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Abstract

Introduction: The sarcomatoid morphology of muscle-invasive bladder cancer (MIBC) is associated with unfavorable prognosis. How-
ever, the genomic, transcriptomic, and proteomic relationship between conventional urothelial and synchronous sarcomatoid morphology is
poorly defined.

Methods: We compiled a cohort of 21 MIBC patients with components of conventional urothelial and adjacent sarcomatoid morphology
within the same tumor focus. We performed comprehensive pathologic and immunohistochemical characterization and in 4 selected cases,
subjected both morphologic components to targeted DNA sequencing and whole transcriptome analysis.

Results: Synchronous sarcomatoid and urothelial morphology from the same MIBC foci shared truncal somatic mutations, indicating a
common ancestral clone. However, additional mutations or copy number alterations restricted to the either component suggested divergent
evolution at the genomic level. This was confirmed at the transcriptome level since while the urothelial component exhibited a basal-like
subtype (TCGA2014: cluster III, LundTax: basal/squamous-like), the sarcomatoid morphology was predominantly cluster IV (claudin-
low). Protein expression was consistent with a basal-like phenotype in both morphologies in 18/21 of cases. However, most cases had evi-
dence of active epithelial-to-mesenchymal transition (E-Cad | and Zebl or TWIST1 %) from urothelial toward the sarcomatoid morphol-
ogy. Drug response signatures nominated different targets for each morphology and proposed agents under clinical investigation in
liposarcoma or other sarcoma. PD-L1 expression was higher in the sarcomatoid than the urothelial component.

Conclusions: Conventional urothelial and adjacent sarcomatoid morphologies of MIBC arise from the same common ancestor and share
a basal-like phenotype. However, divergence between the morphologies at the genome, transcriptome, and proteome level suggests differ-
ential sensitivity to therapy. © 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Muscle-invasive bladder cancer (MIBC) is a heteroge-
neous disease with a highly variable clinical prognosis.
Approximately 50% of the patients die within 5 years after
diagnosis despite best standard of care [1], 35% of
advanced tumor stage patients with pelvic lymph node
metastases are still long term survivors [1,2]. Response to
systemic treatment regimen also varies, with less than 30%
of patients deriving a benefit from cisplatin-based regimens
[3] or immune checkpoint inhibition [4].

This clinical heterogeneity is underlined by remarkably
high inter- [5,6] and intratumoral genomic heterogeneity
[7,8]. Morphological divers tumors may show a plasticity in
tumor subtypes [8]. MIBC shows a significant range of patho-
logical morphologies and indeed, 12 distinct histological var-
iants in addition to conventional urothelial morphology have
been characterized [9]. Different morphologies are associated
with different clinical courses [10,11] and responsiveness to
systemic treatments [12,13]. However, our understanding of
the relationship between genomic, biologic, and morphologic
characteristics is only partially complete. The micropapillary
morphology frequently harbors alterations in the Her2 signal-
ing pathway [14—16], while the plasmocytoid morphology is
characterized by a frequent somatic loss of CDHI [17]. The
squamous variant is enriched in basal-like MIBCs [8,36].
Warrick et al. [18] investigated characteristics of several
morphologies including squamous, glandular, micropapillary,
nested, plasmacytoid, and sarcomatoid. Interestingly,
although the latter is associated with unfavorable prognosis
[19—21] and a link with a specific molecular genotype or phe-
notype has not been established [18]. Sarcomatoid morphol-
ogy is often concomitant to conventional urothelial MIBC
and foci of both morphological growth patterns may merge in
the same tumor focus [19]. Therefore, biological characteris-
tics of the sarcomatoid morphology may best be elucidated
by investigating urothelial MIBC and the adjacent transition
into sarcomatoid morphology within the same MIBC focus
[22—24]. Prior studies have examined a small number of
genomic markers such as TP53 mutation status or microsatel-
lite polymorphism and concluded that the 2 morphologies are
likely monoclonal [22—24]. However, a comprehensive geno-
mic analysis has not been performed, and furthermore, no
study has linked the genome, transcriptome, and proteome of
sarcomatoid and adjacent urothelial MIBC to dissect tumor
heterogeneity and the implications for treatment strategy.

2. Patients and Methods

2.1. Cohort selection and pathological review

Between 2002 and 2014, 21 patients without prior neoad-
juvant chemotherapy or BCG instillation therapy underwent
standardized extended bilateral pelvic lymphadenectomy
with cystectomy for urothelial carcinoma of the bladder at
the Department of Urology, University of Bern. Histological
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re-evaluation by an experienced uropathologist (VG) con-
firmed that these patients showed conventional urothelial
and adjacent sarcomatoid morphology. The use of patient
material for this study was approved by the local human
research ethics board (protocol number: Bern, Switzerland
KEK-No. 2017-01566). All cases were used to generate a
tissue microarray (TMA, Fig. 1A). Four cases were selected
for DNA sequencing and an additional four 1 mm cores
were taken from formalin fixed paraffin embedded
(FFPE) tissue regions representing each of the urothelial
and sarcomatoid morphologies in these cases (Fig. 1B,
Supplementary Fig. 1). In 2 of these cases, pelvic lymph
node metastases collected during cystectomy were also sam-
pled for genomic profiling.

2.2. Targeted DNA sequencing

DNA was extracted from FFPE tissue samples using the
Promega Maxwell RSC instrument and DNA FFPE Kkit;
quantification was performed on the Quantus Fluorometer
via the QuantiFluor ONE dsDNA System. We employed
an established targeted sequencing strategy capturing
the exonic regions of 50 genes frequently associated with
bladder cancer (Supplementary Table 1; Supplementary
Methods) [25—27]. Sequence data analysis, including iden-
tification of somatic mutations, copy number alterations,
and structural rearrangements was performed exactly as
previously described [25—27]. Note that although muta-
tions were called independently in each sample using our
established approach, for instances where a mutation was
not identified in all samples from a patient, we reviewed
sequence read support for that mutation in each sample as a
secondary analysis.

2.3. Gene expression analysis

Whole transcriptome profiling was performed with the
Decipher assay (based on the Human Exon 1.0 ST oligonu-
cleotide microarray) in a CAP/CLIA clinical laboratory
(GenomeDx, Inc, San Diego, CA) [28]. We selected 16
cores (8 urothelial and 8 sarcomatoid) from 4 cases for anal-
ysis. To describe the degree of transcriptomic heterogeneity
within a given morphology, we compared cores from the
same area. To compare morphologies (urothelial vs. sarco-
matoid) we used the median gene expression levels from all
cores of the respective morphology.

To generate RNA molecular subtypes we first assimi-
lated gene expression profiles with our previously published
dataset [29]. We then used published methods [6,30] as well
as the consensus classifier [31] of The Bladder Cancer
Molecular Taxonomy Group, to generate subtype calls
across the entire dataset.

Unsupervised consensus clustering, principal component
analysis, and gene set enrichment analysis was performed
(Supplementary methods).
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Fig. 1. Outcome and pathological characteristics. (A) A TMA was constructed of all cystectomy specimens by sampling 2 respectively 4 cores of
the urothelial (if present) and sarcomatoid morphology. (B) Four cases were additionally sampled for genomic and transcriptomic analyses. In Cases 1
and 2, corresponding lymph node metastases were sampled as well. (C) Kaplan-Meier plot for overall (left) and cancer-specific survival (right) of the

21 patients.

2.4. Calculation of drug response scores

The CellMiner tool was used to identify drug response
related genes from data derived from the NCI-60 cell line
panel [32]. Corresponding genes were used to generate
patient specific drug response scores (DRS) using correla-
tion coefficients as weighting factors.

2.5. TMA constructions and immunohistochemistry

A TMA was constructed as previously published [33]. 2
(urothelial) and 4 (sarcomatoid) 1-mm cores were sampled
from each morphology. Immunohistochemical staining for
CK5/6, GATA3, CD44, E-cadherin, Zebl, TWIST1, PD-L1
(SP263), FoxP3, and CD8 expression was performed using a
Leica Bond or Ventana Benchmark Ultra automated immu-
nostainer. PD-L1 staining was scored according to the man-
ufacturer’s guidelines for urothelial carcinoma.

3. Results

3.1. Baseline patient characteristics and outcome

Clinicopathological characteristics of the patients are
provided in Table 1. Median overall and cancer specific sur-
vival of the cohort were 0.9 and 1.6 years, respectively
(Fig. 1C).

3.2. Morphological characteristics

The vast majority of sarcomatoid tumor regions exhib-
ited classical spindle cell morphology. Additional morpho-
logic variants in other areas of the tumors included
squamous differentiation (10/21 cases), glandular (2/21), or
focal clear cell or micropapillary differentiation (1 case
each). Carcinoma in situ could be observed in 17/21 cases,
while only 2/21 tumors showed papillary morphology.
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Table 1
Clinicopathological characteristics of the patients.

Patient characteristics n=21
Median age (range), y 72 (30—86)
Gender, n (%)
Female 6(29)
Male 15 (71)
Median follow-up, y (range) 4.3(0.2—14)
Tumor stage and histology
T-stage, n (%)
pT <2 2 (10)
pT3/4 19 (90)
N-stage, n (%)
pNX 2 (10)
pNO 11(52)
pN+ 8 (38)
Lymphangiosis, n (%) 14 (66)
Hemangiosis, n (%) 16 (80)
Perineural invasion, n (%) 13 (62)
Lymph nodes, n (range)
Examined 37 (0—80)
Positive 0(0-7)
Postoperative therapy
Radiotherapy, n (%) 5(24)
Chemotherapy, n (%) 6(29)

3.3. Adjacent urothelial and sarcomatoid morphology arise
from a shared ancestral clone

We performed targeted deep sequencing of 4 pairs of
synchronous urothelial and sarcomatoid morphology. In 2
cases, metastases to local lymph nodes were also profiled.
In all cases, nonmalignant lymph node tissue was used as
germline control. Median sequencing depth across tumor
tissue was 286 x.

In all 4 pairs, the morphologies shared somatic mutations
and copy number changes, indicating a common ancestral
clone (Fig. 2; Supplementary Table 2). However, we also
detected alterations that were unique to each morphology in
3 of 4 cases (Fig. 2A—C; Supplementary Table 2). Some
morphology-restricted mutations were present at high allele
fractions, suggesting they were fixed in their respective
tumor cell population; a notable example was a missense
mutation in FGFR3 that was present at 54% in the urothe-
lial component of Case 1 but below detection thresholds in
the sarcomatoid morphology. Similarly, the urothelial com-
ponent of Case 2 harbored a high level CCNDI amplifica-
tion that was absent from the sarcomatoid component.
Together these data suggest divergent evolution between
the urothelial and sarcomatoid morphologies, despite the
overall ancestral relationship. In the 2 cases where lymph
node metastases were profiled, high copy number concor-
dance and shared somatic mutations indicated strong simi-
larity to the primary sarcomatoid morphology in Case 1 and
to the primary urothelial morphology in Case 2 (Fig. 2B
—C; Supplementary Fig. 2). Overall, all genomic alterations
were consistent with aggressive MIBC (Fig. 2A—D). For
example, all 4 cases had truncal TP53 and/or RBI
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mutations, often accompanied by loss of heterozygosity or
a second inactivating mutation, and all were shared between
both morphologies.

3.3.1. Concordance of genomic alterations with gene
expression

Differences in copy number variations (FGFRI, CCNDI,
and CDKN2A) between urothelial and sarcomatoid morphol-
ogy of Case 1 were reflected by differences in corresponding
transcript expression levels (Fig. 2D). Similar concordance
was observed in other cases, including an ERBB2 amplifica-
tion with ERBB? transcript upregulation, and a 7SC2 deletion
with concomitant transcriptional downregulation.

3.4. Gene expression analysis reveals heterogeneity
between both morphologies

All but one sample (Sarcomatoid Case 1) passed quality
control. There was a high correlation for global transcrip-
tion profiles between different regions of the same morphol-
ogy (Fig. 3A). In all but one case, each pair had a
correlation coefficient of 0.94 or higher (Pearson). How-
ever, the correlation coefficient was lower for comparisons
between morphologies within a patient (median R-values:
0.94 vs. 0.9, P =0.069, Wilcoxon).

These findings were supported by IHC across the entire
cohort (Fig. 3B). CD44 and PD-L1 protein expression levels
were significantly positive correlated within each morphology
but not when compared between urothelial and sarcomatoid.

3.5. Urothelial and sarcomatoid morphology have a basal-
like consensus RNA molecular subtype

Consensus mRNA-based subtyping suggested that in the
vast majority of cases both morphologic variants fell within
the basal-like classification (Fig. 4A). However, although the
urothelial foci were generally classified as basal/squamous-
like (Ba/Sq, LundTax, and Consensus) or Cluster III (TCGA
2014), the sarcomatoid regions had features consistent with
an additional invasive component (Ba/Sq-Inf; Cluster IV,
Mes-like, Stroma-rich). At the RNA level, the expression of
basal cytokeratins (KRTS5, KRT6) was higher in the urothelial
compared to sarcomatoid morphology, but the expression
level of CD44, a basal stem cell marker, was virtually identi-
cal (Fig. 4B). Protein expression analysis across the entire
cohort confirmed these findings: 12/19 cases presented with a
more extensive CK5/6 expression in the urothelial component
compared to the sarcomatoid morphology, while CD44 was
positive in both regions in 15/19 cases (Fig. 4C).

Pathway and gene set enrichment analysis suggested that
features of epithelial-to-mesenchymal transition were sig-
nificantly enriched in the sarcomatoid compared to the uro-
thelial morphology (Fig. 4D). This was consistent at the
protein level in most cases, where E-cadherin decreased
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Fig. 2. Adjacent urothelial and sarcomatoid morphologies arise from a shared common ancestor. (A) Mirror plot indicating the variant allele frequency
(VAF) of somatic mutations detected in both the urothelial (top) and sarcomatoid (bottom) morphologies for 4 cases subjected to targeted DNA sequencing.
(B) Genomic alterations detected in the urothelial (U) and sarcomatoid (S) morphologies, and lymph node metastases (M) of 4 cases. Select copy-number
alterations are shown. Note that a distinction is not made between hemizygous and homozygous deletions. (C) Mutations are shared or morphology-specific.
Comparison of mutations detected in the urothelial (U) and sarcomatoid (S) morphologies, and lymph node metastases (M), of Cases 1 and 2. (D) Concor-
dance of copy number coverage log ratio from targeted DNA sequencing and mRNA expression levels in Case 1. (E) Copy number calls are highly correlated
between urothelial (x-axis) and sarcomatoid (y-axis) morphologies in Cases 3 and 4 (linear least squares regression).

and/or TWIST1, ZEBI increased when moving from the
urothelial to the sarcomatoid morphology (Fig.

3.6. Impact on treatment strategies

We applied linear models to calculate DRS for 89
drugs. The higher the score for a given drug, the more

4E).

promising the treatment success in this given tumor.
DRS clustered urothelial and sarcomatoid morphology

(Fig. 5A). While DRS of some drugs were higher in uro-
thelial morphology (Dolastatin, Docetaxel), other drugs,
investigated for treatment of sarcoma, were higher in sar-

respectively (Fig. 5A).

comatoid morphology (Lovastatin, Rebimastat, Triapine),
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TCGA2014 and LundTax classifiers is also provided. The drugs with a higher score (red) suggest higher sensitivity compared to a lower score (blue). (B)
Expression of PD-L1 in cancer and immune cells, number of FoxP3 and CDS8 expressing tumor infiltrating lymphocytes between urothelial and sarcomatoid
morphology, respectively (Wilcoxon). PD-L1 expression was significantly higher in the sarcomatoid morphology when compared to urothelial. Number of
FoxP3 and CDS8 positive tumor infiltrating lymphocytes remained approximately the same (Wilcoxon). (C) Urothelial and sarcomatoid components of a rep-
resentative case stained with PD-L1 (SP263). “Color version available online.”

PD-L1 expression in cancer cells and immune cells 4. Discussion

significantly increased from the urothelial to the sarcoma-

toid morphology, while the number of FoxP3 and CD8 In this study, we describe the phenotype of a cohort of
expressing lymphocytes remained approximately the same 21 patients with conventional urothelial MIBC and adjacent

(Fig. 5B and C). sarcomatoid morphology and defined the molecular
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landscape of a selected group of cases. Our findings were
consistent across the cohort: (i) both morphologies arise
from a common ancestor; (ii) the majority of urothelial and
adjacent sarcomatoid MIBC have a basal-like phenotype
but molecular heterogeneity between morphologies is
prominent; (iii) there is strong evidence for epithelial-to-
mesenchymal transition from the urothelial to the sarcoma-
toid morphology; and (iv) different compounds may be
required for successful treatment of both the urothelial and
the adjacent sarcomatoid morphology.

Tumors with both urothelial and sarcomatoid morphol-
ogy showed genomic DNA alterations that are frequent in
bladder cancer such as mutations or deletions in KMT2D,
TP53, and RBI1, respectively [5]. In line with previous data
[22,23], our findings suggest that both morphologies arise
from the same common ancestor. The mechanism or pro-
cess by which the pathologic divergence occurs remains
unclear. It is interesting to note that loss of TP53 and RB1
is linked with cellular plasticity in other cancers [34,35],
however alterations to these genes are also common in con-
ventional MIBC. We can only hypothesize that loss of these
tumor suppressors can also promote a shift toward sarcoma-
toid morphology. However, we found differences in the
genomic landscape between both and could assign corre-
sponding lymph node metastases to derive from one or the
other morphology, respectively. Although being from the
same common ancestor, this genomic heterogeneity may
impact strategies for successful treatment.

We further elucidated transcriptomic heterogeneity
between both morphologies, although application of differ-
ent methods for molecular subtyping suggested that almost
all were broadly basal-like [6,30,31]. This is supported by
the frequent loss of RB1 observed at the genomic level in
this study, and the fact that only 3/21 tumors did not express
proteins consistent with a basal-like phenotype. Further-
more, only 2/21 tumors showed a papillary growth pattern:
a feature typically associated with a luminal-like phenotype
[31,36]. A prior study reported IHC based molecular sub-
typing of 15 sarcomatoid tumors and did not identify the
same strong trend toward a basal-like phenotype [18]. How-
ever, there are clear differences in study design, including
the fact that our study specifically included urothelial
MIBC with adjacent sarcomatoid morphology. Neverthe-
less, it is plausible, based on this prior study, that a minority
of MIBC with urothelial and adjacent sarcomatoid growth
pattern may have a luminal-like phenotype.

A growing body of evidence suggests that intratumoral
heterogeneity affects successful cancer treatment [37—39].
This is in line with findings from our study. Intratumoral
heterogeneity was apparent between both morphologies
and our DRSs of potentially promising drugs clustered the
tumors into urothelial and sarcomatoid morphologies. In
addition, in 1 urothelial morphology but not the sarcoma-
toid, we identified a CCNDI1 amplification in combination
with a homozygous loss in CDKN2A. This combination of
genomic alterations is thought as a strong sensitizer for
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CDK4/6 inhibitors that may be promising in the urothelial
but not the sarcomatoid morphology in this particular case.
Therefore, our hypothesis is in line with others, that sug-
gested different treatment regimens dependent on the geno-
mic and transcriptomic landscape [5]. Interestingly, the
sarcomatoid morphology showed high drug sensitivity
scores for drugs that are being investigated for the treatment
of sarcoma and other malignancies [40—43]. Finally,
we found an overexpression of PD-L1 in the sarcomatoid
morphology. This is in line with an increased PD-L1
expression in sarcomatoid differentiated kidney and lung
carcinomas [44,45]) and may suggest a role of checkpoint
inhibition as promising compound for successful treatment.
However, only clinical trials may confirm these hypotheses.

We are aware of the limitations of our study that are
mainly due to its retrospective character. Due to a meticu-
lous selection of patients to allow an enrollment of a homo-
geneous cohort of MIBC patients with urothelial and
adjacent sarcomatoid morphology, we were limited sample
size. However, even within the limited number of cases pro-
filed, we observed consistent patterns in both mutation sta-
tus and gene expression profiles. Expanding this study to
profile additional cases or using a larger panel for genomic
DNA sequencing would provide additional evidence to con-
firm our observations.

5. Conclusion

Conventional urothelial and adjacent sarcomatoid mor-
phology of MIBC arise from the same common ancestor.
Both morphologies express a basal-like gene expression
signature, with the sarcomatoid morphology having an
enrichment for EMT pathways. DRSs revealed drugs that
are investigated or used in sarcoma therapy. The overex-
pression of PD-L1 suggests an immune suppressed tumor
microenvironment, which may respond favorably to
immune checkpoint inhibition.
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