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1 | INTRODUCTION

Bladder cancer (BC) was newly diagnosed in more than 430 000
cases and caused about 165 000 deaths worldwide in 2012.' There

Abstract

Signaling pathways that drive bladder cancer (BC) progression may be promising and
specific targets for systemic therapy. Here, we investigated the clinical significance
and targetability of NOTCH and mitogen-activated protein kinase (MAPK) signal-
ing for this aggressive malignancy. We assessed NOTCH1 and MAPK activity in 222
stage Il and IV BC specimens of patients that had undergone radical cystectomy,
and tested for clinical associations including cancer-specific and overall survival. We
examined therapeutic effects of NOTCH and MAPK repression in a murine xenograft
model of human bladder cancer cells and evaluated tumor growth and tumor cell plas-
ticity. In BC, NOTCH1 and MAPK signaling marked two distinct tumor cell subpopu-
lations. The combination of high NOTCH1 and high MAPK activity indicated poor
cancer-specific and overall survival in univariate and multivariate analyses. Inhibition
of NOTCH and MAPK in BC xenografts in vivo depleted targeted tumor cell subpop-
ulations and revealed strong plasticity in signaling pathway activity. Combinatorial
inhibition of NOTCH and MAPK signaling most strongly suppressed tumor growth.
Our findings indicate that tumor cell subpopulations with high NOTCH and MAPK
activity both contribute to tumor progression. Furthermore, we propose a new con-
cept for BC therapy, which advocates specific and simultaneous targeting of these
different tumor cell subpopulations through combined NOTCH and MAPK inhibition.

KEYWORDS
biomarkers, cystectomy, mitogen-activated protein kinase kinases receptors, notch, urinary
bladder neoplasms

have been only very few discoveries with impact on patient progno-
sis within the last decades until the approval of several programmed
cell death-(ligand) 1 PD(L)-1 immune-checkpoint inhibitors and re-
cently FGFR inhibitors.? However, overall and complete response

Abbreviations: AZD, selumetinib/AZD6244; BC, bladder cancer; CSS, cancer-specific survival; DAB, 3,3'-diaminobenzidine; DBZ, dibenzazepine; GSI, gamma-secretase inhibitors;
MIBC, muscle-invasive bladder cancer; OS, overall survival; RC, radical cystectomy.
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rates range around 40%-50% and 5%-10% for checkpoint inhibitors,
and 37% and 3% for fibroblast growth factor receptors (FGFR) inhib-
itors, respectively.?® Besides the need for novel druggable targets
for advanced BC, there is an unmet demand for prognostic and pre-
dictive markers in the neoadjuvant and adjuvant settings, as most
therapies bear severe side effects and significant costs.

The evolutionary highly conserved NOTCH pathway is an inter-
cellular signaling mechanism that controls angiogenesis, cancer cell
maintenance, and epithelial-mesenchymal transition in the onco-
logical setting.*> After binding of ligands (DLL1, DLL3, DLL4, JAG1,
and JAG2) to their receptors (NOTCH1-4), gamma-secretase cleaves
the NOTCH intracellular domain (NICD) of the transmembrane re-
ceptor, which then can act as a transcription factor and therefore
indicates active NOTCH signaling. In contrast to many other path-
ways NOTCH signaling can be either oncogenic or tumor suppres-
sive. NOTCH activation has been associated with tumor progression
in T-ALL, melanoma, renal cell carcinoma, prostate carcinoma, and
ovarian cancer. In contrast, NOTCH inactivation was described in
small cell lung carcinoma and AML. For BC, the situation is rather
inconclusive, as both tumor-suppressive as well as oncogenic func-
tions have been proposed for NOTCH signaling.®° In addition to
NOTCH, mitogen-activated protein kinase (MAPK/ERK) signaling,
which controls proliferative processes in different cancer entities,
also seems to be relevant for BC progression.**™4

Previous studies suggested an inverse link between NOTCH
and MAPK signaling, as NOTCH activates dual-specific phospha-
tases (DUSP), which then inactivate targets of MAPK by dephos-
phorylation.®'> However, other studies demonstrated a synergistic
function of NOTCH and MAPK signaling. Different tumor cell sub-
populations within the same tumor may contribute to resistance
mechanisms that cause treatment failures and progressive disease
in patients with advanced BC undergoing systemic therapies.”” As
both pathways can be inhibited with targeted therapies currently
under investigation for other tumors, we conducted a translational
approach to investigate the prognostic and therapeutic role of
NOTCH1 and MAPK signaling in BC.

2 | MATERIALS AND METHODS
2.1 | Clinical cohort

A total of 222 patients who underwent radical cystectomy (RC)
between 2004 and 2014 at the Department of Urology, Ludwig-
Maximilians-University Munich because of muscle-invasive BC
(MIBC) were included. To evaluate NOTCH and MAPK signaling
regarding therapeutic implications in advanced BC, we only in-
cluded Union Internationale Contre Le Cancer (UICC) stage Ill and
IV bladder cancer cases. Additional exclusion criteria were inad-
equate availability of archived tumor tissue. Follow-up was done
primarily by written questionnaires sent in predefined intervals and
secondarily by telephone interview. It was found that 2.7% (n = 6)

of patients received neoadjuvant chemotherapy. Mean follow-up

was 2.95 years. All patients signed a written consent form for clini-
cal follow-up and the study was performed according to the ethical
principles for medical research of the Declaration of Helsinki. The
institutional ethics committee of the Medical Faculty of the Ludwig-
Maximilians-University Munich (LMU) waived the need for consent
for immunohistochemistry studies after irreversible anonymization
of patient data. The clinical endpoint for overall survival (OS) was any
death, which occurred in 147 of 222 patients. For cancer-specific
survival (CSS), BC-associated death was defined as the clinical end-

point, which occurred in 108 of 222 cases.

2.2 | Tissue-microarrays and immunohistochemistry

Formalin-fixed paraffin-embedded BC specimens were retrieved
from the archives of the Institute of Pathology. Specimens of the
RC cohort underwent an expert histopathological review regard-
ing tumor type, stage, and grade. One millimeter cores of the pe-
riphery and the tumor center were assembled in triplicate in a
tissue-microarray (TMA), and hematoxylin-eosin stained sections
were used as templates. Immunohistochemical protein detection
on 5 um deparaffinized sections of primary BCs, xenograft tumors,
or embedded cell lines was performed with an ultraView Universal
3,3'-diaminobenzidine (DAB) detection kit on a Ventana Benchmark
XT autostainer (Ventana Medical Systems). For cleaved NOTCH1
(N1ICD), the primary rabbit anti-human antibody Val1744 (Cell
Signaling) was used at 1:100 dilution and for fos-related antigen 1
(FRA1), primary mouse anti-human antibody sc-28310 (Santa Cruz)
was used at 1:50 dilution. Staining for both N1ICD and FRA1 was
assessed blinded from clinical outcome. Tumors were given scores
of absent (0), weak (1), moderate (2) or strong (3) staining. Weak and
absent staining then were defined as low expression, whereas mod-

erate and strong staining were defined as high expression.

2.3 | Cell culture and immunoblotting

HT-1376 (RRID: CVCL_1292) and 5637 (RRID: CVCL_0126) BC cell
lines were obtained from the ATCC, authenticated using short-tandem
repeat profiling, and expanded in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 0.1 mg/mL streptomycin (Biochrom). Cells were tested
for mycoplasma contamination before experiments. For in vitro analy-
ses, HT-1376 cells were fixed with formalin, carefully removed with cell
scrapers, embedded in paraffin using HistoGel (Thermo Scientific), and
subjected to immunohistochemical staining as described above. For
immunoblotting, HT-1376 cells were cultivated in six-well plates and in-
cubated with the gamma-secretase inhibitor (GSI) dibenzazepine (DBZ,
Axon Medchem) at 10 umol/L, or the mitogen-activated ERK kinase
(MEK)-inhibitor selumetinib (AZD 6244, Selleckchem) at 0.5 umol/L in
0.1% DMSO, respectively. DMSO-treated cells were used as control.
Cells were harvested and proteins were isolated using Mammalian

Protein Extraction Reagent (Thermo Scientific) supplemented with
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protease and phosphatase inhibitors (Roche). After sonication, cen-
trifugation, and determining protein concentrations, proteins were de-
natured in Laemmli sample buffer (Bio-Rad), separated by SDS-PAGE,
and transferred onto PVDF membranes (Merck Millipore). Membranes
then were incubated with anti-cleaved Notch1 (Cell Signaling, #4147S,
1:300), anti-phosphorylated extracellular signal-regulated kinase (New
England Biolabs, #9101, 1:1500), and anti-B-Tubulin (New England
Biolabs, #2146, 1:2000). Bands were visualized using HRP-conjugated
secondary rabbit (Sigma) antibody and chemiluminescent HRP
Substrate (Millipore).

2.4 | Tumor xenografts and in vivo treatments

For the xenograft assays, HT-1376 and 5637 cells were suspended in
100 pL of a 1:1 mixture of growth factor depleted matrigel (Corning)
and PBS and subsequently injected subcutaneously into 6-8-week-old
non-obese diabetic/severe combined immunodeficiency mice (NOD.
CB17-Prkdcscid, The Jackson Laboratory) (RRID:IMSR_JAX:001303).
For short time experiments, mice were treated with 0.35 mg of DBZ
i.p. or 1.25 mg of AZD p.o. for 5 days once daily, whereas for long-
term experiments these doses were given every 3 days. Treatments
were started when tumors had a minimum volume of 60 mm®. Vehicle
was used as control and mice were sacrificed when tumors reached
a maximum volume of 1200 mm°. In vivo xenograft assays were re-
viewed and approved by the Regierung von Oberbayern. After mice
were sacrificed, tumors were immediately removed, formalin-fixed,

and paraffin-embedded for further analysis.

2.5 | Statistical analysis

To monitor the impact of DBZ and/or AZD treatments on tumor xen-
ografts, the ratio of N1ICD- or FRA1-positive tumor cells over all BC
cells was evaluated in >100 tumor cells per xenograft. Statistical as-
sessment was performed with a two-tailed Student's t testand n > 3.
Survival analysis was done with the Kaplan-Meier method using a
log-rank test with OS and CSS as primary endpoints. Multivariate
analysis was performed with a Cox-regression analysis including
established prognostic parameters. Correlations of high N1ICD and
FRA1 with important clinicopathological parameters were tested for
significance with a Pearson's chi-squared test. Xenograft size among
different treatment groups was compared by independent Student's
t test. Statistical tests were done with IBM SPSS 25.

3 | RESULTS

3.1 | High NOTCH1 and MAPK activity label
different tumor cell subpopulations in bladder cancer

To obtain insights into NOTCH1 and MAPK signaling in bladder
cancer, we examined the distribution of N1ICD and FRA1 in tissue
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specimens of 222 bladder cancers by immunostaining. The case
characteristics are summarized in Table 1. Interestingly, both N1ICD
and FRA1 showed different frequencies and distributions within
these tumors. Nuclear staining for N1ICD, indicating high NOTCH1
activity, was diffusely distributed throughout the tumor in 82.6% of
cases, while in a minority of 17.4% they were predominantly located
at the tumor edge and thus in close proximity to the tumor-stroma
interface (Figure 1A-C). On the contrary, nuclear staining for FRA1,
indicating high MAPK activity, was scattered throughout the tumor
in 63.6%, while it accumulated at the tumor edge in 36.4% of bladder
cancers (Figure 1D-F), and thus more frequently than did N1ICD. Of
note, N1ICD was also positive in endothelial cells while FRA1 was
not detectable in stromal cells. This suggested that high NOTCH1
and MAPK activity marked different subsets of bladder cancer cells.

3.2 | NOTCH1 and MAPK are linked to prognosis in
patients with bladder cancer

Next, to determine the clinical relevance of tumor cell subpopula-
tions with high NOTCH1 and MAPK activity in bladder cancer, we
semi-quantitatively scored N1ICD and FRA1 in our case collection,
and defined tumors with low and high expression of these markers
(Figure 2A). Of 222 bladder cancer cases, 86 (38.7%) showed high
levels of N1ICD, whereas 55 (24.8%) had high expression of FRA1.
Using Kaplan-Meier analysis we found that low and high levels of
N1ICD did not separate cases with significantly different OS or CSS
(Figure 2B). Similarly, different FRA1 levels were not associated
with differential survival in this collection (Figure 2B). Furthermore,
neither N1ICD nor FRAZ1 significantly correlated with other clinical
variables including age, sex, T-stage, lymph node metastasis, meta-
static spread, and vascular invasion, while there was only a weak as-
sociation of FRA1 and absence of lymphovascular invasion (Table 1).
However, when we tested N1ICD and FRA1 in combination, patients
whose tumors expressed high levels of both markers had a signifi-
cantly worse OS (P = .006) and CSS (P = .020) (Figure 2B), while
there was no significant association of this combination with other
clinical variables (Table 1).

We then included these variables in Cox regression analysis and
found that high N1ICD and FRA1 proved to function as an indepen-
dent predictor for poor survival for both CSS (P = .013; Table 2) and
OS (P = .002; Table S1). These data implicated that NOTCH1 and
MAPK signaling are both important for bladder cancer progression
and that combined evaluation of these pathways is an independent
prognostic marker for poor prognosis in patients with advanced

bladder cancer.
3.3 | Therapeutic targeting of NOTCH and MAPK
signaling causes a shift in signaling pathway activity

NOTCH and MAPK signaling can be repressed with the GSI DBZ and
the MEK inhibitor selumetinib (AZD), respectively. We first validated
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TABLE 1 Clinical data of NICD and FRA1 expression in bladder cancer patients undergoing radical cystectomy

N1ICD FRA1 N1ICD/FRA1
Characteristics Total Low High P Low High P Low High P
All patients 222 136 86 167 55 193 (86.9) 29 (13.1)
Age (y, median 68)
>68 112 71(63.4) 41 (36.6) 511 88 (78.6) 24 (21.4) .244 99 (88.4) 13(11.6) .516
<68 110 65 (59.1) 45 (40.9) 79 (71.8) 31(28.2) 94 (85.5) 16 (14.5)
Gender
Male 159 103 (64.8) 56(35.2) .087 122(76.7) 37(23.2) 409 138(86.8) 21(13.2) 916
Female 63 33(52.4) 30 (47.6) 45(71.4) 18(28.6) 55(87.3) 8(12.7)
T-stage (UICC)
T2 26 13(50.0) 13 (50.0) .232 20(76.9) 6(23.1) .349 24 (92.3) 2(7.7) .064
T3 136 89 (65.4) 47 (34.6) 106 (77.9) 30(22.1) 122 (89.7) 14 (10.3)
T4 60 34 (56.7) 26(43.3) 41 (68.3) 19 (31.7) 47 (78.3) 13(21.7)
Lymph node status
pN+ 104 66 (63.5) 38(36.5) 691 81(77.9) 23(22.1) .644 92(88.5) 12 (11.5) .770
pNO 101 61 (60.4) 40 (39.69 73(72.3) 28(27.7) 86(85.1) 15 (14.9)
pNX 17 9(52.9) 8(47.1) 13(76.5) 4(23.5) 15(88.2) 2(11.8)
Metastatic spread
cMO 188 111 (59.0) 77 (41.0) 11 141 (75.0) 47 (25.0) .855 163 (86.7) 25(13.3) .807
cM1 34 25(73.5) 9 (26.5) 26 (76.5) 8(23.5) 30(80.2) 4(11.8)
uICC
UICC 3 179 106 (59.2) 73(40.8) .202 135(75.4) 44 (24.6) .891 156 (87.2) 23(12.8) .847
uiCC4 43 30(69.8) 13(30.2) 32(74.4) 11 (25.6) 37 (86.0) 6(14.0)
Vascular invasion (V)
VO 185 112 (60.5) 73 (39.5) 622 138 (74.6) 47 (25.4) .626 160 (86.5) 25 (13.5) .656
V1 37 24 (64.9) 13(35.1) 29 (78.4) 8(21.6) 33(89.2) 4(10.8)
Lymphovascular invasion (LVI)
LvIio 137 79 (57.7) 58 (42.3) 163 96 (70.1) 41(29.9) .024 116 (84.7) 21(15.3) .204
Lvi1 85 57 (67.1) 28(32.9) 71(83.5) 14 (16.5) 77 (90.6) 8(9.4)
Adjuvant therapy
Adj. 70 45 (33.1) 25(29.1) .530 55(32.9) 15(27.3) 443 64 (33.2) 6(20.7) 178
chemotherapy
Adj. 58 35(25.7) 23(26.7) .868 38(22.8) 20 (36.4) .046 48 (24.9) 10 (34.5) 272

radiotherapy

Note: Row percent values are given in parentheses. P values indicate chi-square test results.

the efficacy of these inhibitors in HT-1376 cells on the protein level
in vitro (Figure S1). To evaluate treatment effects in vivo, we then
used xenograft tumors derived from the HT-1376 urothelial can-
cer cell line (Figure 3A). Xenografts showed N1ICD accumulation
in tumor cells that were diffusely distributed throughout the tumor
while FRA1 expression was predominantly seen in tumor cells at the
tumor edge (Figure 3B). Thus, they adequately modeled the intratu-
moral composition and distribution of NOTCH1 and MAPK activity
in primary bladder cancer. We then treated mice bearing these xeno-
grafts with DBZ for 5 days and observed that N1ICD expression was
mostly lost in these tumors (Figure 3C). Surprisingly however, the
frequency of FRA1-positive tumor cells slightly expanded upon DBZ

treatment, demonstrating limited effects of NOTCH repression on

tumor cell populations with high MAPK signaling activity. Next, to
repress MAPK signaling, we treated HT-1376 xenografts with AZD
and found an almost complete loss of FRA1 expression after 5 days
of treatment. However, N1ICD-positive tumor cells resisted AZD
treatment, and their frequency did not change (Figure 3B,C).

With these findings in mind, we then analyzed xenograft tu-
mors of mice that had been treated with DBZ or AZD, and where
treatment then had been discontinued for 10 days before analysis.
Astonishingly, the original frequencies of bladder cancer cells with
N1ICD and FRA1 expression were readily restored in these xeno-
grafts (Figure 3B,C). Collectively, these data suggested that the treat-
ment effects of NOTCH or MAPK inhibition were mostly limited to

targeted tumor cell subpopulations with respective pathway activity
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Intratumoral distribution of bladder cancer cells with high NOTCH1 and MAPK activity. Representative immunostaining for
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diffuse/incoherent tumor cell distribution (A, D) or distribution at the tumor front (B, E). Relative distribution is shown for N1ICD- (C) and

FRA1-positive bladder cancer cells (F)

in BC. These cancers thus may evade targeted treatment against
NOTCH or MAPK signaling by persistence of tumor cells sustained
by nontargeted signaling pathways. Of note, in 2D culture HT-1376
cells did not show the same degree of heterogeneity with absence of
FRA1- and few N1ICD-positive tumor cells only, indicating that our
findings may apply to tumors grown in vivo only (Figure S2).

3.4 | Combined targeting of NOTCH and MAPK may
have additive treatment effects on bladder cancer
in vivo

Next, we assessed tumor growth in bladder cancer xenografts on tar-
geting NOTCH and MAPK activity. We applied DBZ, AZD, or a com-
bination of both at treatment intervals of 3 days for several weeks.
In addition to HT-1376, we included xenografts of the bladder cancer
cell line 5637. On treatment start, mean tumor volumes did not sig-
nificantly differ between treatment groups for the HT-1376 xeno-
grafts (control 192.8 mm?®, AZD 231.2 mm?®, DBZ 200.3 mm®, AZD/

DBZ 181.1 mm®) and the 5637 xenografts (control 97.1 mm?3, AZD
110.7 mm®, DBZ 114.3 mm®, AZD/DBZ 137.7 mm®). For HT-1376
xenografts, n = 8 (control), n =7 (AZD),n =7 (DBZ), and n = 8 (AZD/
DBZ), and for 5637 xenografts n = 14 (control), n = 10 (AZD), n = 9
(DBZ), and n = 5 (AZD/DBZ) mice were analyzed per group, respec-
tively. We then evaluated tumor growth over time. DBZ (P < .001),
AZD (P < .001), and their combination (P < .001) all significantly re-
duced tumor growth compared to controls at 12 days after initiation
of treatment in HT-1376 xenografts (Figure 4A). After 21 days, mice
in the AZD (P = .034) and combination therapy (P = .013) subgroups
both had significantly reduced tumor masses, while we did not ob-
serve this effect on DBZ treatment. Importantly, after 39 days, the
combination therapy was significantly superior (P = .023) compared
to the AZD treated subgroup. For 5637 xenografts, DBZ (P = .027),
AZD (P = .006), and the combination (P = .017) significantly re-
duced tumor growth compared to controls at 12 days after initia-
tion of treatment (Figure 4B). Interestingly, the combination therapy
(P =.031), but not the AZD subgroup, performed significantly better
when compared to the DBZ subgroup at this time point. Collectively,
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TABLE 2 Multivariate analysis of cancer-specific survival in these data demonstrate that NOTCH and MAPK inhibition may be
bladder cancer patients effective strategies for targeted treatment of bladder cancer while

Eerieerared e e their combination may be a superior novel therapeutic strategy in

some tumors.
95% confidence

Variables HR interval P

Age (> vs < median) 0.977 0.972-1.022 .882 4 | DISCUSSION

Gender (M vs F) 0.999 0.672-1.590 995

T-stage (UICC) 1.291 0.872-1.911 .201 Intratumoral heterogeneity likely contributes to treatment resist-
Lymph node status 1.316 0.851-2.035 217 ance in different tumor entities.*® In addition, phenotypically dif-
Metastatic spread 1.492 0.892-2.495 128 ferent tumor cell subpopulations may complicate efforts to classify
(cM1 vs cMO) individual tumors and thereby impede selection of precise person-

Lymphovascular 1.065 0.677-1.675 786 alized treatment strategies.lg'z0 In BC, a variable extent of intratu-
invasion (LVI) moral heterogeneity has been identified on the genomic and protein

S(URrgical r;g)rgin 1.655 0.965-2.840 .670 level.2Y2* For example, differential expression of FGFR3 between

+vs

tumor cells at the tumor edge and the tumor center has been de-
N1ICD/FRA1 (high 2.059 1.165-3.640 .013

o scribed, indicating that key oncogenic pathway components in BC
vs low

may be subject to intratumoral heterogeneity.?’ In this context, we
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FIGURE 3 Impact of MAPK and (A)
NOTCH repression on tumor cell
distribution in bladder cancer xenografts.
Schema and experimental schedule for
xenografting, inhibitor treatment and
tumor analysis (A). Immunohistochemistry
for N1ICD and FRA1 in HT1376 derived
xenografts (B). Scale bars, 50 um.
Vehicle-treated tumors (Ctrl), and AZD ctrl
or DBZ treated tumors at indicated time
points were analyzed. Quantification

of N1ICD- and FRA1-positive tumor
cells (C). Comparison to Ctrl. Error bars
are mean + SD. *P <.05 by t test,n > 3
independent biological replicates
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here identified substantial heterogeneity of NOTCH1- and MAPK-
signaling, two core signaling pathways in muscle-invasive bladder
cancer (MIBC). We found that high MAPK activity, which we as-
sessed through FRA1 expression, was frequently restricted to a sub-
set of tumor cells close to the invasive tumor edge. This is of interest
because previous studies attributed tumor cell stemness, invasion,
and epithelial-mesenchymal transition (EMT) to high MAPK activ-
ity in BC.12132629 Fyrthermore, MIBC may have significantly higher
MAPK activity than non-MIBC, and MAPK signaling was shown to
control BC cell motility.®® We therefore suggest that these malig-
nant traits of tumor progression are predominantly inherent in the
subpopulation of BC cells with high MAPK activity. On the other
hand, when looking at NOTCH1 activity, we found that this marked

a distinct tumor cell subpopulation, which was more diffusely spread
throughout the tumor in most BC cases. While this suggested dif-
ferential and distinct regulation of MAPK and NOTCH signaling in
BC, it mirrored recent observations made in colorectal cancer.3! We
therefore suggest that both NOTCH and MAPK signaling might be
important for tumor maintenance and progression, while acting in
different tumor cell subpopulations.®1%3%32 Furthermore, a mecha-
nistic link of both pathways has been reported, since NOTCH1 in
BC was shown to activate dual-specific phosphatases (DUSP), which
inhibit downstream targets of MAPK signaling.’® Differential and
rather inverse activity of MAPK and NOTCH thus may be a more
general principle that is not restricted to BC and may be an impor-

tant aspect for pathway-directed precision medicine.
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When looking for clinical associations of high NOTCH1 and
MAPK activity in BC, we found that the combined activity of both
pathways was associated with worse oncological and overall pa-
tient survival, and served as an independent prognostic predictor.
Interestingly, this was not the case for individually high signaling
activity. Of note, high NOTCH1 and MAPK were not robustly asso-
ciated with other clinicopathological parameters of tumor progres-
sion, which might be explained by stratification of our study cohort
with exclusion of nonmuscle invasive bladder cancer and restriction
to UICC stage Ill and IV. While a functional contribution of MAPK
activity to tumor progression is known,>2¢?? the role of NOTCH
signaling remains less clear. Previous studies in BC showed inconsis-
tent tumor suppressor or oncogenic functions of NOTCH1-3.6932:34
Some of these studies that suggested a tumor suppressive role were
underpowered and examined few cases of MIBC only,? or based
their conclusions mainly on murine and cell culture models.®® On
the contrary, other studies proposed an oncogenic role of NOTCH
signaling in BC. Protein expression of NOTCH1 and its downstream
target Jagged1 was higher in MIBC compared to non-MIBC,” and
oncogenic potential of NOTCH2 and NOTCH3 by promoting tumor
growth, stemness, and epithelial-mesenchymal transition has been
suggested.®> Furthermore, high expression of the NOTCH ligand
Jagged2 was correlated with recurrent BC and targeting of NOTCH
signaling with a GSl-inhibited cell proliferation and EMT, therefore
supporting NOTCH signaling as a valuable therapeutic target in
BC.”3¢ We hypothesize that such discrepancies of NOTCH function

in BC may in part be explained by the heterogeneous distribution
that we observed within the tumors. Due to their interdependence
both pathways may need to be considered together and may then
inform more precisely on tumor aggressiveness and the risk of tumor
progression.

We then investigated plasticity of signaling under therapeutic
pressure in a xenograft model in vivo and found that targeting of
BC cells with high NOTCH or MAPK activity with a GSI or MEK
inhibitor, respectively, caused loss of the respective tumor cell
subpopulation. However, NOTCH repression did not affect BC
cells with high MAPK activity and, correspondingly, the BC cell
subpopulation with high NOTCH1 activity did not change under
MAPK inhibition. When we discontinued inhibitor therapy, the ini-
tial distribution of BC cells with high NOTCH1 and MAPK activity
was readily restored, underlining tumor cell plasticity for these
signaling pathways in BC. Cellular plasticity was suggested to be
a key phenomenon in different cancer entities promoting resis-
tance to therapies.®” Notably, subsequent recurrence and meta-
static spread are still the most frequent reasons for lethal cancer
disease. The clinical relevance of this problem is reflected by an
increasing number of clinical BC trials investigating combinatorial
regimens, like chemotherapy and PD(L)1-checkpoint therapy38
or anti-vascular endothelial growth factor and chemotherapy.®’
Based on our data showing substantial tumor heterogeneity in BC,
we propose that targeting oncogenic pathways with single inhib-

itors might affect certain subpopulations of BC cells only, leaving
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others with intrinsic therapy resistance that may still foster tumor
growth. We therefore believe that consideration of tumor cell
heterogeneity and plasticity may pave the way for more effective
therapeutic concepts.

Based on these results, we compared the effects of long-term
NOTCH and MAPK inhibition as well as combinatorial targeting of
both pathways on tumor growth in xenograft assays. We found that
combinatorial inhibition of NOTCH and MAPK signaling was su-
perior in reducing tumor growth for two different cell line derived
BC xenograft models, compared to targeting either pathway alone.
Interestingly, inhibition of NOTCH signaling only was inferior to
sole MAPK targeting. Furthermore, in previous studies inhibition of
NOTCH signaling with a GSI either reduced cancer cell invasion in a
BC cell culture model,*® while mice with a deficiency of a component
of the gamma-secretase complex were more susceptible to BC de-
velopment.®® Such apparently inconsistent findings further under-
pin that the role of NOTCH signaling in BC for tumor progression
requires further investigation. Nevertheless, our data indicate that
combined targeting of both pathways may be a promising strategy
for patients with BC. Concerning therapeutic side effects, we here
did not specifically assess toxicity or body weight under treatment,
and our xenograft therapies were relatively short. However, both
pan-NOTCH inhibitors like GSI and the MEK inhibitor selumetinib
demonstrated acceptable toxicity in clinical trials,"°*? indicating
that combined NOTCH and MAPK targeting may be a feasible and
promising novel approach.?84%43 Because the activity of both path-
ways can be readily assessed on tumor tissues in situ, we speculate
that high levels of N1ICD and FRA1 may then serve as a predictive
biomarker for therapy response, which of course will require robust
independent evaluation.

In our study, we demonstrated a prognostic and therapeutic rel-
evance of NOTCH and MAPK signaling in BC. However, our study
has certain limitations. One limitation is the nonspecificity of GSI for
inhibition of NOTCH signaling, as this class of drugs may also interact
with other signaling pathways.** Additionally, our in situ findings and
our survival data were based on N1ICD, indicating NOTCH1 activity,
while GSI acted as a pan-NOTCH inhibitor in our xenograft assays.
A limitation is the lack of mechanism for how NOTCH1 and MAPK
pathways might be intermingled and how this could contribute to
tumor cell plasticity and intratumoral heterogeneity. Thus, for fur-
ther validation, genetic constructs that conditionally and specifically
repress or remove N1ICD and FRA1 in BC tumors will be needed to
prove the specificity of our observations in vivo. In addition, single-
cell RNA sequencing has been successfully employed to investigate
tumor heterogeneity and might be an attractive approach for future
studies in BC.*>** Another limitation is the xenograft model itself
because it may be affected by inconsistent take-rates and possibly
limited genomic stability of xenografted tumors, as others suggest.48
Also, the tumor microenvironment that is typical for primary bladder
cancer in human patients is not fully present in this model system, so
therapeutic effects in humans may be different. Therefore, clinical
trials will have to evaluate the effectiveness and safety profiles of
combined NOTCH and MAPK directed treatment strategies.

Cancer Science NI e

In conclusion, NOTCH1 and MAPK signaling together charac-
terize aggressive BC cases. Targeting both pathways simultaneously
seems to be an interesting and novel therapeutic approach in ad-
vanced BC. The investigation of different tumor cell subpopulations
and respective pathways might pave the way to more effective syn-

chronous treatment strategies for patients with BC.
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