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Y chromosomeloss in cancer drives growth
by evasion of adaptive immunity
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Loss of the Y chromosome (LOY) is observed in multiple cancer types, including
10-40% of bladder cancers'®, but its clinical and biological significance is unknown.
Here, using genomic and transcriptomic studies, we report that LOY correlates with

poor prognoses in patients with bladder cancer. We performed in-depth studies of
naturally occurring LOY mutant bladder cancer cells as well as those with targeted
deletion of Y chromosome by CRISPR-Cas9. Y-positive (Y") and Y-negative (Y")
tumours grew similarly in vitro, whereas Y™ tumours were more aggressive than Y*
tumours inimmune-competent hostsina T cell-dependent manner. High-dimensional
flow cytometric analyses demonstrated that Y~ tumours promote striking dysfunction
or exhaustion of CD8"T cells in the tumour microenvironment. These findings were
validated using single-nuclei RNA sequencing and spatial proteomic evaluation of
human bladder cancers. Of note, compared with Y tumours, Y tumours exhibited an
increased response to anti-PD-1immune checkpoint blockade therapy in both mice
and patients with cancer. Together, these results demonstrate that cancer cells with
LOY mutations alter T cell function, promoting T cell exhaustion and sensitizing them
to PD-1-targeted immunotherapy. This work provides insights into the basic biology
of LOY mutation and potential biomarkers for improving cancerimmunotherapy.

The Y chromosome is essential for male sex determination and sper-
matogenesis’. Recent studies, aided by advances in sequencing tech-
nologies and CRISPR-mediated knockout of the entire Y chromosome?,
have begun to characterize the function of the Y chromosomeina
variety of physiological contexts. In ageing men, LOY has been asso-
ciated with many adverse health consequences. For example, LOY in
haematopoietic cells is associated with an increased risk of several
diseases, including cardiac fibrosis® and multiple cancer types' .
In bladder cancer, LOY has been found in 10-40% of tumours* "%,
Thisis unsurprising, since bladder cancer is commonly caused by envi-
ronmental exposures to tobacco and industrial chemicals, which are
known to resultin DNA damage and LOY** ¢, Here we describe how LOY
and the corresponding loss of Y chromosome genes such as KDM5D
and UTY confer anaggressive phenotype to bladder cancer, while also
making LOY tumours more vulnerable toimmunotherapy.

Here we developed Y" and Y™ cancer cell models in mice for in vitro
andinvivostudiesusing naturally arising bladder cancer cells with LOY
as well as CRISPR-mediated deletion of the entire Y chromosome. We
alsodeveloped aLOY gene expression signature to interrogate human
specimens. We show that cancer cells with LOY have amore aggressive
growth phenotype and that low LOY gene signature scores are asso-
ciated with a poor clinical prognosis for patients with cancer. Using
spectral flow cytometry and GeoMX hi-plex spatial proteomic analy-
ses, we showed that mouse tumours with LOY exhibit animmunosup-
pressive tumour microenvironment (TME) with significant CD8" T cell

exhaustion. We found similar results in human bladder cancer speci-
mens with LOY using single-nuclei RNA sequencing (snRNA-seq) and
histology-based analyses using co-detection by indexing (CODEX). The
clinical relevance of these findings is further supported by the observa-
tion that patients with bladder cancer exhibiting LOY had animproved
response toimmune checkpoint blockade (ICB) targeting PD-1/PD-L1,
which is commonly used to treat advanced bladder cancer%,
Collectively, we provide evidence linking LOY in bladder cancer to
more aggressive tumour growth and a poor prognosis. Furthermore,
we show that LOY tumours promote CD8* T cell exhaustionin the TME,
predisposing themto a therapeutic vulnerability to ICB in male patients.

LOY is associated with a worse patient outcome

We created a Y chromosome RNA expression signature score based
on18 Y-encoded genes that are expressed in normal bladder urothe-
lium? (Extended Data Fig. 1a,b). We used this score to stratify the overall
survival of 300 men with locally advanced muscle-invasive bladder
cancer (MIBC) in The Cancer Genome Atlas (TCGA) transcriptomic
data?. The samples were divided into two groups on the basis of aver-
age Y chromosome signature scores: Yy, (n=182) and Yy,,, (n =118)
(Fig.1a,b). Age (34-90years), stage (tumour, lymph node or metastatic
lesion), race (white, African American or Asian) and tumour grade
(high or low) did not differ between Y, and Y,,,, samples (Fig. 1a).
However, patients with low Y chromosome gene expression score
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Fig.1|LOY isassociated with aworse prognosis for men with MIBC. a, Heat
map of clinical parameters and metadata for 300 male patients with MIBC from
TCGA data.Chr.Y,Y chromosome.b,c, Plot of Y chromosome gene expression
(b) and Kaplan-Meier survival curve (c) associated with Yy, (n=182) and Y,,,,
(n=118) samplesidentified ina. Cl, confidenceinterval; HR, hazard ratio.

had significantly (P=0.029) worse overall survival compared with
those with higher expression (Fig. 1c). Notably, decreased individual
expression of four Y chromosome genes (KDM5D, UTY (also known as
KDMe6C), TBL1Y and ZFY) was also associated with a poor prognosis
(Extended Data Fig. 1c). Similar results for survival were found when
834 patients with non-muscle-invasive bladder cancer (NMIBC) were
evaluated” (Extended Data Fig. 1d), suggesting that LOY is present
early in disease progression.

To confirmthe robustness of the results obtained with our Y chromo-
some signature score, we also carried out virtual karyotyping analyses
using two different methods. In the first study, we used TCGA RNA
data to show that extreme downregulation of chromosome Y (EDY)
increased cancer risk in 12 cancer types, including bladder cancer.
In the second study, we used TCGA DNA sequencing data and mosaic
alteration detection for LOY (MADLOY) to detect LOY from genotype
array intensity data®*. These two studies validated our Y chromosome
signature, as Y,,, tumour specimens were also identified as having EDY
and LOY by these techniques, and suggest that low expression of Y
chromosome genesis due to theloss of the Y chromosome (Extended
DataFig.le).

Development of LOY mouse bladder cancer models

To determine why Y., bladder cancer is more aggressive than Y,
tumours, we assessed Y chromosome gene expression in MB49, a
well-studied mouse bladder cancer cell line that has been shown
to naturally lose the Y chromosome® ¥, We selected and expanded
single-cell clones from the heterogeneous MB49 parental population
and assessed the expression of seven genes located on the male-specific
region on chromosomeY that are commonly expressed in both mouse
and human bladder cells®. Only three (KdmSd, Uty and Ddx3y) out of
the seven genes were expressed in the MB49 line (Extended Data Fig. 2a
and Supplementary Table 1). We also evaluated Eif2s3y expression,
asitis an additional mouse Y chromosome gene that is expressed in
urothelium?®. We pooled 16 clones that exhibited no Y chromosome
gene expression compared to positive controls (normal mouse testis
andthe parental MB49 line) to create a polyclonal Y cellline. The female
bladder cell line NA13 (ref. 28) and the breast cancer line EO771 (ref. 29)
served as negative controls. Similarly, we pooled together 16 clones that
expressed the four Y chromosome genes at similar levels to positive

Differencesingene expressionandsurvival were based on Wilcoxon rank-sum
testand log-rank statistics, respectively. Inbox plots, the centre line represents
the mean and box edges show first and third quartiles. Minimum and maximum
datapointsareincluded.

controls to create a polyclonal Y* cell line (Extended Data Fig. 2b,c).
Next, using whole-exome sequencing (WES), we confirmed that the
lack of Y chromosome gene expression in the MB49 sublines was due
to LOY (Extended Data Fig. 2d).

Effect of LOY on cancer growth

We observed no differences in proliferation between the Y- and Y*
sublinesin2D or 3Dinvitro culture (Fig.2aand Extended Data Fig. 3a,b).
Toinvestigate the effect of LOY on tumour growth in vivo, we injected
the Y and Y'lines subcutaneously intoimmune-competent wild-type
male C57BL/6 mice. We found that Y™ tumours exhibited an approxi-
mately twofold increased tumour growth rate compared with Y*
tumours (Fig. 2b). This observation provided compelling clinical
relevance for our model system, since it paralleled the relationship
observed in human tumours. We then assessed the contribution of
host immunity to the differential growth by injecting each cell type
intowild-typeand Rag2” Il2rg” (deficientin T cells, B cells and natural
killer cells) male mice. Again, Y tumours grew significantly faster than
Y*tumours in the wild-type mice, whereas both cell types grew at the
same rateintheimmunocompromised Rag2” I12rg” mice (Fig. 2c), indi-
catingthat the Y"tumours were more efficient in evading anti-tumour
adaptive immunity.

To separate Y chromosome loss from other potential differences
in genetic background between the Y*and Y~ lines, we deleted the Y
chromosome from Y cells using CRISPR-Cas9-mediated chromo-
some depletion using previously established techniques®® (Fig. 2d).
Depletion of the Y chromosome alone (CRISPR Y-KO) promoted faster
tumour growth compared with the scrambled guide RNA Y* control
(CRISPR Y-Scr) MB49 cells inimmune-competent mice (Fig. 2e and
Extended DataFig. 3b,c). This essentially reproduced the findings from
naturally occurring Y~ bladder cancer cells.

We nextaimed to define the molecular driversin Y”tumours that con-
tribute toimmune evasion. Of the three genes shared between humans
and MB49 cells, low expression of KDM5D and UTY were the only human
genes whose loss of expression was associated with an unfavourable
prognosisin human bladder cancer (Fig. 2f,g, Extended Data Fig. 1cand
Supplementary Table1). We therefore engineered Y and Y~ sublinesin
which Uty or Kdm5dwas either knocked out or overexpressed. We found
that Y tumours in which Uty or Kdm5d was knocked out exhibited an
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Fig.2|LOY and deletion of the Y chromosome genes Kdm5d and Uty
promotesbladder tumour growthinanimmune-competent host.

a, Proliferation of Y"and Y- MB49 cellsinvitro (by MTT cell viability assay) over a
six-day time course. Dataare mean + s.e.m.n =3 biological replicates. OD, optical
density. b,c, Tumour volume of Y*and Y"MB49 cells grown subcutaneouslyin
wild-type (WT) C57BL/6 (b; n=10 mice per group) or Rag2” li2rg”" (c; n=10 mice
per group) male mice. d, Relative mRNA expression (determined by RT-qPCR)
of Uty, Kdm5d, Eifs3y and Ddx3y in CRISPR-generated Y-Scr and Y-KO MB49 lines.
e, Tumour volume of CRISPR Y-Scr and CRISPR Y-KO MB49 cells grown
subcutaneously in wild-type C57BL/6 male mice (n=10 (Y-Scr) and 8 (Y-KO) mice
per group).f, Volcano plot of statistically significant (Benjamini-Hochberg
method, P<0.05) differentially expressed genes (DEGs) from Y* (blue) and

increased growth rate compared with Y* tumours in wild-type hosts,
but no such difference was observed in Rag2” I12rg”” mice (Fig. 2h).
Consistent with these results, overexpression of either Uty or Kdm5d
in Y tumours resulted in decreased tumour growth in wild-type mice
butnotinRag2” l12rg” mice (Fig. 2h). Again, all lines shared the same
growthkineticsin vitro (Extended DataFig. 3b). Together, these results
demonstrate that Uty and Kdm5d contribute—at least in part—to the
impaired anti-tumour immunity of Y~ tumours. Further, identifica-
tion of KDMS5D or UTY loss in human tumours has the potential to be
a useful prognostic factor in determining the clinical aggressiveness
ofbladder cancer.

LOY cancer cells create animmunosuppressive TME

To further determine the immunological basis of the differential
growth of Y-and Y tumours, we sequenced the entire transcriptome
from Y and Y* MB49 tumours grown in wild-type mice. We detected
958 DEGs (Extended Data Fig. 4a). Tumours from each genotype were
separated by principal component analysis (PCA) (Extended Data
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Y (red) MB49 cells that exhibit a positive or negative log, fold differencein
expression of greater thanone.FC, fold change.g, PCA of Y* (blue) and Y™ (red)
DEGs describedinf.Shaded areas encompass regions where the principal
component falls within a 95% confidence internal. h, Left, tumour volume of

Y* Uty-KO and Y" KdmS5d-KO cell lines injected subcutaneously into wild-type
(n=10mice pergroup) or Rag2” l12rg” (n=10 mice per group) male mice. Right,
similarly, Y-, Uty-overexpression (OE) and KdmS5d-OE cell lines were implanted
intowild-type (n=10 mice per group) or Rag2” l12rg”" (n=8, 6 and 6 mice per
group, respectively) male mice. Allmouse experiments are representative of two
independent experiments. Repeated measures two-way ANOVA; comparisons
weremadewiththeY"andY controlsinh.Dataare mean +s.e.m.

Fig.4b), supportingadistinct molecular architecture. Gene set enrich-
ment analyses (GSEA) performed on DEGs revealed that Y* tumours
were associated with enhanced immune responses compared with
Y~ tumours (positive regulation of lymphocyte proliferation: normal-
ized enrichment score (NES) =1.59, adjusted Pvalue = 0.01; lymphocyte
mediated immunity: NES =1.76, adjusted P value = 0.01; response to
IFNy: NES =1.87, adjusted P value = 0.01; positive regulation of T cell
activation: NES = 1.80, adjusted Pvalue = 0.01) (Extended Data Fig. 4c).
Wethenfurther genetically defined the roles of T cells and B cells using
mice with deficiencyin each cellular compartment. We observed similar
enhanced growth of Y tumoursinwild-type as well asin B cell-deficient
Ighm-knockout (KO) mice (Fig. 3a). However, the differential growth
of Y'and Y tumours was eliminated in Rag2”~ and Tcrb™ Terd” mice,
confirming that the increased tumour growth control of Y tumours
was due to endogenous anti-tumour T cellimmunity (Fig. 3a).

We next used high-dimensional spectral flow cytometry to deline-
ate the difference in intratumoural CD45" immune cell populations
between Y*and Y™ tumours. Y~ tumours were enriched in the pro-
portion of total CD8" T cells (Fig. 3b-e, Extended Data Fig. 5a-c and
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Fig.3|Y,,,bladdercancer overcomesT cellimmunity and endows an
immune-suppressive TME. a, Tumour growth curves of Y'and Y"MB49 cells
grown subcutaneously in wild-type (n =8 mice per group), lghm™ (n=10 (Y*)
and 7 (Y)) mice pergroup), Tcrb”/Terd” (n=8 (Y") and 9 (Y)) mice per group) or
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oftwoindependent experiments. Statistical significance was determined by
repeated measures two-way ANOVA. Dataare mean + s.e.m. b, Uniform manifold
approximation and projection for dimension reduction (UMAP) of spectral
flow cytometry analysis of CD45"immune cell subsets fromY"and Y MB49
tumours. NK, naturalkiller cells. ¢,d, Heat map of UMAP immune cell populations
(c) andindividual protein markers (d) from Y*and Y- MB49 tumour-infiltrating
lymphocytes detailedinb.e, Volcano plot of significantly different (P< 0.05,
green) UMAP clusters between Y and Y- MB49 tumours. Red and blue labels

Supplementary Fig. 1) as well as immunosuppressive (CD11b'F4/80"
LY6C CD206") macrophages. Tumour-infiltrating macrophagesinY*
tumours had amoreinflammatory (CD11b'F4/80°LY6C'CD206°) pheno-
type (Fig. 3b—e and Extended Data Fig. 5a-c). Of note, the percent-
age of PD-L1'CD45" immune cells (Fig. 3f) and PD-L1expression levels
(Extended Data Fig. 5d) were increased in Y™ tumours. We observed
similar resultsin CRISPR Y-Scr and CRISPR Y-KO MB49 tumours, in that
the CRISPR Y-KO tumours contained agreater proportion of CD8' T cells
aswellasimmunosuppressive CD206"PD-L1" macrophages (Extended
DataFig. 5e,f). Consistent with these findings, increased numbers of
F4/80" macrophages and increased PD-1/PD-L1 expression were also
observed histologicallyin Y"MB49 tissue sections using GeoMX hi-plex
spatial proteomic analysis (Fig. 3g and Extended Data Fig. 6a-c).

(andcirclesinc) denote Y and Y*-associated clusters of interest, respectively.
FDR, false discoveryrate.f, Violin plot of PD-1and PD-L1 expressionin Y- and
Y*MB49 CD45"'immune cells. Two-sided unpaired t-test. g, Volcano plot of
statistically significant (red) GeoMX marker expression between Y*and

Y MB49 tumours. h, Dot plot of mean gene expression (checkpoint molecules
and markers of T cell activation and exhaustion) and fraction of CD45" cells
from human MIBCs by snRNA-seq.1i, Left, contour plot of T cells from human
MIBC snRNA-seq overlaid onto anannotated UMAP as described in Methods.
Right, fold change enrichmentbetweenY,,, and Y;, MIBC T cell subsets.

T, exhausted T cell; Ty, T follicular helper cell; T,1, T helper 1cell; T,,,,
progenitor exhausted T cell; T,,, T regulatory cell. j, Stacked bar graph of
immune cell subsetsand T cell differentiation states from CODEX-stained Y,
and Yz, human MIBC tissue sections. Ty, resident memory T cell.

To determine whether the TME of Y” mouse tumours reflects the
clinical data, we deconvoluted RNA-sequencing (RNA-seq) data from
urothelial bladder cancer in the TCGA database and mined a previ-
ously published MIBC snRNA-seq dataset®°. Similar to our compari-
sons of Y"-and Y* MB49 cells, CD8" T cells in Y,,,, tumours exhibited
increased expression ofimmune checkpoint molecules such as CD274
(which encodes PD-L1), LAG3 and HAVCR2 (which encodes TIM3),
as well as markers for both progenitor T cells (TCF7) and terminal
exhausted T cells (TOX) (Fig. 3h). We then compared the propor-
tions of these T cell subsets between tumour types by overlaying
each cell sequenced with an annotated reference UMAP?. Y, ,, blad-
der cancers contained a higher proportion of exhausted and pro-
genitor exhausted CD8 T cells, as well as T regulatory cells (Fig. 3i).
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Fig.4|HumanY,,, bladder cancers are enriched with CD8" T cells with
evidence ofexhaustion. a, Violin plots of macrophages and CD8" T cellimmune
scores fromY,;,,andY,,, bladder cancer using urothelial bladder cancer TCGA
data (n=47 pergroup) and the microenvironment cell populations (MCP)
counter method. Two-sided Wilcoxon rank-sumtest. b, Y signature score using
snRNA-seq dataacross 21 male naive bladder cancers. Colours denote Yy,
(blue; >0.2mean Y signaturescore), Y,,,, (red; <0.2 mean Y signature score)

To further validate the snRNA-seq results and to assess levels of T cell
exhaustion histologically, we evaluated immune-focused CODEX
results from patient-matched samples®. Consistent with our spec-
tral flow cytometry and snRNA-seq analyses, Y, bladder cancers
contained a higher proportion of dysfunctional CD8" T cells (Fig. 3j).
Of note, higher proportions of CD8" T cells were present in Y, than
in Yy, bladder cancer samples (Fig. 4a—c), but TOX expression was
foundtobe higherinallintratumoural T cell subsets of Y, ,, tumours,
including CD8"T cells (naive-like, early activated, exhausted, progeni-
tor exhausted and effector memory) and CD4" T cells (T regulatory,
naive-like, T follicular helper and T helper 1 cells) (Fig. 4d). Together,
the data support the notion of LOY tumours promoting CD8* T cell
exhaustionin the TME.
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and Yiycermediate (reY; —0.2t0 0.2 mean Y signature score) patient samples.

c, Distribution of the indicated non-epithelialimmune cell types from samples
describedinb. d, Normalized expression of the indicated genes per T cell
subtype from MIBC samplesidentifiedinb. T cells from melanomaand colon
cancersamples were used to generate the reference T cell subtypes and gene
expression.

Response of LOY tumours to anti-PD-1/PD-L1

Given that an increase in exhausted and progenitor exhausted CD8"
Tcellsinthe TMEis associated withanimproved response to anti-PD-1/
PD-L1ICB*, we treated the Y and Y- MB49 lines, and the CRISPR Y-Scr
and CRISPR Y-KO MB49 lines, with anti-PD-1 blocking antibodies. At
the end of the course of treatment, we performed spectral flow cytom-
etry to examine the dynamics of tumour-infiltrating CD8* T cells with
and without ICB*. Both clonally selected and CRISPR-generated Y~
tumour models demonstrated an improved response to anti-PD-1
treatment compared with Y* tumours (Fig. 5a). Consistent with our
analyses of human snRNA-seq data (Fig. 3h,i), CD8 T cells fromisotype
control antibody-treated Y tumours showed increased expression of
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Fig.5|Improvedresponse of Y, bladder cancer to anti-PD-11CB therapy.
a, Tumour growth curves of Y'and Y (top) and CRISPRY-Scr and CRISPR Y-KO
(bottom) treated with 200 pg anti-PD-1antibody orisotype control IgG. Y*
isotype:n=17 mice; Y'anti-PD-1: n=17 mice; Y isotype: n=14 mice; Y anti-PD-1:
n=16 mice. Datarepresentative of twoindependent experiments. CRISPR
Y-Scrisotype:n=11mice; CRISPRY-Scr anti-PD-1: n =11 mice; CRISPR Y-KO
isotype:n=15mice; CRISPRY-KO anti-PD-1: n =15 mice. Repeated measures
two-way ANOVA. Dataare mean + s.e.m. NS, not significant. b, UMAPs of CD8"
Tcellspectral flow cytometry results from Y and Y- MB49 tumours seven days

exhaustion markers such as TOX and TIM3 compared with Y* tumours
(Fig. 5b-d and Extended Data Fig. 7a). Notably, CD8" T cells from
Y~ tumours exhibited a greater phenotypic response to anti-PD-1treat-
ment (Fig. 5d and Extended Data Fig. 7b,c)—from a more exhausted
(expressing TIM3, LAG3 and TOX) to amore activated (expressing CD44,
ICOS but not TOX) differentiation state (Fig. 5b,c and Extended Data
Fig. 7d-f). The less aggressive nature of Y* tumours is most apparent
at earlier stages of tumour growth (Fig. 2b,e), which we attribute to
amore activated lymphocytic cell state at baseline. This can be seen
at both the RNA (Extended Data Fig. 4) and protein (Extended Data
Fig. 7d,f) level, and is probably the reason that these tumours do not
respond as well to anti-PD-1treatment.

To determine the human relevance of our preclinical work, we
evaluated the overall survival of Y,,,, and Y, patients with bladder
cancer from the IMvigor210 atezolizumab (anti-PD-L1) clinical trial**.
Consistent withanimproved response of Y- MB49 tumoursto anti-PD-1
treatment, Y,,,, patients with bladder cancer had better outcomes
after anti-PD-L1 treatment (Fig. 5e). Similar outcomes were observed
if patients were stratified on the basis of UTY or KDM5D expression,
underscoring the important role of these two genes in conferring the
LOY phenotype (Fig. Se). Similar to observationsin our mouse models
(Fig. 3f and Extended Data Fig. 5d) and evaluations of human bladder
cancer specimens (Fig. 3h), PD-L1levels were enriched inY,,,, bladder
cancer from the IMvigor210 trial (Fig. 6a,b).

Of relevance, arecent report demonstrated that LOY and loss of
KDMS5Dinduced increased genomicinstability in haematopoietic stem
and progenitor cells*. We therefore evaluated the activation of DNA

after treatments described ina. The UMAPs report cluster analyses (top) and
cell proportions (bottom). c, UMAP heat maps of individual protein markers for
stem-like, activated and exhausted T cells superimposed on the UMAPs inb.

d, Volcano plot of statistically significant (green) UMAP clusters between
isotype and anti-PD-1-treated Y'and Y MB49 tumours. e, Left, Kaplan-Meier
curves for patients with Yy, and Y, bladder cancer treated with anti-PD-L1,
from the IMvigor210 dataset. Kaplan-Meier curves for patients with bladder
cancer stratified by expression of UTY (centre) and KDMS5D (right). Survival
differences arebased onlog-rank statistics.

replicationand repair pathways in different tumour types. The expres-
sion of markers associated with pathways including DNA damage repair
(DDR), mismatch repair and nucleotide excision repair were higherin
Y,,w tumours (Fig. 6¢,d), indicating that these tumours were indeed
more genomically unstable. Further genetic evaluations of Y,,,, and
Yhigh Dladder cancer from this cohort revealed an increase in tumour
neoantigen burden (TNB) in Y,,,, tumours that probably contributed
to theirincreased responses to ICB (Fig. 6a,c).
Asidefromanincreasein TNB, we observed anincreased DDR path-
way activationintheY,,, TCGA tumours (Extended Data Fig. 8a-c) and
inthe Y"MB49 cell line (Extended Data Figs. 9 and 10). Together, these
results demonstrate that LOY in bladder tumour cells contributes to
the aggressive nature of Y, bladder cancer, which canbe attributed to
effective evasion of T cellimmunity secondary toanincreased presence
of PD-L1-expressing macrophages and ensuing CD8' T cell exhaustion.
Consistent with LOY tumours promoting CD8" T cell exhaustionin the
TME, we found Y™ tumours to be more responsive to anti-PD-11CB,
underscoring the translational significance of our findings.

Discussion

EDY is amale-specific signature of cancer susceptibility thatis strongly
linked to LOY and Y chromosome methylation patterns’. Given that
bladder cancer is the fourth most common cancer in men and that
LOY occursinup to40% of cases of bladder cancer, regardless of grade
and stage®, the understanding of how LOY contributes to the poor
prognoses for bladder cancer in men is an unmet medical need and a

Nature | Vol 619 | 20 July 2023 | 629



Article

a IMvigor210 anti-PD-L1 Expression Chr. Y status TCGA PD-L1*TC
w4 High [ Low I W TCO [ TC2+
Chr. Y status 0 I v 61
Lund [ Lund
TCGA GU UroA Response PD-L1*IC
PD-L1*IC Mutant status Inf UroB CR W PR ICO M IC2+
Il Mutant SCCL PD SD IC1
PD-L1*TC
Non-mutant
il 1 1 1 | M Response
(NI )| B I IR 7ess
RB1 ICO  Ic1 MIc2+ [/ TCoO lTC1 WTC2+ € P =0.0034
| —
Ol L 1] | Farrs S P =0.0002 P <0.0001 12.51
" ‘ II" I " CDKN2A - % 100 5.8 °
ERBB2 feig 10.0 °
@ 0 27.9 .
11 I| Il | I I 1 P,ksca 8E 75 324 .
; . . 59 83.8 S5 7.5
wll o A rorms s & 618 g4 o
r 1 L 1 o 50 E €2 °
| TR ! i 28 89 501
{ ool I i fi by, CD8* g5 50.0 Z5 by I
IJI B hla T o 25 | e0p
| 1 m 1 il eff s 2.5
e i N s
L ] 0 O e o L LY s o= — e :
1 1 I8 TE.4 High Low High  Low High Low
1 1 ‘ Immune Chr. Y score Chr. Y score
h. | " 1" checkpoint
1 .
I - 'i.:i T gt | " 'l A d Chr.Y status E3 High B Low
1 1 N N H N X N X N N
| I 1 o I e Cell cycle S & ¢ & & &£ & & &£
T e Y g B LR S CEE SR S S S 3
mm ' 1 I 1 10
1 L T T 1
1 | 1 ) o .
pon d ol s N AP, b i Histone S 5 .
[ 1 ] @
1 1 ] [N | =
:' L i 1 nal I || g | S 0 $ Q él
i. 1 |H ki B 'l L DDR g
1 all i 'y | Byt L -5
1 1 1 1 1 c
mi kb | rirm 1" TGr -10
.LI"":: ot ! Jatiil Rk ..mI F-TBRS
1 11 Q X % g N NS > & Q
'R | i 3] EMT A S S SO Y
i ik Fan'! di ¥ & s Q'\\o
n I SR LIEL n Ill 1 o & @
‘ (N 1 b|1| @% O%V’
i Bl *I‘ I Angio
i | ]! 1 Il 1 I

Fig. 6 |Increased genomicinstabilityinY,,, bladder cancer. a, Heat map of
theindicated pathways and associated metadata from the IMvigor210 anti-PD-L1
clinical trial. Angio, angiogenesis; APM, antigen-processing machinery; CR,
complete response; EMT, epithelial-to-mesenchymal transition; F-TBRS,
fibroblast TGF response signature; GU, genomically unstable; IC,immune cells;
Inf, infiltrated; PD, progressive disease; PR, partial response; SCCL, squamous
cell carcinoma-like; SD, stable disease; TC, tumour cells; T, T effector cells;
UroA, urothelial-like A; UroB, urothelial-like B. PD-L1immunohistochemistry
scores:ICO (<1%), IC1(=1% and <5%) or IC2+(=5%). b, Stacked bar graph of

major biological question. Here we show that the aggressive behav-
iour of LOY bladder cancer is a consequence of T cell dysfunction.
We report increased tumour-associated macrophages, high levels
of immune checkpoint molecules and CD8* T cell exhaustionin Y,y
tumours. Consistent with known mechanisms of response to immu-
notherapy®, patients with Y,,,, tumours exhibit animproved response
to anti-PD-1/PD-L1ICB.

We first examined TCGA RNA-seq data for bladder cancer using a
Y chromosome gene expression signature, finding that patients with
LOY had a reduced overall survival following surgery. Given that the
MB49 mouse bladder cancer modelis widely used to investigate differ-
ent aspects of bladder cancer biology and has previously been shown
to lose the Y chromosome®, we used MB49 to isolate two distinct,
naturally arising cell populations to represent Y,,,, and Yy, tumours.
Consistent with the human data, MB49 tumours with LOY grew more
aggressively. Similar results were seen when knocking out UTY and
KDMSD, two chromatin-modifying genes located onthe Y chromosome.
Overexpressing these genesin Y™ cell lines rescued tumour controlin
the immune-competent host. Loss of UTY, the male counterpart of
UTX (KDM6A) located on the X chromosome, has been reported to
promote bladder cancer development®**8, Unlike UTX, UTY possesses
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PD-Llexpressioninimmune cells (left) and tumour cells (right) from Y., and
Y.« bladder cancer samplesidentified ina. Pearson’s Chi-squared test. ¢, Box
plotshowing neoantigenburden per megabaseinY,,, (n=67)and Yy, (n=129)
tumours. Wilcoxon rank-sum test. d, Genomic instability pathway enrichment
scores frombladder cancer described ina. Wilcoxon rank-sumtest (Y,,,:n=33;
Yhign: 1= 82). BER, base excision repair; FA, Fanconi anaemia; HR, homologous
recombination; NER, nucleotide excision repair. Inbox plots, the centre line
represents the meanand box edges show first and third quartiles. Minimum
and maximum datapointsare included.

very low demethylase activity for H3K27%, suggesting that UTY sup-
presses bladder cancer development in a demethylase-independent
manner. By contrast, KDMS5D negatively regulates the expression of
genesinvolved intumour cellinvasion, such as matrix metalloprotein-
ase family genes, by demethylation of their H3K4me3 marks. Down-
regulation of KDMS5D expression increases H3K4me3 levels at target
gene promoter regions, leading to a more aggressive phenotype and
the development of metastasis*’.

Using mouse models lacking T cells (Tcrb™ Terd ™), B cells (Ighm ™)
orboth Tcellsand B cells (Rag2 ™/ I12rg”" or Rag2™”"), we demonstrated
that the differential growth observed between Y- and Y*MB49 tumours
was T cell-dependent. Multispectral flow cytometric analysis of these
tumours and in-depth analyses of human MIBC specimens using
snRNA-seq and histological applications revealed that CD8" T cells
within the Y* tumours retained their anti-tumour immunity, whereas
CD8"Tcellsin Y"tumours were phenotypically exhausted. Of note, the
expression of TOX—a transcription factor typically knownto transcrip-
tionally and epigenetically programme CD8" T cells towards terminal
exhaustion*"**—was increased in CD8*and CD4" T cells in various dif-
ferentiation states withinY,,, bladder cancer specimens. The molecular
mechanism of this effect is unclear. In particular, how the loss of Y



chromosome genes from tumour cells leads to upregulation of TOX in
tumour-infiltrating T cells and its role in bladder cancer progression
warrants further investigation.

Our findings with LOY cancer variants were completely recapitu-
lated with CRISPR-Cas9-mediated chromosome depletion of Y* cells,
astrongindication that the promotion of CD8" T cell exhaustionin the
TME by LOY tumours was driven entirely by the loss of the Y chromo-
some, and not by any cryptic clonal variations. In essence, we found
that LOY tumours were able to evade adaptive immunity by promot-
ing CD8" T cell exhaustion. In so doing, LOY tumours were also more
responsive to anti-PD-11CB because the primary mode of ICBis driving
T cell differentiation from exhaustion to effector function. Thus, evalu-
ation of Y chromosome gene expression—and in particular, UTY and
KDM5D—could be used to select patients with bladder cancer for ICB
therapy with the expectation of improved response and better survival
outcomes. More speculatively, transient pharmacologicinhibition of
UTYand KDMS5D may offer enhanced therapeutic benefits for patients
with Yz, tumours who are undergoing ICB therapy. Future studies will
berequired to understand the mechanism of LOY-driven tumour eva-
sionand to specifically define the molecular circuitry that connects the
loss of UTY and/or KDM5D to CD8" T cell exhaustion in the TME. Since
age-related LOY is widespread in lymphocytes®, it will also be of benefit
toinvestigateits effect onimmune surveillance. We postulate that early
LOY in tumour evolution is an adaptive strategy by tumour cells to
evade immunity, with deep biological and therapeutical implications.
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Methods

Cell culture

The parental MB49 cell line** was a gift from M. Burdick. Cell lines
were authenticated by morphology and WES. All cell lines tested neg-
ative for mycoplasma contamination. The MB49 Y~ and Y* sublines
were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS) and 0.1% sodium pyruvate. NA13 cell line was isolated from
N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) carcinogen-induced
bladder tumours of C57BL/6 female mice* and cultured in RPMI with
10% FBS. The EO771breast cancer cell line EQ771% (a gift from T. Lyons)
was cultured in RPMIsupplemented with 5% FBS. Single-cellisolations of
MB49 Y and Y’ cells were performed by serial dilutionin 96-well plates.

Invivo tumour growth

Experiments were carried out at Cedar-Sinai Medical Center and The
Ohio State University under protocols approved by the Institutional
Animal Care and Use Committee (IACUC). Six- to eight-week-old male
wild-type C57BL/6 and various syngeneic immunodeficient mice
were purchased from Taconic or the Jackson Laboratory, and keptin
a specific pathogen-free environment. Bladder cancer cell lines were
detached, washed with PBS, and resuspended to make 10° cells per ml
in phenol red-free DMEM media and left on ice. Animals were anaes-
thetized with isoflurane and cells were injected into the flank of each
mouse subcutaneously (10* cells in 100 pl for MB49 sublines). The
sample size in each experimental group was determined based on a
previously published studies of similar models*. Mice were randomized
to treatment groups and blinded to the researcher for the duration
of the experiment. The same batch and number of cancer cells were
injected per experiment, and all animals were housed under the same
conditions. Investigators were blinded to group allocation during the
experiment. Tumour length and width were measured using calipers,
and tumour volume was calculated according to (L x W?)/2, where L is
the largest diameter measurement of the tumour and Wis the short-
estperpendicular tumour measurement®. All analysis was performed
consistently during all studies and all tumour counts were performed
by the same investigator. For experiments involving PD-1blockade,
mice were treated with anti-PD-1 (200 pg, BioXCell clone 29F.1A12X)
or isotype control IgG (200 pg) every 3 days starting when tumours
reached ~-100 mm®,

Isolation of tumour-infiltrating T cells and high-dimensional
flow cytometry

Endpoint Y"and Y-, as well as CRISPR Y-Scr and CRISPR Y-KO MB49
tumours were mechanically disrupted and subjected to digestion via
1mg ml™ Collagenase D (Roche) for 30 min at 37 °C with agitation. Two
percent bovine serum albumin in ice-cold PBS was used to inactivate
enzymatic activity. Red blood cell lysis buffer (BioLegend) was used
before cells were passed through 70 um filters to generate single-cell
suspensions. Cells were then stained at 4 °C with LIVE/DEAD blue fixable
viability dye for 15 min (Invitrogen), followed by extracellular surface
markersand FcRblock concurrently for 40 min. Allintracellular staining
was performed using the FoxP3 transcription factor staining kit (Invit-
rogen) according to the manufacturer’s instructions. All results were
acquired onthe Cytek Aurora, and fluorochrome-conjugated antibody
panels were applied as previously described®*¢. To analyse spectral
flow cytometry results, live CD45" singlets were gated from samples
stained with the ‘allimmune phenotyping’ flow antibody panel (Fig. 3
and Supplementary Table 2) and live CD45*CD11b-CD4 CD8'CD3" sin-
glets were gated from samples stained with the ‘T cell exhaustion’ panel
(Fig. 5) using OMIQ to generate the presented UMAPs and heat maps.

Invitro cell proliferation and colony formation assays
Cell proliferation of MB49 sublines was determined using methyl
thiazolyl diphenyl-tetrazolium bromide (MTT, Sigma). Different cell

numbers (200-25,000) were seeded into 96-well plates with 150 pl of
medium per well. Cells were assessed daily over an 8-day time course
by adding MTT solution (1.25 mg ml™in DMEM) to cultures atal:1ratio
and incubating for two hours at 37 °C. Lysis buffer was added to dis-
solve the formazan crystals. Absorbance was read at 570 nm by a plate
reader (BioTeK). MTT assays were performed three times in triplicate
for each cellline tested. To checkif Y chromosome specific genes were
involved in anchorage-independent growth, soft agar colony forma-
tion assays were performed as previously described". In brief, 15,000
cells per well in a 0.4 % agar (Sigma) were plated in triplicate in 6-well
plates and cultured at 37 °C for 2 weeks. Colonies were stained with
Nitro-BT (Sigma), and the images of the plates were captured under a
microscope and analysed using ImageJ software.

Total RNA extraction and RT-qPCR

RNAwas extracted from subcutaneous Y"and Y~ tumours or cell lysate
using a RNeasy plus Mini Kit with gDNA Eliminator (Qiagen). Library
preparation and RNA-seq was performed by Novogene (Sacramento,
CA). cDNA was synthetized using Maxima H Minus cDNA Synthesis
Master Mix (Thermo Scientific). Quantitative PCR was then performed
using Quant Studio 6 Flex Real-Time PCR system (Applied Biosystems)
via powerUp SYBR Green Master Mix (Applied Biosystems). Forward
and reverse primer pairs used in RT-qPCR experiments are listed
in the table below. To determine the changes in mRNA expression
measured by RT-qPCR, the AAC, method was used. B-actin served
as an internal control. The genes (forward primer/reverse primer)
used are as follows: Gapdh (AACTTTGGCATTGTGGAAGG/ACAC
ATTGGGG GTAGGAACA), Actb (TCATGAAGTGTGACGTTGACATCCGT/
CCTAGAAGCATTTGCGGTGCACGATG), Kdm5d (CATGTAAAGGAG
ATAAGGAACT/ATGAATGCGCTCAGATTGGG), Sry (TCCTCAAA
AGAAACCGTGCAT/AGATTAATGGTTGCTAAGGACTGGAT), Ssty1 (CTGG
AGCTCTACAGTGATGA/CAGTTACCAATCAACACATCAC), Eif2s3y
(ATCTTGTCCTCAACCTCAGACT/TTCTTTAGCCTGGCTTTCTTTCA),
Uty (TGGCCCTGATCGACTGTAAT/TGGTGCATCCAACCTAACTG), Ddx3y
(TGTTAGTTGCCACACCAGGACG/TGGTGGCATTGTGTCCTGCTCA)
and Rbmy (TGCTGGCTATCTTGGAGGACGT/GCGGTTGTTTCCACCTCT
TGCA).

RNA-seq data analysis

lllumina Truseq adapter, polyA, and polyT sequences were trimmed
with cutadapt v2.3*%, Trimmed reads were aligned to mouse genome
version 38 (mm10) using STAR aligner v2.7.0d_0221* with parameters
according tothe ENCODE long RNA-seq pipeline (https://github.com/
ENCODE-DCC/long-rna-seq-pipeline). Gene expression levels were
quantified using RSEM v1.3.1°°. Ensembl gene annotations (version 84)
were used inthe alignment and quantification steps. RNA-seq sequence,
alignment and quantification quality was assessed using FastQC
v0.11.5 and MultiQC v1.8 (ref. 51). Biological replicate concordance
was assessed using PCA and pairwise Pearson correlation analysis.
Low expressed genes were filtered out by applying the following
criterion: estimated counts (from RSEM) > number of samples x 5.
Filtered estimated read counts from RSEM were compared using the
R Bioconductor package DESeq2 v1.22.2 based on generalized linear
model and negative binomial distribution®’. Genes with Benjamini-
Hochberg corrected Pvalue < 0.05and fold change >1.50or < -1.5were
selected as DEGs.

Engineering of UTY and KDMS5D expressionin MB49 cells

CRISPR-Cas9 editing of UTY and KDM5D in Y* MB49 cells. CRISPR-
Cas9 KO plasmids were purchased from Santa Cruz. UTY CRISPR-Cas9
KO plasmid (m2) was a pool of 3 different guide RNA (gRNA) plasmids:
A, sense: TCTTTAATAGTAAAAGCTGA (sc-423636-K0-2); B, sense: GATG
AAGACGCTGTTGAACA (sc-423636-K0O-2); and C, sense: ACAGTTT
ACAGACTGACTAC (sc-423636-K0-2). KDM5D (SmcY) CRISPR-Cas9
KO plasmid (m) was a pool of three different gRNA plasmids: A, sense:
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GGACCTTTACAGCCTTAATA (sc-423031); B, sense: TTCAGTTGCTAC
AGTAGACG (sc-423031); and C, sense: TCATTTAGCCTCTGAATTCG
(sc-423031). The control was anon-targeting gRNA (not targeting any
known gene; sc-418922). CRISPR-Cas9 plasmids were transfected into
Y*MB49 cells using UltraCrus transfection reagent according to the
manufacturer’sinstruction (Santa Cruz). Forty-eight hours after trans-
fection, the medium was aspirated and replaced with fresh medium
containing puromycin for selection. For validation of knockout cells,
single cells were isolated as described above. RNA from each clone
(using aRNeasy kit) was used to validate knockout of UTY or KDM5D.

Overexpression of UTY and KDM5D in MB49 Y™ cells. Plasmid
ps100001 from Origene was used to overexpress KDM5D and UTY.
Empty vector served as the negative control. Lipofectamine 3000
(Thermo Fisher) was used for all transfections according to the manu-
facturer’s protocol. Forty-eight hours after transfection, the medium
was replaced with fresh medium containing neomycin for selection.
Genomic DNA isolation and whole-exome sequencing. Genomic
DNA was isolated from parental, Y~ and Y* MB49 cell lines using a kit
fromInvitrogen (catalogue no.K1820) according to the manufacturer’s
instructions. DNA samples were submitted for sequencing at Novogene.
Library preparation, sequencing and bioinformatics analysis were
performed by Novogene. In brief, all samples were sent for WES and
the sequencing data processed using the GATK best practice work-
flow*. The genomic DNA was randomly sheared into short fragments,
end-repaired, A-tailed, and ligated with lllumina adapters. After PCR
amplification, size selection, and purification, we proceeded with the
hybridization capture of libraries. The captured libraries were enriched
by PCR amplification and checked with Qubit and bioanalyzer for qual-
ity control. Thelibraries were then pooled and sequenced on Illumina
platforms using the PE150 strategy. We mapped the paired-end clean
reads to the mouse reference genome (Mouse, NCBI37/mm9) using
BWA, sorted them with Sambamba, and marked duplicates with Picard.
Finally, we computed the coverage and depth, and tested for SNP and
InDel detection.
Generation of the CRISPR-Cas9-mediated Y chromosome KO
MB49. Plasmids: gRNA targeting the centromere of the Y chromosome
(LOY_gRNAI1_fwd CACCGGAGTTAATATAAAAAACA and LOY_gRNAIL rv
AAACTGTTTTTTATATTAACTCC) alongside the non-targeting control
gRNA (Control_(Neo)_gRNAIL fwd CACCGGCAGCGCGGCTATCGTGGC
and Control_(Neo) gRNA1_rv AAACGCCACGATAGCCGCGCTGCC)
were a gift from K. Walsh®. LentiCRISPRv2 neo, Cas9 plasmid #98292;
pLKOS5.0.sgRNA.EFS.tRFP, plasmid #57823; psPAX2; plasmid #12260;
and pMD2.G, plasmid #12259 were purchased from Addgene.

For lentivirus production, HEK293T cells were seeded at a density of
4 x10°cells per 10 cm?platein DMEM + 5% FBS and incubated at 37 °C,
5% CO,. The plasmids (5 pg of lentiCRISPRv2 neo or pLKOS5.0.sgRNAs.
EFS.tRFP, 4.17 pg psPAX2, and 0.83 pg of pMD2.G per plate) were
co-transfected using HEK 293T cells with Trans-IT transfection reagent
(Mirus). Culture supernatant was collected 48 h after transfection, cen-
trifuged, andfiltered through a 0.45-umfilter. To Generate Cas9-stable
Y*MB49 cells, Y* MB49 cells were transduced with lentivirus containing
Cas9 plasmid (lentiCRISPRv2 neo) and selected with Geneticin (G418).
Giventhat the LOY gRNA plasmid also contains a turbo red fluorescent
protein (tRFP) marker, we sorted the cells based on tRFP 48 h after
transductioninto 96 wells using BD Symphony Sé6 cell sorter for further
culturing. Single-cell clones were expanded and screened for knockout
of the Y chromosome by RT-qPCR. Control cells were generated by
transducing Cas9 Y" MB49 cells with control gRNA.

Nanostring GeoMx digital spatial profiling

Haematoxylin and eosin (H&E) images of Y and Y MB49 tumours
were demarcated by a clinical pathologist (Cedars-Sinai Biobank
Core) forregionsineach core to generate atumour microarray (TMA).
Five-micrometre sections were cut from the TMA block, stained and

analysed on the Nanostring GeoMx digital spatial profiling platform at
the Cedars-Sinai Biobank Core per the manufacturer’s instructions®.
The protein panel consisted of 68 antibodies, including mouseimmune
cell profiling, immuno-oncology drug targets, immune activation,
immune cell typing, pan-tumour and cell death markers (Extended
DataFig. 6a).S6 ribosomal protein and histone 3 were included in the
panel as housekeeping proteins.

Oneregion ofinterest (ROI) per core was selected by aligning fluores-
centimages with H&E images predetermined by a pathologist. Regions
with blood vessels and necrosis were kept to aminimum. ROl selection
on each TMA core was performed such that 660-um circles were seg-
mented into cytokeratin® (tumour) and cytokeratin™ (stroma) regions.
Barcodes fromthese regions were collected to generate measurements
per compartment. Barcodes were sequenced, mapped, and counted
by next-generation sequencing (NGS) readouts as per manufacturer’s
instructions. Antibody barcodes were counted on an Ncounter platform
per manufacturer’sinstructions, enabling quantitative comparisons of
antibodies between ROIsin Y"and Y™ subcutaneous tumours.

The GeoMx digital spatial profiling analysis suite (GEOMX-0069)
allowed inspection, quality control (QC), normalization, and dif-
ferential expression to be performed. In brief, normalization using
Histone H3 and S6 proteins was performed. Differential expression
between paired compartments was evaluated by paired ¢-tests with a
Benjamini-Hochberg correction, while differential expression between
unpaired compartments was performed by aMann-Whitney test with
Benjamini-Hochberg correction. GraphPad prism software version
8.0 (GraphPad Prism) was used for all of the statistical analyses. The
student’s two tailed ¢-test was used to analyse all comparisons, with a
Bonferroni adjustment for multiple comparisons when appropriate.

Y signature score

Agene expression signature score was created based on 18 Y-encoded
genes expressed innormal bladder urothelium as previously reported
(Extended Data Fig. 1b)>*. The Y signature was obtained by the sin-
gle sample gene set enrichment analysis® (ssGSEA, package GSEApy
v0.10.1) according to 18 important Y chromosome genes expressed
in each of the bulk RNA-seq samples from TCGA data, IMvigor210
cohorts, and the E-MTAB-4321 cohort. For the snRNA-seq dataset, we
used Scanpy (scanpy.tl.score_genes function; scanpy v1.9.1)* to get the
Y signature for each patient. The score is the average expression of a
set of genes subtracted by the average expression of areference set of
genes whichis randomly sampled from the gene pool for each binned
expression value. Y chromosome signature scores were compared to
two virtual karyotyping techniques, EDY using TCGA RNA data’ and
MADLOY using TCGA DNA sequencing data®.

Gene set enrichment analysis

Genes that were differentially expressed in specific sample groups
wereidentified using DESeq2 software (version1.26.0)** with the Wald
test by using a design formula that included batch effect correction.
Benjamini-Hochberg correction was used for multiple testing in
all instances. We performed gene set enrichment analysis (GSEApy
v0.10.1)% to identify significantly differentially enriched pathways
betweenthe Y"and Y"MB49 cell lines and tumours. The gene ontology
gene set in the MSigDB database was used as the reference gene set.
The default weighted enrichment statistical method was applied to
the enrichmentanalysis, and the number of the gene set permutations
for each analysis was set at 1,000. Statistical significance was set at a
Inormalized enrichment score| > 1, nominal Pvalue < 0.05.

Human bladder cancer RNA-seq datasets

We performed differential gene expression analyses on publicly avail-
able urothelial bladder cancer datasets from the IMvigor210 clinical
trial”’, TCGA and NMIBC E-MTAB-4321datasets™. For the analysis involv-
ing IMvigor210, only male pre-chemotherapy bladder cancer samples
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were used. Objective response rate, important signature score and
survival data for each male patient was extracted using the R package
IMvigor210CoreBiologies. For the TCGA analysis, the datalevels, and
thefiles containedin each datalevel package, are described below and
are present on the NCI Genomic Data Commons. We estimated cell
population abundance in the TCGA MIBC samples using the MCP coun-
ter method, which uses transcriptomic datato deconvolute and quan-
tify the abundance of various immune cell types®. For the snRNA-seq
analyses, data for 21 treatment-naive male patients with MIBC from
our previous study®, with surgery (transurethral resection of bladder
tumour or cystectomy) as their only treatment, can be downloaded
from the Gene Expression Omnibus (GSE169379 and GSE171351) in
our previous study. To explore this transcriptional heterogeneity, we
classified single cells using the ProjecTILs®® T cell atlas derived from
tumour-infiltrating T cells. The atlas consists of 16,803 high-quality
single-cell transcriptomes from 25 samples (B16 melanoma and MC38
colon adenocarcinoma tumours) from six different studies®?".

CODEX

We obtained our patient-matched CODEX data from our same blad-
der cancer snRNA-seq study?®’, Processed CODEX data can be down-
loaded from https://figshare.com/s/4610a15363¢8306dfa36, https://
figshare.com/s/2005255a8b65de23109f and https://figshare.com/
s/1d8c7ed76d4b3222ada4.

The CODEX technology enables highly multiplexed analysis for up
to40 proteins using cyclic detection of DNA-indexed antibody panels.
Inthis study, CODEX was grouped accordingto Y signature, whichwas
obtained based on the snRNA-seq data of 21 male patients with blad-
der cancer. Seven patients with high scores were selected as the Yy,
group (>0.2mean Y signature score) and 7 patients with low scores were
selected astheY,,, group (<0.2meanY signature score). CODEX-stained
cells were manually gated based on the intensity of PanCytoK, CD45,
aSMA, CD31, CD20, CDH12, CDH18, CD68, CD3e, CD8 and CD4 into a
training set consisting of broad cell types: epithelial, epithelial KRT,
epithelial CDH, stromal, endothelial, general CD45" immune, B cell,
CDS8'T,CD4"' T and macrophage.

Kaplan-Meier analyses

Clinical outcomes were assessed using Kaplan-Meier survival curves
and log-rank or Cox statistics. Kaplan-Meier survival analysis was
performed using the survminer package in R software. The function
surv_cutpointinthe R package survminer wasimplemented to discover
the optimal cut-off value for the Y chromosome signature. This R pack-
age determines the optimal cut-off point for one or multiple continuous
variables at once, using the maximally selected rank statistics from the
maxstat R package. This is an outcome-oriented method providing a
value of a cut-point that corresponds to the most significant relation
with survival.

Quantification of tumour neoantigen burden

For each patient in the IMvigor210 and TCGA databases, we first
enumerated a list of all possible 9 and 10-mer peptides bearing
somatic mutations or overlapping open reading frames derived from
frameshiftingindels or nonstop mutations. These peptides were then
evaluated for binding against the patient’sinferred HLA type using the
NetMHCpan-3.0 algorithm®, The neoantigen load was defined as the
total number of predicted peptide:allele binders witharank percentile
score less than or equal to the weak binder threshold (2%).

Statistical analyses

The statistical tests employed, the number of replicates, and inde-
pendent experiments are specified in the text and figure legends. Basic
statistical analysis was performed using GraphPad/Prism (v.9.0), while
R (versions 4.1.2 or 4.2.3) and Python 3.9.4 were used for analyses of
epidemiological and mutation and sequence data. Prior to conducting

any statistical test, a Kolmogorov-Smirnov normality test was per-
formed, and Bartlett or Levene tests were used to evaluate the assump-
tion of homogeneity of variances. The unpaired Student’s t-test was
applied to normally distributed variables, while the Mann-Whitney
Utest (also known as the Wilcoxon rank-sum test) was employed for
non-normally distributed variables. Pearson’s Chi-squared test was used
for analysing categorical data, with the R function chisq.test used for
chi-squared analyses and wilcox.test used for Wilcoxon rank-sum tests.
Significance levels were denoted using asterisks, with NS indicating
non-significance. In cases where multiple hypotheses were tested, FDR
correction was applied. Data analysis software such as Scanpy (v.1.7.2),
Pandas (v.2.0.0), Conda (v.4.11.0), NumPy (v.1.24.2) and Scipy (v.1.10.1)
was used. The R package ComplexHeatmap (v.2.11.1) was used to gener-
ate heat maps, while ggplot2 (v.3.3.5), ggpubr (v.0.6.0), and ggrepel
(v.0.9.2) R packages were used for general visualization purposes.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the
article, extended data and supplementary information files. RNA-seq
and WES dataare available at the Gene Expression Omnibus with acces-
sion reference GSE229233 and GSE230820. Source data are provided
with this paper.
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Extended DataFig.2|Generation of Y+and Y-BCmodels. a, Histogram
representation of deferentially regulated genes (DEG) from Y+vs. Y-MB49
RNAseq data per mouse chromosome. b, qRT-PCR analysis of Uty, KdmS5d, Eifs3y,
and Ddx3y expressionin MB49 clonesisolated fromthe parental MB49 compared
tofemale murine breast cancer (E0771) and bladder cancer cells (NA13), and
testis tissue. Curly brackets indicate the clonal lines used to generate the
pooled Y+and Y-MB49 sublines. ¢, QRT-PCR analysis of Uty and Kdm5d
expressioninthe pooled Y+and Y-sublinesdescribedina.n =3 biological
replicates. Dataare mean +s.e.m.d, Bar graph of sequencing depth for each
chromosome after performing whole exome sequencing (WES) on DNA from
theParental, Y-,and Y+ MB49 cell lines.
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Y- Uty OE (middle panel), and CRISPR-Y-Scr vs. CRISPR-Y-KO (right panel).
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MB49 celllines. Curly bracketsindicate the clonal lines used to generate the
pooled Y+ Control and Y-KO MB49 sublines. Representativeimmunofluorescence
images of the CRISPR-generated Y-KO and Y-Scr MB49 celllines. Scale bar, 150 uM.
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Extended DataFig. 5| Comprehensiveimmune phenotyping of tumor- e, Representative dot plotsand percentages of CD8"and CD4" T cellsgated on
infiltratingleukocytes (TILs) in Y+ and Y-MB49 tumors. a, UMAPs total CD3" T cells from CRISPR-Y-Scr (n = 8) and CRISPR-Y-KO (n =9), MB49
demonstratingindividual spectral flow cytometry analysis of protein marker tumors grown for 22 or17 days, respectively, in male WT mice (left panels).

expressionin CD45"immune cellsisolated from Y+ and Y-MB49 tumors grown Percentage of CD8' T cells of total CD3" T cells per tumor sample (right panel).
inWT male mice.b, Heatmap of relative protein expression fromimmune cells f, Percentage of CD206'PDL1" macrophages among total CD11b*F4/80*
describedina.c, Violin plots of each tumor sample across each cluster fromthe = macrophages from Controland Y KO MB49 tumors described in e. Statistics
CD45"immune cell UMAP (seeFig.3b).d, Violin plot of PD-1and PD-L1 mean were determined using two-sided unpaired t-tests.

fluorescence intensity in CD45* immune cells from Y+and Y- MB49 tumors.
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Extended DataFig. 6| GeoMX histological evaluation of infiltratingimmune
cellsin Y-and Y+ MB49 tumors. a, Table of markers that are functionally
categorized for GeoMX evaluation of Y+ and Y-MB49 tumors. b, Representative
H&E image (left),immunofluorescence detection of nuclei (blue), cytokeratin
(green), CD45"immune cells (red) (middle), and associated computational

digital profiling (right) to quantify markers shownina.Scalebar, 125 uM.

¢, Quantification (log, fold change and P-value) of the markerslisted in Y+ versus
Y-MB49 tumors (n =10 tumors per group and three TMA cores per tumor). Data
representative of twoindependent experiments. Statistical significance was

determined by two-sided unpaired t-test.
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Extended DataFig.7| Characterization of tumor-infiltrating CD8" T cells
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size in each experimental group was determined based on a previously published studies of similar models (Tu et al., Science
Advances 2019; 5(2).

Data exclusions  All samples that met adequate experimental conditions were included in the analysis. Samples that failed the Grubb's test for outliers in
GraphPad 6.0 were excluded.

Replication Experiments were successfully performed a minimum of two times and/or with sufficient animals per group to demonstrate statistical
significance.

Randomization  Mice were randomized to treatment groups and blinded to researcher for the duration of the experiment. The same batch and number of
cancer cells were injected per experiment, and all animals were housed under the same conditions.

Blinding Investigators were blinded to group allocation during the experiment. All analysis was performed consistently during all studies and all tumor
counts were performed by the same investigator.
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Antibodies used Antibodies used were for high-dimensional flow cytometry and included CD45 (BV510, Biolegend, 103138, dilution 1:400), CD3
(BUV737, BD Biosciences, 612771, dilution 1:200), CD8 (BUV496, BD Biosciences, 750024, dilution 1:400), CD4 (APC-Fire 810,
Biolegend, 100480, dilution 1:400), CD11b (Alexa Fluor 532, eBioscience, 58-0112-82, dilution 1:800), NK1.1 (BV570, Biolegend,
108733, dilution 1:200), PD1 (FITC, eBioscience, 11-9985-82, dilution 1:200), TIM3 (BV711, Biolegend, 119727, dilution 1:200),
SLAMF6 (APC, eBioscience, 17-1508-82, dilution 1:200), CD44 (BUV661, BD Biosciences, 741471, dilution 1:400), CD62L (BV421,
Biolegend, 104436, dilution 1:400), LAG3 (BUV805, BD Biosciences, 748540, dilution 1:100), KLRG1 (Pacific Orange, eBioscience,
79-5893-82, dilution 1:200), VISTA (Super Bright 600, eBioscience, 63-1083-82, dilution 1:200), TIGIT (BV650, BD Biosciences,
744213, dilution 1:200), CX3CR1 (APC-Cy7, Biolegend, 149040, dilution 1:400), ICOS (Super Bright 436, eBioscience, 62-9949-82,
dilution 1:400), CD27 (BUV563, BD Biosciences, 741275, dilution 1:400), CD38 (BV750, BD Biosciences, 747103, dilution 1:400), CD95
(BV480, BD Biosciences, 746755, dilution 1:200), CD25 (BB515, BD Biosciences, 564424, dilution 1:200), GITR (BUV615, BD
Biosciences, 751532, dilution 1:800), CD69 (PE-Cy5, Biolegend, 104510, dilution 1:1000), FOXP3 (eFluor 450, eBioscience,
48-5773-82, dilution 1:800), TOX (PE, Miltenyi, 130-120-716, dilution 1:600), TCF1 (PE-Cy7, Cell Signaling, 90511s, dilution 1:600),
CTLA4 (PE-DAZZLE 594, Biolegend, 106318, dilution 1:400), TBET (BV786, BD Biosciences, 564141, dilution 1:100), KI67 (BUV395, BD
Biosciences, 564071, dilution 1:200), BCL2 (Alexa Fluor 647, Biolegend, 633510, dilution 1:200), EOMES (PerCP-eFluor 710,
eBioscience, 46-4875-82, dilution 1:200), GZMB (AF700, Biolegend, 372222, dilution 1:200),F4/80(BUV395, BD Biosciences, 565614,
1:200), CD11¢(BV750, Biolegend, 117357, 1:2000), MHCII (I-A/I-E)(BUV615, BD Biosciences, 751570, 1:1600), CD45R/B220(BV786, BD
Biosciences, 563894, 1:600), Ly-6C(BV605, Biolegend, 128036, 1:2000), Ly-6G(Super Bright 436, Invitrogen, 62-9668-82, 1:400),
CD103(BV711, BD Biosciences, 564320, 1:400), CD38(PE-cy7, Biolegend, 102718, 1:6400), TCR B(PE-cy5, Biolegend, 109210, 1:3000),
CD64(APC, Invitrogen, 17-0641-82, 1:400), XCR1(PerCP-Cy5.5, Biolegend, 148208, 1:200), CD172a(PE-DAZZLE 594, Biolegend,
144016, 1:400), CD19(Spark NIR 685, Biolegend, 115568, 1:2000), CD24(BV480, BD Biosciences, 746709, 1:400), TCR y§(BUV563, BD
Biosciences, 749464, 1:800), PDL1(BV421, Biolegend, 124315, 1:400), CD206(APC-eFluor 780, Invitrogen, 47-2061-82, 1:5000),
Arginase 1(Alexa Fluor 700, Invitrogen, 56-3697-82, 1:5000).

Validation Pre-validated antibodies were purchased from well recognized vendors and were reported by other researchers. We based specificity
on their provided description and data sheets.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The parental MB49 cell line was a gift from Dr. Marie Burdick, University of Virginia.
Authentication Cell lines were authenticated by morphology and whole exome sequencing.
Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  n/a
(See ICLAC register)

Animals and other research organisms

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

Laboratory animals WT C57BL/6 and various syngeneic immune-deficient male mice were purchased from Taconic or the Jackson Laboratory and were
received at 6 weeks old. Mice were allowed to acclimate for at least one week in sterile micro cages with constant temperature and
humidity. Mice had free access to food and water.

Wild animals Wild animals were not used in this study.
Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.

Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where




performed, justify reasons for lack of sex-based analysis.

Field-collected samples  Field-collected samples were not used in this study.

Ethics oversight Mice were housed in specific-pathogen-free conditions and cared for in accordance with US National Institutes of Health guidelines,
and all procedures were approved by Cedars-Sinai Medical Center and The Ohio State University Animal under Institutional Animal
Care & Use Committee (IACUC) approved protocols.

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

Flow Cytometry

Plots

Confirm that:

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

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

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

MB49 tumors were mechanically disrupted and subjected to digestion via 1 mg/mL Collagenase D (Roche) for 30 min at 37°C
with agitation. Two percent bovine serum albumin in ice-cold PBS was used to inactivate enzymatic activity. Red blood cell
lysis buffer (BioLegend) was used before cells were passed through 70 um filters to generate single cell suspensions. Cells
were then stained at 4°C with LIVE/DEAD blue fixable viability dye for 15 minutes (Invitrogen), followed by extracellular
surface markers and FcR block concurrently for 40 minutes.

High Dimensional Flow cytometry (Cytek, Aurora)
Analyses were performed the using OMIQ flow cytometry analysis platform.

Cells were gated as described below using the OMIQ_ flow cytometry analysis platform. Flow panels were optimized where
there were clear negative and positive marker separations. After gating for live, CD45+ singlets, or live, CD8+ T cells, a similar
cell number was selected from each tumor (10,000 cells/sample for all immune cell analyses and 4,000 cells/sample for CD8+
T cell analyses). Given the high dimensionality of the spectral flow, OMIQ was used to perform dimensional reduction with
Uniform Manifold Approximation and Projection (UMAP), thereby identifying specific cell populations whose abundance
could be statistically evaluated between model or treatment conditions.

Gating was performed according to standard gating strategies. First, we distinguished cell populations based on their forward
and side scatter to select those of the appropriate size and granularity. Doublets were excluded by assessing cells outside of
the diagonal axis when assessing FSC height versus area. For samples used to assess various immune cell populations
between tumor conditions, we next gated for live, CD45+ cells. These cells were negative for LiveDead blue staining and
positive for CD45 expression. For those samples where we were assessing CD8+ T cell populations, additional gating was
carried out after selecting for those that were live, CD45+. Cell populations were then selected for negativity for both CD11b
to negatively select out myeloid and NK cell population. We next selected cells that were positive for CD3. Final gating was on
cells that were CD8 positive and CD4 negative. Additional markers such as F4/80 were used to identify macrophage cell
populations, along with CD11b.

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