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Abstract

Stage T1 bladder cancers have the highest progression and recurrence rates of all non-
muscle-invasive bladder cancers (NMIBCs). Most T1 cancers are treated with bacillus
Calmette-Guérin (BCG), but many will progress or recur, and some T1 patients will die
from bladder cancer. Particularly aggressive tumors could be treated with early cystec-
tomy. To better understand the molecular heterogeneity of T1 cancers, we performed
transcriptome profiling and unsupervised clustering, and identified five consensus
subtypes of T1 tumors treated with repeat transurethral resection (reTUR) and induction
and maintenance BCG. The T1-LumGU subtype was associated with carcinoma in situ
(CIS; six/13, 46% of all CIS), had high E2F1 and EZH2 expression, and was enriched in E2F
target and G2M checkpoint hallmarks. The T1-Inflam subtype was inflamed and infil-
trated with immune cells. While most T1 tumors were classified as luminal papillary, the
T1-TLum subtype had the highest median luminal papillary score and FGFR3 expression,
no recurrence events, and the fewest copy number gains. T1-Myc and T1-Early subtypes
had the most recurrences (14/30 within 24 mo), the highest median MYC expression,
and, when combined, had significantly worse recurrence-free survival than the other
three subtypes. T1-Early had five (38%) recurrences within the first 6 mo of BCG, and
repressed IFN-a and IFN-y hallmarks and inflammation. We developed a single-patient
T1 classifier and validated our subtype biology in a second cohort of T1 tumors. Future
research will be necessary to validate the proposed T1 subtypes and to determine if
therapies can be individualized for each subtype.

Patient summary: We identified and characterized expression subtypes of high-grade
stage T1 bladder cancer that are biologically heterogeneous and have variable responses
to bacillus Calmette-Guérin treatment. We validated the subtypes and describe a single-
patient classifier.
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T1 tumors are potentially the most aggressive subtype of
non-muscle-invasive bladder cancer (NMIBC), with 40%
recurrence and 15% progression at 5yr [1]. While most T1
cancers are treated with bacillus Calmette-Guérin (BCG),
recurrence or progression is treated with radical cystec-
tomy, and delayed intervention is associated with lower
survival [1]. Biomarkers that could predict response to BCG
in T1 cancers could help both patients and clinicians in
making treatment-related decisions; however, few to no
tumor-specific prognostic features have been identified. We
previously reported that T1 and MIBC cancers had similar
mutations, but that mutations were unable to predict
response to BCG [2]. The primary objective of our study was
to investigate the molecular heterogeneity of T1 cancers via
RNA sequencing of 73 primary T1 tumors (Supplementary
Table 1A) with a primary endpoint of recurrence after BCG.
To minimize sources of bias, all tumors were treated at the
same institution, 84% had repeat transurethral resection,
and all received induction and maintenance BCG (64%) if
they did not recur. The recurrence rate was 32% (23/73) at
24 mo and 25% (18/73) at 1yr, with progression in 8% (six/
73) at 24 mo (Supplementary Table 1A, Supplementary Fig.
1). We focused our analysis on tumor expression subtypes
identified via unsupervised consensus clustering. After
assessing three-, four-, and five-cluster solutions (Supple-
mentary Fig. 2), we characterized a five-cluster solution
whose subtypes had distinct clinical outcomes and biologi-
cal characteristics (Fig. 1). We combined gene expression,
gene-set enrichment, and regulon analyses to describe the
distinct biology for each subtype (Supplementary methods)
[3].

The T1-luminal genomically unstable (T1-LumGU) sub-
type had the highest frequency of pathologic carcinoma in
situ (CIS; six/16 [38%] of T1-LumGU vs 13/73 [18%] of all
samples; Supplementary Table 2) with moderate enrich-
ment in CIS up and down gene sets and a recurrence rate of
25% (four/16) at 24 mo (Fig. 1D, Supplementary Fig. 3A,B,
Supplementary methods). Analysis of T1-LumGU using
other classifiers identified 14/16 samples (88%) as Lund GU
and nine/16 (56%) as consensusMIBC LumU [4]. T1-LumGU
tumors had the largest median number of somatic copy
number (CN) gains (Fig. 1G; p= 0.016, Kruskal test). While
inflammation genes were weakly repressed in T1-LumGU
tumors, Molecular Signatures Database (MSigDB) C3 E2F1
motifs were enriched (Supplementary Fig. 4), as were
hallmark gene sets for E2F targets and G2M checkpoint
(area under the curve [AUC] 0.77 and 0.69, Supplementary
Fig. 5).

A set of 170 inflammation-related genes was highly
expressed in T1-Inflamed (T1-Inflam) tumors (Fig. 1A,D and
Supplementary Fig. 3C; AUC 0.91, CERNO test [5]). T1-Inflam
tumors had the highest levels of many immune cell types,
including cytotoxic lymphocytes and T cells, as well as the
highest immune and stromal scores and the lowest tumor
purity (Fig. 1F, Supplementary Fig. 6B). Multiple inflamma-
tory hallmarks were enriched, and Myc and E2F target
hallmarks were repressed (Fig. 1C, Supplementary Fig. 5).
While T1-Inflam tumors were mostly LumP (11/14, 79%), CIS
rates were low (three/14, 21%) and there were four/14 (29%)

recurrences by 24 mo. Hallmarks and immune signatures
were consistent with increased expression of immune
regulators NFATC2 and STAT4 (Supplementary Fig. 4B), and
we hypothesize that T1-Inflam tumors represent an
immune-active and inflamed T1 subtype.

Collectively, subtypes T1-Myc and T1-Early (S5) had the
most recurrences, with over half of tumors recurring after
BCG treatment (14/24, 58% of patients at 24 mo over both
subtypes; Fig. 1B). T1-Myc had the most recurrences by
24 mo (12/17,71%). T1-Myc tumors were mostly (14/17, 82%)
LumP, and all were UROMOL class 2a. They had high MYC
expression levels and enriched Myc target hallmarks (AUC
0.71; Fig. 1IC,H and Supplementary Fig. 5). Inflammatory
gene signatures were minimally repressed (AUC 0.66,
Supplementary Fig. 3C). Pathological CIS was present in
two/17 (12%), but CIS gene sets were not enriched
(Supplementary Fig. 3A).

Subtype T1-True Luminals (T1-TLum) was the most
luminal and urothelial-differentiated subtype. Overall, T1-
TLum tumors had the fewest 24-mo recurrences (two/13,
15%). The T1-TLum group had the highest median con-
sensusMIBC LumP classifier score (Fig. 1E) and contained
four/13 (31%) UROMOL class 1 tumors. T1-TLum tumors had
the fewest somatic CN gains [6] (Fig. 1G) and had strongly
repressed CIS (ie, enriched in CIS down with repressed CIS
up genes; Supplementary Fig. 3A). Inflammatory and
proliferative hallmarks were repressed (Fig. 1C and Sup-
plementary Fig. 5), immune cell markers were low
according to multiple deconvolution methods (Supplemen-
tary Fig. 6), and luminal differentiation genes FGFR3 and
RXRA were highly expressed (Fig. 1H).

Subtype T1-Early had five/13 (38%) recurrences within
6 mo of induction BCG, with no further recurrences by
24 mo. This subtype had the highest median MYC
expression and enriched Myc target hallmarks (AUC 0.80;
Fig. 1IC,H and Supplementary Fig. 5). These tumors had no
reported CIS, and had repressed CIS gene signatures
(Supplementary Fig. 3). While both T1-Myc and T1-Early
had elevated MYC expression, T1-Early differed from T1-
Myc in having repressed immune response hallmarks for
IFN-a (AUC 0.81) and IFN-y (AUC 0.75) (Supplementary Fig.
5). Thus, T1-Early appeared to be a MYC-driven subtype
with an immune-suppressive microenvironment that was
depleted in immune cells, suggesting its tumor microenvi-
ronment may represent an immune desert. Grouping the
two Myc-driven subtypes together, T1-Early and T1-Myc
had significantly worse recurrence-free survival than the
other three subtypes grouped (p= 0.025, Fig. 11I).

We used regulon analysis to further characterize the
molecular differences and similarities among the subtypes.
This identified two major patterns of regulon activity that
suggested that the five expression subtypes could be
grouped into two regulon classes: T1-LumGU +T1-Myc
and T1-TLum + T1-Early (Supplementary Fig. 7A). Subtypes
T1-LumGU +T1-Myc had activated regulons for transcrip-
tion factors E2F1 and FOXM1, and enriched hallmarks for
E2F targets, G2M checkpoint, and interferon response
pathways. By contrast, subtypes T1-TLum+T1-Early (and
to some degree T1-Inflam) were characterized by activated
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Fig. 1 - Characterization of five gene expression subtypes for T1 tumors based on transcriptome profiles and clinical variables. (A) Top: heatmap of
subtype-specific differentially expressed genes (DEGs) for five unsupervised consensus expression clusters identified using the most-variant 2945 (ie,
15%) protein-coding genes (Supplementary methods). Below the DEG heatmap is a heatmap showing activity status profiles for 33 regulons, with red,
blue, and grey indicating activated, repressed, and undefined regulon activity status, respectively. Below this are covariate tracks for expression-based
classifier subtyping of each T1 tumor, with consensusMIBC, TCGA, UROMOL, and Lund subtypes shown. Below these are clinical and pathologic
covariates. (B) Kaplan-Meier plot of recurrence, censored at 24 mo, with a log-rank p value, demonstrating increased recurrence of subtypes T1-Myc
(S3, 24 mo) and T1-Early (S5, 6 mo). (C) Selected Molecular Signatures Database hallmark gene sets enriched in genes overexpressed (red disks) or
underexpressed (blue) in a subtype. Gene set enrichment analysis results are from CERNO tests [5]; disk diameter is proportional to area under the
curve (ie, effect size) and color opacity is proportional to -10g10(pag;). (D) CERNO tests of 170 inflammation-related genes and CIS up/down genes, with
dot size and color as described in (C). (E) Distribution of LumP consensusMIBC classifier scores across T1 subtypes; T1-TLum had the highest median
LumP score. (F) Cytotoxic lymphocytes predicted by MCPcounter (Supplementary Fig. 6); T1-Inflam had the most immune cells. (G) Somatic copy
number (CN) gains, expressed as a fraction of the total genome length with CN calls; T1-LumGU had the most CNAs and T1-TLum the fewest. (H) Per-
subtype expression distributions of select genes. A comparison of FPKM and TPM expression distributions is shown in Supplementary Figure 4B. (I) A
Kaplan-Meier curve identified significantly worse recurrence at 24 mo for the two subtypes with the highest recurrence (T1-Myc and T1-Early)
compared to the three other subtypes (T1-LumGU, T1-Inflam, T1-TLum). (J) The regulon-based group consisting of subtypes T1-LumGU +T1-Myc was
enriched in hallmarks for E2F targets, G2M checkpoint, and interferon response pathways; by contrast, the group consisting of subtypes T1-TLum +T1-
Early (and to some degree T1-Inflam) was characterized by activated SMAD3 and TP63 regulons, and enriched in hallmarks for TGF-f3 signaling, MYC
targets, and oxidative phosphorylation (Supplementary Fig. 9). (K) Differentially expressed genes were identified for T1-LumGU; overexpressed genes
are shown by red dots and underexpressed by blue dots (Supplementary Fig. 10). This subtype had gene signatures suggestive of regulation by E2F and
EZH2. Treatment of bladder cancer cell line HT-1376 with EPZ0011989 (Epizyme, Cambridge, MA, USA) resulted in increased expression of many of the
repressed genes, depicted by orange dots, suggesting that subtype-specific genes may be regulated by EZH2. FC=fold change. The p values in A are
from Fisher exact tests on contingency tables; those in E, F, and G are from Kruskal-Wallis tests on per-subtype FPKM distributions; all are uncorrected
for multiple testing.
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Table 1 - Characteristics of the five expression subtypes in the discovery cohort.

Subtype name (number) T1-Myc (3)

Samples (n)
Subtype classifiers
Lund

TCGA mRNA
consensusMIBC
UROMOL class
Hallmark gene sets
Enriched

Repressed

Carcinoma in situ
Pathologic (%)
GSEA

GSEA inflammation
Immune: MCPcounter
CTLs

T cells

B lineage

Immune: ESTIMATE
Immune score
Stromal score
Tumor purity

Gene expression

CN somatic gains
Activated regulons
BCG response
Recurrence, 6 mo
Recurrence, 24 mo
Management

17

URO

Lum-papillary
LumP
2a

12

Low, wide range
Low

High

High FOXM1, RXRA
Wide range for MYC

Moderate E2F1
3/17 (18%)

12/17 (53%)
Early cystectomy, MYC-i

T1-LumGU (1)
16

GU

Lum-papillary
LumU
2a

E2F targets, G2M
checkpoint

38
Moderate

Moderate, wide range
Low

High

High E2F1, EZH2
Lowest FGFR3, MYC
Highest

E2F1 set

3/16 (19%)
4/16 (25%)
BCG, EZH2i

T1-Inflam (2)
14

URO, some Basal/
SCC-like, Mes-like
Lum-papillary
LumP/Stroma-rich
2al2b

Inflammatory response,
IL2/STATS signaling,
IFNG response

MYC targets v1, E2F
targets, G2M checkpoint

21
Moderate
Strongly enriched

Highest
Highest median

Highest
Highest
Lowest
High STAT4, NFATC2

Low
TP63/ZNF385A

1114 (7%)
4/14 (29%)
BCG

T1-TLum (4)

13

URO

Lum-papillary
LumP
1/2a

E2F targets
G2M checkpoint

15
Strongly repressed
Strongly repressed

Lowest
Lowest
Lowest median

Low

Lowest median
High

Low E2F1, FOXM1,
NFATC2, STAT4
Lowest

ZNF385A (TP63)

113 (8%)
2/13 (15%)
TURBT, BCG

T1-Early (5)
1%}

URO

Lum-papillary
LumP
2al3

MYC targets v1

IFNG response
IFNA response

0
Weakly repressed
Strongly repressed

Low
Lowest median
Low

Lowest median

Low

High

High MYC, Low STAT4

Low
Moderate ZNF385A

5/13 (38%)
5/13 (38%)

Nadofaragene firadenovec,
MYC-i

BCG = bacillus Calmette-Guerin; CN = copy number; CTLs = cytotoxic T lymphocytes; GSEA = gene set enrichment analysis; TURBT = transurethral resection of bladder

tumor

SMAD?3 and TP63 regulons, and enriched hallmarks for TGF-
B signaling, MYC targets, and oxidative phosphorylation
(Fig. 1] and Supplementary Fig. 7B). We found that these two
major patterns of regulon activity were also present in a
cohort of 94 UROMOL T1 non-cystectomy tumors; these
patterns were consistent with classifier subtyping and with
relative expression levels of E2F1 and other genes [7]
(Supplementary Fig. 8). That the five expression subtypes
corresponded to two major regulon activity classes suggests
that regulon activity profiles may provide coarser-grained
groupings for T1 tumors.

So that we could evaluate our subtypes in other patient
cohorts, we developed an expression-based single-sample
classifier for T1 tumors (https://github.com/csgroen/
classifyT1BC). Since our discovery cohort was restricted
to tumors treated with BCG, we evaluated tumors from a
second cohort of 26 T1 patients from our institution whose

tumors had all been T1 on TUR but who elected to undergo
early cystectomy rather than BCG treatment (Supplemen-
tary Table 1B, Supplementary Fig. 9). The classifier
identified the five T1 subtypes in the 26 tumors. As
validation of the classifier, we identified conserved regulon
activity patterns, relative levels of gene expression, tumor
subtypes, and pathologic CIS in the predicted subtypes
(Supplementary Fig. 9E). This result was consistent with the
UROMOL results (Supplementary Fig. 8) and showed that
gene expression and regulons active within our five T1
subtypes were conserved in another cohort of T1 tumors,
despite differences in outcomes, sample preparation, and
treatment.

One potential application of T1 subtypes is to direct
precision therapy targeting the unique features of a
patient's subtype. T1-LumGU tumors had the highest
expression of E2F and its target EZH2. In a test of EZH2
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as a potential target in bladder cancer, we found that in vitro
treatment of the luminal bladder cancer cell line HT-1376
with an EZH2 inhibitor (EPZ-011989, a generous gift from
Epizyme) strongly enhanced expression of DEGs that were
repressed or underexpressed in T1-LumGU (Supplementary
Fig. 10 and Fig. 1K). While preliminary, these data suggest
that consideration of the unique expression signature of
each subtype and/or its regulon network may identify novel
therapeutic targets for T1 tumors.

In summary, using a cohort of patients with T1 NMIBC
treated with BCG, we identified five distinct molecular
subtypes that appeared to be associated with two major
classes of regulon activity, and we describe the character-
istics of each subtype. In the future, evaluation of T1
subtypes may help to risk-stratify T1 tumors and identify
precision therapeutic targets.
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