultured with Tregs (5 × 104) at varying ratios
(1:1,2:1 and 1:2, Tconv:Treg ratio) and stimulated using anti-mouse CD3/
CD28 Dynabeads and 10 ng/ml of murine recombinant IL-2 per the
manufacturer’s guidelines. The cells were co-cultured in 96 well round
bottomplates with 200μl RPMI for 4 days at 37 °C and 5%CO2. OnDay
4, cells were acquired using the BD LSR Fortessa. FlowJo
v10.10 software was employed to analyze the differences in the CTV
dilution which is used as a measure of Tconv cell proliferation in
response to co-culture with Tregs pre-treated with sgScramble
supernatant or sgKdm6a supernatant.

Isolation and enrichment of histones for high-performance
liquid chromatography (HPLC)–tandem mass spectrometry
(MS/MS)
Tregs were generated in-vitro as described above and then treated
with orwithout 25mM 13C labelledNa-La for 48 h. Following treatment,
histones were isolated using the ActiveMotif Histone PurificationMini
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Kit according to the manufacturer’s instructions. Briefly cells were
harvested and washed by centrifugation at 200 × g for 5min at 4 °C.
The pellet was resuspended in pre-chilled extraction buffer and incu-
bated overnight at 4 °C with end-to-end rotation. The subsequent day,
the samples were centrifuged at maximum speed for 5min at 4 °C, the
supernatant containing the crude histones was collected and neu-
tralizedwith 5XNeutralization Buffer. The neutralized histone samples
were then loaded onto a spin column and centrifuged at 2000 × g for
5min at 4 °C. The columnwas washed thrice with Histone wash buffer
and the histones were eluted out in the flow through by centrifugation
at 2000 × g for 5min at 4 °C with the elution buffer. Next, the eluted
histones were precipitated using 4% perchloric acid by overnight
incubation at 4 °C. The subsequent day, samples were centrifuged at
maximum speed at 4 °C for an hour. The pelleted histones were then
washed twicewith cold4%perchloric acid followedby twowasheswith
ice-cold acetone (with 0.2% HCl) and pre-chilled acetone. The pellets
were air-dried for 15min and then resuspended in 100mM tetra-
ethylammonium bromide (pH 8) by incubation for 15min at room
temperature with periodic vortexing.

The extracted histones were then quantitated using the Pierce
BCAAssayKit as outlined previously. 1000 µg of purifiedhistoneswere
then subjected to Lys-C digestion overnight at 1:50 (Lys-C to histone)
ratio following the manufacturer’s guidelines. The digested samples
were subsequently reduced and alkylated using 5mMDithiothreitol at
37 °C for an hour and 11mM Iodoacetamide for 50min at room tem-
perature respectively.

The Lys-C digested histones were then immunoprecipitated using
a Pan anti-Kla antibody using Pierce Classic IP Kit following the man-
ufacturer’s protocol. 10 µg of Pan anti-Kla antibody was incubated
overnight with 1000 µg of digested histones at 4 °C with end-to-end
rotation. The next day, Pierce Protein A/G Agarose slurry solution was
added into the Pierce Spin Column and centrifuged for 1min at
1000 × g. Then the antibody/ digested peptide mixture was added
onto the Protein A/G Plus Agarose in the spin column and incubated
over end-over-end rotation for 3.5 h. The column was then washed
thrice using 1 × 0.025M TBS Buffer and once with 1X Conditioning
Buffer. The immune complex was eluted out of the column following
incubation with low-pH elution buffer for 15min and then centrifuga-
tion at 1000× g for 1min at 4 °C. The enriched peptides were then
quantitated by BCA assay as described previously and sent to the
MDACC Proteomics Core for LC–MS/MS analysis.

LC–MS/MS Analysis
For the analysis of histone lactylation, vacuum-dried tryptic peptides
were dissolved in solvent A (0.1% formic acid in water) and directly
loaded onto a nano reverse-phase C18 column (75μm ID× 25 cm L,
1.7μmparticle size). Peptides were separated using a linear gradient of
solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in
acetonitrile). The gradient was as follows: 0% to 10% solvent B over
2min, 10% to 60% solvent B over 30min, 60% to 100% solvent B over
1min, and held at 100% solvent B for 11min. The eluate was electro-
sprayed into an Orbitrap Astral Mass Spectrometer (Thermo Fisher
Scientific) operating in positive ionmode, with an electrospray voltage
of 2 kV and an ion transfer tube temperature of 280 °C, flowrate
400nl/min. Datawere acquired inDDAmodewith a fixed cycle timeof
2 s. Full MS scans were performed in the range of 350 to 1500m/z at a
resolution of 240,000, with an AGC target of 500% and a maximum
injection time of 100ms. Precursor ion selection width was set to 2 Th.
Peptide fragmentation was carried out using HCD with a normalized
collision energy of 27%. Fragment ion scans were recorded at a reso-
lution of 80,000, with a maximum injection time of 30ms and a nor-
malized AGC target of 300%. Dynamic exclusion was enabled and
set to 15 s.

For data analysis, the MS/MS spectra were processed using Pro-
teome Discoverer v2.4 with a mouse protein sequence database from

UniProt (downloaded November 2023, 17,184 entries). Peptide
searching was performed with Sequest HT using the following para-
meters: Protease- Trypsin, allowing up to two missed cleavages,
minimum peptide length of 5, a precursor mass tolerance of 10 ppm,
and a product ion tolerance of 0.6Da and applied score cutoff-none.
Carboxyamidomethylation of cysteine was set as a fixed modification,
while oxidation of methionine and lactylation of lysine were set as
variable modifications. A total of eight samples were analysed. These
included two technical replicates of in-vitro generated untreated Tregs
and two technical replicates of Tregs labeled for 48 h with 25mM 13C
sodiumL-lactate. For each experimental condition, two corresponding
input controls (5% of the peptide collected prior to IP) were also
included.

ChIP-qPCR
ChIP assay was performed as previously detailed on the following
samples-HumanRT4 andK2 cells using antibodies against KDM6A and
H3K4me3and in-vitro generated, CD4+CD25+ sortedTregs treatedwith
and without 25mM Na-La for 48 h or treated with supernatants from
sgScramble or sgKdm6a C1 cells for additional 24 h against anti-
H3K9la and H3K18la antibodies (detailed in Supplementary Table 1).
For each condition, 100 ng of immunoprecipitated DNA was used as
input for real-time PCR (qPCR) to evaluate the gene expression utiliz-
ing the SYBR Green Master Mix according to the manufacturer’s
instructions and using the primer sequences listed in Supplementary
Table 1.

RNA Isolation, cDNA preparation and qPCR
RT4 with its KDM6A KO K2; SCaBER with its KDM6A KO B7 and in-
vitro generated, CD4+CD25+ sorted Tregs treated with and with-
out 25mM Na-La for 48 h or treated with the supernatant of
sgScramble and sgKdm6a C1 cells for 24 h were lysed using the
TriZol reagent and one-fifth volume of chloroform was added.
After vigorous mixing and a 15-minute incubation at room tem-
perature the samples were centrifuged at 12,000 × g for 15 min at
4 °C. The aqueous layer on top was carefully collected and incu-
bated with equal volume of isopropanol for 10min at room
temperature. Following this, the samples were centrifuged at
12,000 × g for 15 min at 4 °C. The pellets were then washed with
75% ethanol by centrifugation. The resulting RNA pellets were air-
dried, resuspended in nuclease-free water and quantified using a
Nanodrop spectrophotometer. Subsequently, cDNA synthesis was
performed by reverse transcribing 1 µg of RNA using the Super-
script III cDNA synthesis kit, according to the manufacturer’s
instructions containing reverse transcriptase (RT) buffer, dNTP
mix, RT Random primers, and Reverse transcriptase enzyme.
1000-2000ng of cDNA was then utilized for downstream qPCR
analysis to measure gene expression using the SYBR Green Master
Mix according to the manufacturer’s instructions and the primer
sequences detailed in Supplementary Table 1.

Statistics & Reproducibility
R V4.0.2 and GraphPad Prism software V10 were used for statistical
analyses. The specific statistical tests used have been indicated in the
respective figure legends.

Ethical Statement
The study complies with all relevant ethical regulations, and all animal
experiments were approved by the Institutional Animal Care and Use
Committee (IACUC protocol no. 00002153-RN01) at The University of
Texas MD Anderson Cancer Center (MDACC).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The ChIP-seq, RNA-seq andWGS data supporting this study have been
deposited in Sequence Read Archive (SRA) under accession code
PRJNA1173195. The mouse reference genome (mm10) coordinates are
available in GENCODE. The human reference genome (hg19) coordi-
nates are available in GENCODE. The mass spectrometry proteomics
data havebeendeposited to the ProteomeXchangeConsortiumvia the
PRIDE100 partner repositorywith the dataset identifier PXD065234. The
clinical and genomic data for patients with resectable and advanced
bladder cancer receiving cisplatin-based chemotherapy is available in
cBioPortal as blca_msk_tcga_2020 (https://www.cbioportal.org/study/
summary?id=blca_msk_tcga_2020) and paired_bladder_2022 (https://
www.cbioportal.org/study/summary?id=paired_bladder_2022). The
amplicon intervals for The Cancer Genome Atlas (TCGA) cohort are
available in Supplementary Table 1 of a previously reported study
(https://www.nature.com/articles/s41588-020-0678-2#Sec20). The
overall survival, tumor mutation burden and mRNA expression data
for IMviogor210 study is available as IMvigor210CoreBiologies R
package (http://research-pub.gene.com/IMvigor210CoreBiologies/).
The clinical and genomic data for MSK_2018 cohort is available in
cBioPoral as tmb_mskcc_2018 (http://www.cbioportal.org/study?id=
tmb_mskcc_2018). The tumormutations burden andmRNA expression
data for TCGA-BLCA cohort is available at cBioPortal (https://www.
cbioportal.org/study/summary?id=blca_tcga_pub_2017). Somatic var-
iants summary for bladder cancer patients is available at TCGA. The
genomic and mRNA expression data for HCRN cohort is available in
cBioPortal with identifier blca_bcan_hcrn_2022 (https://www.
cbioportal.org/study/clinicalData?id=blca_bcan_hcrn_2022). The
remaining data are available within the Article, Supplementary Infor-
mation or Source Data file. Source data are provided with this paper.

Code availability
The ChIP–seq, RNA-seq and WGS analyses were performed with open-
source algorithms as described in the Methods.
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