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Abstract

Background—Gene expression profiling (GEP) suggests there are three subtypes of muscle-
invasive urothelial cancer (UC): basal, which has the worst prognosis; p53-like; and luminal. We
hypothesized that GEP of transurethral resection (TUR) and cystectomy specimens would predict
subtypes that could benefit from chemotherapy.

Objective—To explore clinical outcomes for patients treated with dose-dense (DD) methotrexate,
vinblastine, doxorubicin, and cisplatin (MVVAC) and bevacizumab (B) and the impact of UC
subtype.

Design, setting, and participants—Sixty patients enrolled in a neoadjuvant trial of four
cycles of DDMVAC + B between 2007 and 2010. TUR and cystectomy specimens for GEP were
available from 38 and 23 patients, respectively, and from an additional confirmation cohort of 49
patients treated with perioperative MVAC.

Outcome measurements and statistical analysis—Relationships with outcomes were
analyzed using multivariable Cox regression and log-rank tests.

Results and limitations—Chemotherapy was active, with pTONO and <pT1NO downstaging
rates of 38% and 53%, respectively, and 5-yr overall survival (OS) of 63%. Bevacizumab had no
appreciable impact on outcomes. Basal tumors had improved survival compared to luminal and
p53-like tumors (5-yr OS 91%, 73%, and 36%, log-rank p = 0.015), with similar findings on
multivariate analysis. Bone metastases within 2 yr were exclusively associated with the p53-like
subtype (p53-like 100%, luminal 0%, basal 0%, p< 0.001). Tumors enriched with the p53-like
subtype at cystectomy suggested chemoresistance for this subtype. A separate cohort treated with
perioperative MVVAC confirmed the UC subtype survival benefit (5-yr OS 77% for basal, 56% for
luminal, and 56% for p53-like; p=0.021). Limitations include the small number of pretreatment
specimens with sufficient tissue for GEP.

Conclusion—GEP was predictive of clinical UC outcomes. The basal subtype was associated
with better survival, and the p53-like subtype was associated with bone metastases and
chemoresistant disease.

Patient summary—We can no longer think of urothelial cancer as a single disease. Gene
expression profiling identifies subtypes of urothelial cancer that differ in their natural history and
sensitivity to chemotherapy.

Keywords

Urothelial cancer; Gene expression profiling; Dose-dense methotrexate, vinblastine, doxorubicin,
and cisplatin; Neoadjuvant; Bevacizumab; Basal; Luminal; p53; Subtype

1. Introduction

Neoadjuvant chemotherapy remains underutilized for the treatment of muscle-invasive
urothelial carcinoma [1,2]. Potential reasons include toxicity, with many elderly patients
considered unfit for aggressive cisplatin-based regimens, and a perceived lack of benefit
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[3,4]. Although neoadjuvant chemotherapy improves survival, more than 40% of patients
will ultimately experience relapse and die despite aggressive therapy. Strategies that improve
the efficacy or toxicity profile or the selection of patients most likely to benefit from therapy
would have a substantial impact in this disease.

In an attempt to improve on the efficacy and toxicity profile of chemotherapy, we added
bevacizumab to dose-dense methotrexate, vinblastine, doxorubicin, and cisplatin
(DDMVAC). Overexpression of the vascular endothelial growth factor receptor (VEGFR) is
associated with significantly worse outcomes following neoadjuvant chemotherapy [5,6]. In
metastatic disease, DDMVAC improved the complete response rate and toxicity profile
compared to traditional MVVAC, with double the number of long-term survivors seen in the
dose-dense arm [7].

Efforts to improve patient selection have relied on clinical parameters associated with
adverse prognosis. Pathologic upstaging has been reported for cases with a three-
dimensional mass on examination under anesthesia (EUA), lymphovascular invasion (LV1),
or hydronephrosis [8,9], with long-term cause-specific survival exceeding 60% for
perioperative cisplatin-based [10] or ifosfamide-based therapy [11]. However, these factors
remain difficult to translate into common practice outside a dedicated multidisciplinary
setting. Development of a predictive laboratory-based assay could overcome these
limitations.

Gene expression profiling (GEP) has recently revealed the presence of distinct intrinsic basal
and luminal subtypes of bladder cancer [12—14], with the basal subtype having the worst
prognosis in muscle-invasive disease [12,13]. Therefore, we applied this strategy in the
context of a homogeneous group of patients treated during a clinical trial.

2. Patients and methods

Between August 2007 and December 2010, 60 patients consented to participate in this
institutional review board-approved trial. Transitional cell histology was the predominant
component. Micropapillary tumors were allowed, irrespective of the extent of their
micropapillary features. Patients had at least one of the following high-risk features: a three-
dimensional mass on EUA, direct invasion of the prostatic stroma or vaginal wall, LVI,
hydronephrosis, or tumor involving a bladder diverticulum. Upper-tract urothelial cancers
(UTUCSs) were included if there was high-grade tumor or a measureable mass on imaging.
Patients had a Zubrod performance status <2, or =3 if related to the cancer, an absolute
neutrophil count =1800/ul, a platelet count =150 000/ul, and creatinine clearance, either
measured or calculated using the Cockcroft-Gault formula, of =50 ml/min. We excluded
surgically unresectable disease (cT4b, N+, or M+). Patients with bone pain must have had a
negative bone scan. Patients with a history of hypertensive crisis, hypertensive
encephalopathy, unstable angina, or myocardial infarction within 6 mo of enrollment or a
history of transient ischemic attacks were ineligible.

Treatment consisted of four cycles of neoadjuvant chemotherapy with DDMVAC and
bevacizumab every 2 wk with growth factor support. Bevacizumab (10 mg/kg) was given
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first, followed by methotrexate (30 mg/m?2), doxorubicin (30 mg/m2), vinblastine (3 mg/m?),
and cisplatin (70mg/m?). Patients received 3 | of post-cisplatin hydration, typically
incorporating mannitol. Surgery was performed a minimum of 6 wk after the last dose of
bevacizumab.

Whole-genome mRNA expression profiling and one nearest-neighbor (INN) subtype
assignments were performed as previously described [12,15]. Total RNA was isolated from
macrodissected tumor in formalin-fixed, paraffin-embedded unstained sections using a High
Pure miRNA isolation kit (Roche, Indianapolis, IN, USA). GEP was performed using the
DASL platform (WG-DASL HT12 V4 chips; Illumina, San Diego, CA, USA). Slides were
scanned using a Bead Station 500X system and signal intensities were quantified using
GenomeStudio (Illumina). Quantile normalization in the linear models for microarray data
(LIMMA) package in the R language environment (R Project for Statistical Computing,
Vienna, Austria) was used to normalize the data, and the data were combined with a
previously subtyped data set (MD Anderson validation cohort, GSE48276, sample ID
GSM1173901-GSM1173957). TUR only and TUR + cystectomy tumors were assigned to
subtypes using a 1NN classifier [12]. Analyses were performed using BRB-Array Tools
version 4.3.2 by Dr. Richard Simon and Amy Peng Lam. A confirmation cohort was
obtained using untreated tissue specimens from a previously published trial of perioperative
MVAC [10]. The new GEP data from this study were uploaded to Gene Expression Omnibus
with accession numbers GSE69795 (DDMVAC + bevacizumab cohort) and GSE70691
(MVAC confirmation cohort).

2.2. Clinical trial design

The primary endpoint was pathologic downstaging to <pT1NO after neoadjuvant
chemotherapy. A response rate of 50% was considered worthy of further investigation;
standard therapies achieve a response rate of approximately 35%. With type | and type 11
error rates of 0.1 and 0.2, respectively, we needed a maximum number of 58 patients. If
there were at least eight responses among these first 20 patients, then 38 additional patients
would be enrolled. If at least 25 responses were observed from all 58 patients, the treatment
would be considered for further investigation. To allow for two unevaluable patients, 60
patients were enrolled.

2.3. Statistics

Summary statistics including frequencies and percentages are reported for categorical
variables. Patient risk factors were compared using Fisher’s exact test for categorical
variables and a two-sample Wilcoxon rank-sum test for continuous variables. A binary
variable was defined for downstaging (pathologic stage below the initial clinical stage and
below pT1INOMO). A logistic regression model was used to associate baseline risk factors
including tumor subtype with downstaging at surgery. Overall survival (OS), defined as the
time from study enrollment to death, and disease-specific survival (DSS), defined as the time
to disease-specific death, were estimated using the Kaplan-Meier method. Survival
distributions by group were compared using the log-rank statistic. Multivariable Cox
proportional hazards models were used to evaluate the effect of subtype before surgery after
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adjusting for other risk factors. The final multivariable model (both Cox proportional
hazards model and logistic regression model) was obtained using a backward selection
approach, removing the least significant covariate from the full model one at a time. The
Cox proportional hazards assumption was checked for each variable, and no model violation
was detected in the final model. All tests were two-sided and p < 0.05 was considered
statistically significant. Analyses were conducted using R v.64 (R Project for Statistical
Computing) and S+ v.8.0 (TIBCO Software, Somerville, MA, USA).

3. Results

3.1. Patient characteristics

Baseline characteristics are listed in Table 1. Patients with T1 or T2 urothelial cancer had a
high-risk factor present to be eligible. All patients with UTUC had high-grade disease.

3.2. Response and survival

Pathologic downstaging to <T1NO occurred in 53% of patients, with a marginally significant
increase in downstaging in UTUC (75% vs 45% in bladder urethral, Fisher’s exact test p =
0.077.) Pathologic TONO rates were similar across tumor sites with a 38% pTONO rate
overall and 39% and 38%, respectively, in bladder/urethral tumors and UTUC.

In univariate analyses, younger patients were more likely to respond to neoadjuvant
treatment (median age 61 yr for responders and 66 yr for nonresponders; Wilcoxon test p=
0.02).

Subtype at TUR, LVI, PS, and clinical stage were not significantly associated with the
response rate. In the multivariate logistic model, younger patients and those with UTUC
were more likely to be downstaged (OR= 0.92 when age increasing 1 yr with 95% CI: 0.85-
0.99, p=0.03; OR=3.87, for UTUC against bladder/urethral tumors with 95% CI: 1.0, 15.0,
p=0.05).

Survival for all patients was quite good, with 5-yr OS and DSS of 63% and 64%,
respectively (median follow-up 49 mo; Fig. 1A). The 5-yr OS and DSS were both 72% for
in UTUC, and 60% and 61%, respectively, for bladder/urethra disease (Fig. 1B).
Downstaging to <pT1NO significantly impacted survival (OS and DSS of 93% vs 29% at 5
yr; log-rank p< 0.0001, Fig. 1C). Those with pathologic pT4b, N+, or M+ disease had poor
survival, with median OS of 17 mo. Patients with micropapillary histology had 5-yr OS and
DSS of 50% and 63%, respectively.

3.3. Toxicity

All 60 patients completed at least one cycle of neoadjuvant chemotherapy; 51 patients (85%)
completed all four cycles before surgery and 56 patients (93%) completed at least three
cycles of chemotherapy. In total, 224 cycles of neoadjuvant chemotherapy were
administered. Chemotherapy was well tolerated, with 27% of patients experiencing
neutropenia/neutropenic fever (Table 2). There were very few episodes of thrombosis and
pulmonary embolism associated with this combination (5%). One patient with an extensive
cardiac history experienced cardiac ischemia.

Eur Urol. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McConkey et al.

3.4. Surgery

3.5. GEP

Page 6

Fifty-nine of the 60 patients had surgery. One patient was diagnosed with a primary lung
cancer and did not undergo cystectomy, and is included as a treatment failure. Surgery-
related toxicity data are listed in Table 3. One patient experienced an abdominal abscess
associated with colitis and was discharged 44 d after surgery.

TUR and matched cystectomy specimens were available for GEP in 38 and 23 patients,
respectively. Tumor subtype assignments were made using a 1NN classifier on TUR tissue
(n=38) and yielded basal (7= 11), luminal (= 11), and p53-like proportions (7= 16) that
were similar to those described previously [12]. UTUC was more likely to be of the luminal
subtype (basal 0, luminal 4, p53 1). Pathologic stage by subtype is shown in Figure 2B.
Strikingly, in the neoadjuvant chemotherapy setting, patients with basal tumors had better
survival compared to the luminal and p53-like subtypes (5-yr OS 91%, 73%, and 36%,
respectively; log-rank p=0.015, Fig. 2C). In multivariate analysis adjusted for age at
registration and LVI, the basal subtype was associated with longer overall survival compared
to the p53-like (hazard ratio [HR] 14.6, 95% CI 1.78-120.3; p= 0.013) and luminal
subtypes (HR 6.87, 95% CI 0.64-72.9; p=0.11, Supplementary Table 1). Bone metastases
within 2 yr, which are associated with very poor prognosis (median OS 15 mo), only
occurred in the p53-like subtype (9/16, 56%), with none in the luminal and basal subtypes (o
<0.001, Fisher’s exact test; Fig. 2D).

Tumor subtypes were then compared for combined TUR (7= 38) and cystectomy (7= 23)
tissues. Subtype at cystectomy did not correlate with survival outcome. However, there was
a shift to the p53-like subtype at cystectomy (basal to p53-like, 60%; luminal to p53-like,
71%; Fig. 2E). All the post-treatment tumors were enriched in an active p53 GEP signature
that was distinct from the p53 signature that dictated membership in the p53-like subtype
(Fig. 2A, Supplementary Table 2).

3.6. Confirmation cohort

GEP was performed for a separate cohort of 49 patients treated with perioperative MVVAC in
a previously published clinical trial (Supplementary Table 3) [10]. A survival advantage for
basal (5-yr OS 77%, 95% CI 59-100%) compared to luminal (5-yr OS 56%, 95% CI 37—
87%) and p53-like tumors (5-yr OS 56%, 95% CI 37-87%) was observed in this separate
cohort (p=0.021, log-rank test; Fig. 3). The H/FI gene signature was enriched in the basal
subtype in our previously described cohort of fresh frozen tissue (p = 4.92 x 10/, Z-score =
3.606 for ingenuity pathway analysis of upstream regulators) [12], but the enrichment in the
current cohort did not reach statistical significance, probably because of the modest sample
size (Supplementary Fig. 1).

4. Discussion

We applied a GEP prognostic for survival in muscle-invasive UC to UC patients treated with
neoadjuvant chemotherapy. In contrast to the negative prognostic impact of the basal subtype
identified previously [12-14,16,17], the basal subtype predicted longer survival and the p53-
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like subtype shorter survival with a higher frequency of bone metastases. This survival
benefit was confirmed in a separate group treated with perioperative MVAC. These findings
suggest that the prognostic signature in chemotherapy-naive UC patients is predictive of
outcome after chemotherapy.

Although addition of bevacizumab did meet prespecified clinical criteria for activity in the
trial, the downstaging rates are similar to those observed in other recent neoadjuvant trials
[11,18,19]. In theory, the basal subtype, which also contains the Hif-1a/angiogenesis
signature [12], should be the group most likely to benefit from an angiogenesis inhibitor.
Although basal tumors treated with bevacizumab had 5-yr OS of 91% compared to 77% for
those treated with perioperative MVVAC alone, we were unable to confirm any definitive
statistical benefit in this modest sample, which limits the impact of our findings. It would be
worth exploring the impact of bevacizumab on the basal subtype in larger clinical trials. We
believe that the apparent effects on basal UC reflect the well-described clinical activity of
DDMVAC [7,18,19], which altered the natural course of this aggressive subtype. It is likely
that these same aggressive features (especially rapid proliferation) make the basal subtype
the most susceptible to chemotherapy. The modest sample size may account for our inability
to confirm an association between downstaging and the basal subtype. The poor outcomes
seen previously for the basal subtype may reflect the heterogeneous sample size, including
patients who are not candidates for aggressive chemotherapy [12,13]. Likewise, squamous
features, which have been associated with the basal subtype [16], have been linked to benefit
from neoadjuvant chemotherapy [20].

Bone metastasis only occurred in the p53-like subtype, which is enriched with extracellular
matrix biomarkers and cancer-associated fibroblasts [12]. It is possible that this subtype
recapitulates a tumor-stromal environment that is similar to bone marrow, making marrow an
attractive landing site for p53-like metastases. The p53-like tumors have lower proliferation
and an upregulated p53-associated gene signature, which has been associated with lower
response to chemotherapy in patients and UC cell lines [12]. Therefore, it is possible that the
bone metastases seen in this subtype could reflect our inability to eradicate chemotherapy-
resistant tumor cells in stromal-rich bone marrow.

The molecular characterization of UC may aid in predicting which tumors will benefit from
chemotherapy and other targeted agents. The underlying biology of these subtypes may
cross tumor types [21,22] and may correlate with pathways associated with UC
differentiation [23]. Basal UC shares cytokeratin markers from the basal/stem-cell
compartment [12,12,23] with the corresponding transcription factors ANp63 [23-25], which
is associated with adverse prognosis in muscle-invasive disease [24,25], and Hif-1a, a driver
of angiogenesis [12]. Future studies should focus on the impact of antiangiogenic drugs and
chemotherapy in basal UC. Luminal UC share cytokeratin markers representative of the
umbrella cell layer [12,14]. The presence of FGFR signaling or ERBB2 expression suggest a
potential role for targeted agents, while ERBB2 expression may help in selecting for
chemosensitive luminal UC [26]. Finally, the low cell-cycle proliferation and poor outcomes
for chemotherapy in p53-like UC suggest that patients with these tumors may benefit from
initial surgery. The enrichment in stromal markers [12], in addition to the association with
bone metastases, suggests a potential role for agents targeting stroma or bone.
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5. Conclusions

It is clear that our findings are limited by the modest sample size and require confirmation in
larger cohorts. The potential for heterogeneity along the urothelium, including a higher rate
of luminal biology in upper tract disease, should be explored. Further work is necessary to
confirm these findings and explore the potential benefit of subtype as a predictive biomarker
and in developing personalized medicine for UC.

As a result, we can no longer think of UC as a single disease. GEP identifies UC subtypes
that differ dramatically in their natural history and sensitivity to chemotherapy in a far more
powerful manner than has been possible on the basis of morphology and clinical features.
This is a significant development in unraveling the long-appreciated heterogeneity of this
disease. GEP should be incorporated into clinical trials to provide a practical starting point
for a more refined approach to the development of targeted therapies.

Clinical trials results were previously presented at the 2012 American Society of Oncology
(ASCO) Genitourinary Cancer Symposium and the 2012 ASCO Annual Meeting. Gene
expression profiling results were presented at a late-breaking minisymposium at the
American Association for Cancer Research 2014 Annual Meeting and the 2015 ASCO
Genitourinary Cancer Symposium.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(A?) Overall survival (OS) for all patients. The 5-yr OS and disease-specific survival (DSS)
were 63% and 64%, respectively, for all patients treated with neoadjuvant chemotherapy
with dose-dense methotrexate, vinblastine, doxorubicin, and cisplatin (DDMVAC) +
bevacizumab (median follow-up 49 mo). (B) OS for patients with urothelial carcinoma of
the bladder and upper tract. The 5-yr OS and DSS were both 72% in upper tract disease, and
60% and 61%, respectively, in bladder/urethral cancer. (C) OS by pathologic stage.
Downstaging to <pT1NO had a significant impact on 5-yr survival (OS and DSS 93%)
compared to those who were not downstaged (OS and DSS 29%; log-rank p < 0.0001). Cl =
confidence interval.
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(A) Gene expression profiling in matched transurethral resection (TUR) and cystectomy
specimens. Left: Chemotherapy induced the active p53 gene signature (log ratio
cystectomy/TUR for matched tumors). Right: relative expression of the p53 gene signature
in each pre- and post-treatment tumor arranged according to subtype membership. To
visualize gene expression patterns, specific gene expression values adjusted to a median of
zero were used. (B) Pathologic stage by subtype. (C) Overall survival (OS) by subtype. The
basal subtype was associated with better survival after neoadjuvant chemotherapy compared
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to the p53-like and luminal subtypes (5-yr OS 91%, 73%, and 36%, respectively; p= 0.015).
(D) Bone metastases (mets) by subtype. Bone metastases only occurred in the p53-like
subtype (53%), with none in the basal and luminal subtypes. (E) Gene expression profile
comparing TUR to cystectomy. Post-treatment tumors were enriched with an active p53
gene expression signature that was distinct from the p-53 like subtype at TUR. Owing to
quantile normalization, the subtype membership of a few TUR tumors was changed when
we combined TUR and cystectomy. CI = confidence interval.
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Fig. 3.

Survival in the confirmatory data set by subtype. Gene expression profiling of pretreatment
tissue from patients treated in a clinical trial of perioperative methotrexate, vinblastine,
doxorubicin, and cisplatin (MVVAC) confirmed the survival advantage seen in the basal
subtype. After chemotherapy the 5-yr overall survival (95% confidence interval) was 77%
(59-100%) for the basal, 56% (37-87%) for the luminal, and 56% (37-87%) for the p53-
like subtype (p=0.021, log-rank test). OS = overall survival; Cl = confidence interval.
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Table 1
Patient characteristics

Parameter Value
Median age at registration, yr (range) 64 (42-79.6)
Gender, 17(%)

Female 20 (33)

Male 40 (67)
Race, n (%)

Caucasian 55 (92)

African American 2(3)

Hispanic 3(5)
Histology, 77 (%)

uc/Tce 48 (80)

UC/TCC mixed with variant histology 12 (20)

Micropapillary 8 (13)

Primary site, 7 (%)

Renal pelvis/ureter 4 16 (27)

Bladder/urethra 44 (73)
c Stage (bladder, 7= 44), n (%)

TINOMO & 4(9)

T2NOMo & 13 (30)

T3-4a NOMO 27 (61)
High-risk feature, 77 (%) ¢

Lymphovascular invasion 23(38)

Hydronephrosis 20 (33)

Diverticula 1(2)

High-grade upper tract tumor 16 (27)

Three-dimensional mass on examination under anesthesia 27 (45)

Page 16

a : . . . . . . . . .
All patients with upper tract disease had high-grade disease and were NOMO. Since resection to the muscularis is not possible owing to the

inherent risk of perforation in upper tract disease, ¢ stage is not available in these patients.

bAII patients with T1 or T2 disease had a high risk factor to be eligible for the trial. Of the patients with cT1 high-risk disease, two were
downstaged to pTisNO and two were upstaged to pT3 disease.

c_ .. N .
Patients may have had more than one high-risk feature, so numbers exceed the total number of patients.

Eur Urol. Author manuscript; available in PMC 2017 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

McConkey et al.

Table 2

Chemotherapy-related toxicity

Patients, n (%)
Grade3 Grade4

Neutropenia/neutropenic fever
Fatigue
Hypertension

Anemia

10(17)  6(10)
7(12)

4(7)

4(7)

Thrombosis/pulmonary embolism 3 (5)

Nausea/vomiting
Mucositis
Thrombocytopenia
Syncope
Hyponatremia
Hypotension
Transaminitis

Cardiac ischemia

3(5)
2(3)
2(3)
2(3)
1(2)
1(2)
12)
12)
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Table 3

Surgery-related toxicity for cystectomy, nephrectomy, and nephroureterectomy

Bladder/urethra (n = 43)

Renal pelvis/ureter (n = 16)

Median hospital stay, d (range) 9 (5-20)
Median PRBC units, 77 (range) 3(0-12)

Discharge >11 d, 77(%) 10 (23)
lleus/total parenteral nutrition 7 (17)
Abdominal abscess 1(2)
Jugular vein thrombus 1(2)
Incision infection 1(2)
Atrial fibrillation 4 1
Deconditioning 1(2)

Abdominal fluid collection 1(2)

4 (3-44)
0 (0-4)
2(13)
2(13)
1(6)
0(0)
0(0)
0(0)
0(0)
0(0)

PRBC = packed red blood cell.

aPatient had a history of atrial fibrillation with procedures.
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