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Cisplatin-induced increase

in heregulin 1 and its attenuation
by the monoclonal ErbB3 antibody
seribantumab in bladder cancer

Thomas M. Steele>%%, Maria Malvina Tsamouri%1°, Salma Siddiqui?,

Christopher A. Lucchesi®3, Demitria Vasilatis'?, Benjamin A. Mooso?,

Blythe P. Durbin-Johnson*, Ai-Hong Ma®, Nazila Hejazi':¢, Mamta Parikh’, Maria Mudryj*8,
Chong-xian Pan® & Paramita M. Ghosh%

Cisplatin-based combination chemotherapy is the foundation for treatment of advanced bladder
cancer (BICa), but many patients develop chemoresistance mediated by increased Akt and ERK
phosphorylation. However, the mechanism by which cisplatin induces this increase has not been
elucidated. Among six patient-derived xenograft (PDX) models of BICa, we observed that the
cisplatin-resistant BL0269 express high epidermal growth factor receptor, ErbB2/HER2 and ErbB3/
HERS3. Cisplatin treatment transiently increased phospho-ErbB3 (Y1328), phospho-ERK (T202/
Y204) and phospho-Akt (S473), and analysis of radical cystectomy tissues from patients with BlCa
showed correlation between ErbB3 and ERK phosphorylation, likely due to the activation of ERK
via the ErbB3 pathway. In vitro analysis revealed a role for the ErbB3 ligand heregulinl-f1 (HRG1/
NRG1), which is higher in chemoresistant lines compared to cisplatin-sensitive cells. Additionally,
cisplatin treatment, both in PDX and cell models, increased HRG1 levels. The monoclonal antibody
seribantumab, that obstructs ErbB3 ligand-binding, suppressed HRG1-induced ErbB3, Akt and ERK
phosphorylation. Seribantumab also prevented tumor growth in both the chemosensitive BL0440
and chemoresistant BL0269 models. Our data demonstrate that cisplatin-associated increases in Akt
and ERK phosphorylation is mediated by an elevation in HRG1, suggesting that inhibition of ErbB3
phosphorylation may be a useful therapeutic strategy in BlCa with high phospho-ErbB3 and HRG1
levels.

Muscle invasive bladder cancer (MIBC) constitutes about 25% of all initial diagnoses of bladder cancer (BlCa)
but 80% of deaths from this disease"?. Recommended treatment for MIBC patients is neoadjuvant chemotherapy
(NAC) using cis-diamminedichlorideplatinum (II) (cisplatin)-based chemotherapy (methotrexate, vinblastine,
doxorubicin, and cisplatin (MVAC) or gemcitabine plus cisplatin (GC)) followed by radical cystectomy (RC)**.
In practice, though, patients (who are overwhelmingly [67-75%] male®), often do not receive NAC®’ and are
considered for adjuvant chemotherapy (AC) with the same regimens. Recurrence occurs frequently and a number
of assays have been introduced for early detection and monitoring of recurrence®. While AC increases time to
recurrence, 50% of patients ultimately relapse’.

Recent developments indicate a number of additional treatments for patients who fail chemotherapy.
Nivolumab, an immune-checkpoint inhibitor (ICI) targeting programmed death-1 (PD-1), is an established
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adjuvant treatment of MIBC'? that reaches an objective response rate (ORR) <30%"!, but ICIs are known to also
cause autoimmune diseases'?. Erdafitinib, a small molecule inhibitor of fibroblast growth factor receptor (FGFR),
is active in platinum refractory BlCa expressing FGFR3 mutations and FGFR2/3 fusions'®. Antibody drug con-
jugates (ADCs) enfortumab vedotin, a nectin-4-directed antibody and microtubule inhibitor conjugate!*'5, and
sacituzumab govitecan, an anti-Trop-2-antibody conjugated to a topoisomerase inhibitor!®, also demonstrated
activity in BlCa. RC48-ADC (disitamab vedotin), conjugating the anti-HER2 antibody hertuzumab to mono-
methyl auristatin E (MMAE)'”!8, had activity in patients with HER2-amplified or -mutated BlCa that failed
chemotherapy'*~?2. However, relatively few patients benefit from these treatments. Therefore, understanding
the mechanism of cisplatin resistance and developing therapeutic strategies to overcome them are of utmost
importance?®.

One of the causes of cisplatin failure has been traced to cisplatin-induced activation of extracellular regulated
kinase 1/2 (ERK1/2) (a mitogen activated protein kinase, MAPK)**-*, while phosphorylation of protein kinase B
(PKB/Akt)?”?® was also increased by cisplatin treatment. The epidermal growth factor receptor (EGFR), and its
effector Src, was shown to mediate cisplatin-induced upregulation of ERK phosphorylation. This caused acquired
chemoresistance in non-small cell lung cancer (NSCLC) via phosphorylation of paxillin resulting in increased
Bcl-2 expression and cell survival?, and increased Akt/mTOR phosphorylation via activation of p38MAPK* %,
However, this increase in Akt and ERK phosphorylation was also observed in systems where the EGFR/Src
pathway was not active, indicating the presence of alternate mechanism by which the ERK and Akt pathways
are activated by cisplatin, that has not previously been identified.

The EGFR family of receptor tyrosine kinases (RTK) (EGFR, ErbB2/HER2, ErbB3/HER3, ErbB4/HER4) plays
a significant role in the growth and progression of MIBC***!. RTKs are stimulated by ligands, including epider-
mal growth factor (EGF) for EGFR, and heregulins (HRG1/2) for ErbB3?2, while HER? is a constitutively-active
orphan receptor®. Two other heregulins, HRG3-4, are ligands for ErbB4, which is not highly expressed in BlCa.
HRG1-4 (not to be confused with heme responsive genes, HRG) are encoded by the genes neuregulin (NRG1-4),
also referred to as NEU. HRG1 has been known to be expressed in six different forms stemming from alterna-
tive splicing**~here we will use the most common form, heregulin1-p1 (type I). The RTKs of the EGFR family
undergo homo- or heterodimerization following ligand binding, stimulating autophosphorylation, and signal-
ing to downstream targets including the phosphatidylinositol 3-kinase (PI3K)/Akt and Ras/MAPK pathways’'.
ErbB3 contains six binding sites for the p85-regulatory subunit of PI3K, including Y1289%; while Y1328 mostly
binds She, signaling to the MAPKs ERK1/2%. However, the trigger that activates these pathways downstream of
cisplatin treatment has not been identified.

Although multiple ErbB inhibitors have been tested in clinical trials for BICa?!, trials of EGFR inhibitors
were relatively unsuccessful. The EGFR inhibitor panitumumab failed to reach efficacy in combination with
MVAC?, while a Phase III trial of the dual EGFR/HER2 inhibitor lapatinib following chemotherapy showed
no significant benefit*®. However, trastuzumab-deruxtecan (targeting HER2 and topoisomerase-I respectively)
with nivolumab showed activity in HER2-overexpressing BlCa**, while disitamab-vedotin (which also targets
HER2) was granted US-FDA breakthrough-therapy designation for patients with HER2-positive BICa follow-
ing platinum-based chemotherapy'**. Significantly, disitamab-vedotin was also efficacious (ORR=26.3%) in
HER2-negative BICa patients*'. Since HER2 most commonly dimerizes with ErbB3 in BICa*!, these results may
indicate parallel effects of ErbB3 in this disease. In support of this hypothesis, the pan-ErbB inhibitor Afatinib
demonstrated significant activity in patients with platinum-refractory BICa with HER2 or ERBB3 alterations*.
These results indicate an increased role of ErbB3 in BICa progression.

A number of specific ErbB3 inhibitors have been developed, including patritumab deruxtecan that reached
Phase III in NSCLC; and seribantumab, lumretuzumab, elgemtumab, duligotuzumab, and istiratumab that
reached Phase I1**. The humanized monoclonal antibody, seribantumab (MM-121/SAR256212), that blocks
the ligand binding domain of ErbB3, completed Phase II studies in breast**¢, ovarian**%, pancreatic*’, and
NSCLC™, and was found to be effective in combination with trastuzumab®?, and the EGFR inhibitors erlotinib®,
gefitinib®?, and cetuximab®. However, few studies investigated ErbB3 in cisplatin-resistant MIBC>.

Here, we demonstrate for the first time that cisplatin increases the levels of the ErbB3 ligand, HRG1, in BlCa
cell lines and animal models, which in turn increases Akt and ERK phosphorylation. Inhibition of HRG1 bind-
ing to its receptor, and ErbB3 activation, with seribantumab, reduced tumor growth in immunocompromised
mice bearing patient-derived xenograft (PDX) tumors that expressed high HRG1 levels and an activated HER2/
ErbB3 axis. The current results indicate correlation between cisplatin-resistance and both ErbB3 expression and
activation in the context of advanced BlCa.

Results

Cisplatin transiently increases ErbB3 phosphorylation at Y1328 and Akt phosphorylation
at S473 in a PDX model of MIBC. We previously reported the development of multiple PDX models
of MIBC in immunocompromised mice®. The study identified the EGFR family as some of the most highly
mutated/activated genes in MIBC. Hence, we compared the protein levels of this family in 6 PDX models that
varied in response to cisplatin treatment (BL0269, BL0293, BL0382, BL0479, BL0515 and BL0440)">. IHC analy-
sis demonstrated that EGFR expression was extremely high in BL0382, moderately high in BL0269 and BL0479,
while levels in BL0293, BL0515 and in BL0440 were low (Fig. 1A). In contrast, HER2 was highly expressed in
BL0440, moderately expressed in BL0269, BL0382 and BL0440, and weakly expressed in BL0293 and BL0515
(Fig. 1B). ErbB3 was also observed at moderately high levels in BL0269, BL0382, and BL0440 (Fig. 1C). These
results supported previously identified gene expression of these RTKs in the PDXs by TCGA, IntOGen, and BGI
Analyses reported elsewhere® (Supplementary Fig. 1A). Although EGFR and HER2 were primarily localized in
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Figure 1. Expression of EGFR, HER2 and ErbB3 in bladder cancer patient derived xenografts. (A) Previously
developed patient derived xenografts from bladder cancer tissue obtained from patients with urothelial
carcinoma were implanted and cultured in NSG mice. The tumors were examined for EGFR expression.
Immunohistochemistry in FFPE sections shows strong membrane staining in three samples (0269, 0382, 0479),
and no or little staining in three (0293, 0440, 0515) (see also Supplementary Fig. 1A). (B) Investigation of HER2
levels showed strong membrane staining in one (0440), intermediate in three (0269, 0382 and 0479), and weak/
absent in two (0293, 0515). (C) ErbB3 staining was more diffuse and was observed in all the tumors except 0293.
Bar: 50 pm.

the membrane, ErbB3 was diffusely expressed in both the membrane and the cytoplasm, while ErbB4 was not
detected.

We investigated the effects of cisplatin on the EGFR family of RTKs in BL0269 since it expressed comparable
levels of EGFR, HER2, and ErbB3 (Fig. 1). 6-8-week-old female NSG mice were implanted with BL0269 tumors
and treated twice weekly with vehicle or 2 mg/Kg cisplatin as described in Materials and Methods. Tumors
were collected after 3 and 17 days, which showed little alteration in ErbB3 expression upon cisplatin treatment
(Supplementary Fig. 1B). The activity of the EGFR family of RTKSs is typically measured by the phosphorylation
levels of these kinases at tyrosine residues. Cisplatin-treated tumors showed no consistent difference in EGFR
phosphorylation at Y845 and Y1045 for both time points (Supplementary Fig. 2A, B), while HER2 phospho-
rylation at Y1248 increased sporadically after 17 days (Supplementary Fig. 2C). On the other hand, ErbB3
phosphorylation at Y1328 increased after 3 days but decreased after 17 days compared to control (Fig. 2A).
ErbB3 is a strong activator of the PI3K pathway and contains 6 binding sites in its kinase domain for the PI3K
subunit p85%, which is known to signal downstream to Akt. Hence, we investigated the phosphorylation of Akt
in the same BL0269 model. Cisplatin increased Akt phosphorylation at S473 at day 3 but decreased it by day 17
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Figure 2. Effect of cisplatin on ErbB3 phosphorylation at Y1328 and Akt phosphorylation at $473 in

the BL0269 PDX model. Mice bearing BL0269 PDX tumors (that express all three RTKs-EGFR, HER2,
ErbB3), were treated with vehicle or 2 mg/kg cisplatin for 3 and 17 days; mice were euthanized, and tumors
extracted, formalin fixed and paraffin-embedded. (A) Sections were cut and stained with antibodies to ErbB3
phosphorylated atY1328. (Scale Bar: 50 pm) Inset: Enlarged/magnified figures showing strong membrane
staining of phospho-ErbB3(Y1328) in control treated cells but not in cisplatin-treated cells. Phospho-ErbB3
staining in control tumors were scored at+ 1.5 whereas that in cisplatin-treated mice were scored at+3 on
day 3 but back to+1 on Day 17. (B) Tumors were stained for phosphorylation levels of AKT at S473. (Scale
Bar =50 pum). Staining intensity was scored at+ 1.5 in control tumors but increased to +2 on day 3 and back
to+1 onday 17.

(Fig. 2B). Similar increases in ERK phosphorylation has also been reported®*-¢. The transient increase in both
ErbB3 phosphorylation and in Akt phosphorylation suggest the existence of a pathway that may be of importance
in the regulated transmission of signals to downstream targets.

Cisplatin increases ERK and Akt phosphorylation in bladder cancer cells independent of che-
mosensitivity. We next investigated whether the changes in ErbB3 phosphorylation by cisplatin are ligand-
mediated. There have been multiple reports describing cisplatin efficacy in various BlCa lines**-*8. Based on
these reports, we tested four BlCa cell lines of varying cisplatin sensitivity (2 from male patients and 2 from
female patients) with the goal to analyze cisplatin’s effects on ErbB3 signaling. First, we determined cisplatin’s
effect on viability of J82, TCCSUP, T24, and RT4 cell by MTT assay. IC5, values showed that J82 cells are the most
sensitive (IC5, 65.2 nM) and RT4 cells are the least sensitive (IC5, 653.9) (Fig. 3A, B). Immunoblot comparison
of protein expression in the four lines showed that RT4 cells expressed much higher levels of ErbB3 compared
to the rest (Supplementary Fig. 3A). RT4 cells also expressed higher levels of HER2, but EGFR levels were com-
parable among all the lines (not shown).

To test the effects of cisplatin on the phosphorylation of the EGFR family of RTKs and their downstream
targets, the most and least cisplatin-sensitive cell lines, J82 and RT4, were treated with 200 nM cisplatin or vehicle
for 72 h followed by a 15-min stimulation with the EGFR ligand EGF or the ErbB3 ligand HRG1 (Fig. 3C). In J82
cells, EGFR(Y1068), HER2(Y1248), or ErbB3(Y1289) phosphorylation was observed only upon EGF treatment,
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Figure 3. Effect of cisplatin on chemosensitive J82 and chemoresistant RT4 cells stimulated with PBS

(control), EGF to stimulate EGFR or HRGI to stimulate ErbB3. (A) Comparison of the effects of cisplatin in
various bladder cancer cell lines. Cell lines are organized in order of their resistance to cisplatin. IC,, values are
presented together with the respective confidence intervals (CI). (B) MTT assay of J82 (upper) and RT4 cells
(lower) treated with varying concentrations of cisplatin and collected over 7 days. These data are representative
of the ones used to calculate the ICs, values. (C) Immunoblot of J82 and RT4 cells treated with vehicle or

200 nM cisplatin for 72 h, then stimulated with vehicle, 10 ng/mL of EGF, or 50 ng/mL of HRG for 15 min prior
to collection. Lysates were run on a gel, transferred to a membrane and the latter subjected to Western blotting
using antibodies to various proteins as indicated. Bands were quantitated and normalized to the corresponding
bands in the a-tubulin lanes (marked from 1 to 12 respectively). (D) Immunoblots comparing the effects of 72 h
of 200 nM cisplatin on ERK phosphorylation in cisplatin resistant T24 and RT4 bladder cancer cells. Note that
in both cases, ERK phosphorylation is increased with cisplatin.

and of these, only ErbB3(Y1289) phosphorylation increased with cisplatin treatment (Fig. 3C, lanes 3, 4). In
contrast, in RT4 cells, EGF stimulated EGFR phosphorylation, and HRG1 stimulated ErbB3 phosphorylation,
while HER2 phosphorylation was stimulated in both conditions. In these cells, cisplatin reduced EGFR phos-
phorylation at Y1068 (Fig. 3C, lanes 9, 10) and ErbB3 phosphorylation at Y1289 (Fig. 3C, lanes 11, 12), but it
did not significantly affect HER2 phosphorylation at Y1248. Thus, J82 cells, similar to the chemosensitive PDX
model BL0269, demonstrated an increase in ErbB3 phosphorylation upon treatment with cisplatin.

In J82 cells, both AKT and p42/44MAPK (ERK1/2) were constitutively phosphorylated but were further
stimulated only by EGF (Fig. 3C, lanes 3, 4). In contrast, in RT4 cells, Akt phosphorylation was stimulated
only by HRG1 (Fig. 3C, lanes 11,12) while ERK phosphorylation was stimulated by both EGF and HRG1 (with
a larger response from EGF) (Fig. 3C, lanes 9-12). Additionally, in RT4 cells, cisplatin further increased Akt
and ERK phosphorylation, especially in the presence of HRG1 (Fig. 3C, lanes 9-12). These studies indicate an
intricate relationship between HRG1 stimulation and cisplatin treatment. To determine whether similar effects
were seen in other cisplatin-resistant lines we tested the effect of cisplatin in the highly-invasive and high-grade
T24 cells®. Similar to RT4, cisplatin induced a sharp increase in ERK phosphorylation in T24 cells, indicating
the ubiquitous nature of this phenomenon in bladder cancer cells (Fig. 3D).

Correlation between ERK and ErbB3 phosphorylation in patients with Urothelial Carcinoma
(UC). We investigated whether ERK phosphorylation correlates with ErbB3 phosphorylation in 55 patients
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with BICa who underwent radical cystectomy at the University of California Davis Comprehensive Cancer
Center (UCDCCC) (Supplementary Table 1). The patient cohort had a median age of 68 (spanning 36 to 85 years
of age), and the majority (81.8%) were male. Most of the patients were Caucasians (61.8%) with the rest identify-
ing as African American (1.8%), Asian (1.8%), other (5.5%), or undisclosed (29.1%); only 7.55% were listed as
Hispanic or Latino. 25.5% underwent chemotherapy and 29.1% had passed away at the time of reporting.

Tissue microarrays (TMA) containing three representative cores from each patient were stained for total
ErbB3, phospho-ErbB3, or phospho-ERK as described in Materials and Methods. ErbB3 expression was detected
in both the nucleus and in the cytoplasmic/membranous region (Fig. 4A). None of the markers correlated with
age, gender, race, or ethnicity. Of the 55 patients, only 39 (70.9%) expressed phospho-ERK, and of the latter 10/39
(25.64%) expressed phospho-ERK exclusively in the cytoplasm, while 5/39 (12.82%) expressed phospho-ERK
exclusively in the nucleus; the remaining 2439 patients (61.54%) expressed it in both compartments (Fig. 4A).
ERK phosphorylation was higher in tissues from patients who experienced early death compared to those who
did not (Supplementary Fig. 3B). The phosphorylation of ErbB3 at Y1289 significantly correlated with the phos-
phorylation of ERK at T202/Y204 (Spearman p =0.44, p=0.001) (Fig. 4B).
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Figure 4. ERK1/2 phosphorylation at Thr 202/Tyr 204 in tumor sections from patients with urothelial
carcinoma (UC). (A) Tissue microarrays (TMA) containing bladder cancer cores from 55 patients in triplicate
were sectioned and stained for phospho-ERK1/2 (T202/Y204). Of the 55 patients, 16 (29%) did not express
phospho-ERK (upper left); 5 (9%) expressed phospho-ERK in the nucleus only (upper right), in 10 (18.18%),
phospho-ERK was cytoplasmic only (lower left), while in the remaining 24 (43.6%), it was expressed in both the
nucleus and the cytoplasm (lower right). Brown staining indicates phospho-ERK. Blue indicates hematoxylin
counterstain. Bar: 15 uM. Inset shows enlarged pictures from the same. (B) Correlation of ERK phosphorylation
with ErbB3 phosphorylation in corresponding patients. ERK phosphorylation was scored separately in the
nucleus and the cytoplasm. Spearman p =0.44 denote moderate correlation, which was nevertheless significant.
(C) Immunoblot demonstrating effect of HRG1 on Akt and ERK phosphorylation. Cisplatin resistant T-24 cells
were stimulated with 50 ng/ml HRGI1 for the indicated lengths of time. Lysates were run on a gel and blotted

for phospho-Akt (Ser 473) and phospho-ERK (Thr 202/Tyr 204). Note that short term treatment with HRG1
induces an acute increase in Akt and ERK phosphorylation but tapers off after prolonged exposure.
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Finally, we investigated whether the effect of cisplatin on ERK and Akt phosphorylation may be attributed to
upstream activation of ErbB3. Since ErbB3 is phosphorylated by HRG1, we stimulated T-24 cells with 50 ng/ml
HRG1 and followed its effects over time. HRG1 initially caused an increase in Akt phosphorylation at Ser 473
and ERK1/2 phosphorylation at T202/Y204, followed by an eventual decrease, likely due to receptor desensiti-
zation following chronic ligand exposure® (Fig. 4C). This response was analogous to cisplatin’s effect on ErbB3
phosphorylation over a prolonged period.

Cisplatin increases short term ErbB3 phosphorylation via upregulation of HRG1. Since HRG1
is a significant inducer of ErbB3 phosphorylation and downstream ERK phosphorylation and cisplatin had a
significant effect on ERK phosphorylation, we investigated if cisplatin altered HRG1 levels. First, we investi-
gated whether the expression of HRGI correlated with the response of BlCa cells to cisplatin. Unsurprisingly,
immunofluorescence studies confirm that HRG1 levels were significantly higher in cisplatin-resistant T24 and
RT4 cells compared to cisplatin-sensitive J82 and TCCSUP cells (Fig. 5A). We validated these results by immu-
nocytochemistry (Supplementary Fig. 4). The highly-invasive and high-grade T24 cells® expressed the highest
level of HRG1, and hence, we investigated whether cisplatin affected ErbB3 phosphorylation levels in these cells
(Fig. 5B). Similar to J-82 cells, T-24 also demonstrated an increase in ErbB3 phosphorylation at Y1289 upon
treatment with cisplatin.
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Figure 5. Cisplatin increases ErbB3 signaling via upregulation of HRG1. (A) Comparison of HRG1 expression
in four BICa cell lines—cisplatin sensitive J82 and TCCSUP and cisplatin resistant T24 and RT4. To eliminate
differences in cell adhesion all cells were pelleted, and cell pellets were formalin-fixed and paraffin-embedded,
then sections cut and stained by immunofluorescent techniques using an anti-HRG1 antibody and FITC-
labelled secondary antibody. The slides were counterstained with DAPI to stain for nuclear material. Note that
T24 and RT4 cells express significantly higher levels of HRG1 compared to J82 and TCCSUP. (B) Immunoblot
of T24 treated with vehicle or 200 nM cisplatin for 72 h and stimulated for 15 min before collection with 10 ng/
ml EGF or control. (C) HRG1 mRNA levels of cisplatin sensitive J82 and cisplatin resistant RT4 cells treated
with vehicle or 200 nM cisplatin for 72 h. Details of primer used for the analysis is provided in Materials and
Methods. (D) Immunohistochemistry of HRG1 in the BL0269 model when treated with vehicle or cisplatin

(17 days). Mice bearing BL0269 PDX tumors were treated with 2 mg/kg cisplatin for 17 days. Sections from the
tumors were stained with anti-HRG1 antibody. (Scale Bar=25 um).
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Next, we explored whether cisplatin affected the levels of the ErbB3 ligand HRGI in J82 and RT4 cells.
200 nM cisplatin treatment for 72 h increased HRG1 mRNA levels in both cell lines. In J82 cells, HRG1 mRNA
increased by only about 25% after cisplatin treatment, whereas cisplatin increased HRG1 mRNA levels by 50%
in RT4 (Fig. 5C). Finally, we examined whether these increases in the ErbB3 ligand are also observed in vivo.
Examination of BL0269 tumors revealed a significant increase in HRG1 protein levels following cisplatin treat-
ment compared to control (Fig. 5D). HRGI localized predominantly in the cytoplasm and along the plasma
membrane as punctate dots, and the intensity of the dots increased significantly following cisplatin treatment.
These results indicate not only that cisplatin-resistant models exhibit high intrinsic levels of HRGI, but also that
these levels increase further upon cisplatin treatment.

Seribantumab reduces ErbB3 Phosphorylation and tumor growth in cisplatin-resistant BICa
cell line and PDX models. To investigate if we could disrupt the connection between cisplatin-induced
increase in HRG1 and subsequent activation of Akt and ERK downstream, we sought a method to suppress or
prevent HRG1-mediated ErbB3 activity. Studies have shown that seribantumab, a monoclonal antibody target-
ing the ligand binding domain of ErbB3, inhibits ErbB3 signaling and tumor growth when a HRG1 autocrine
loop is present®>°!. Hence, we tested the effects of seribantumab in cisplatin-resistant RT4 cells. 2 uM seribantu-
mab treatment for 72 h greatly reduced HRG1-stimulated ErbB3 phosphorylation at Y1289 but still reduced it
under all other conditions (Fig. 6A). It also decreased EGF-stimulated EGFR phosphorylation at Y1068, which
likely indicates inactivation of EGFR/ErbB3 dimers. Seribantumab also reduced HRG1-mediated Akt and ERK
phosphorylation whereas EGF-stimulated ERK activity was not affected, indicating that seribantumab’s effect
was specific to HRG1/ErbB3 binding and not EGF/EGEFR binding.

Since cisplatin increases HRG1 levels and subsequently leads to increased Akt and ERK phosphorylation, we
investigated whether seribantumab prevent these effects. Therefore, we examined the overall effect of seribantu-
mab as a single agent and in combination with cisplatin in the chemoresistant PDX line BL0269. We implanted
immunocompromised mice with BL0269 PDX tumors and treated them twice weekly with vehicle, 2 mg/kg
cisplatin, 10 mg/kg of seribantumab, or the combination (Fig. 6B). Cisplatin treatment alone (n=7) reduced
tumor growth slightly compared to vehicle (n=7) by day 23 (p =0.0429) (Fig. 6C), consistent with the small effect
of cisplatin previously reported in this model®>. In contrast, single agent seribantumab treatment significantly
reduced tumor growth in the BL0269 PDX (n=9, p=0.0006) (Fig. 6B,C). Time to euthanasia was determined
by tumor volume and/or mouse health condition, and mice treated with seribantumab alone survived longer
compared to those with cisplatin or vehicle (Fig. 6D). Log-rank (Mantel Cox) test for the comparison of survival
groups show that survival of control mice was significantly lower than that of the treated groups (Supplementary
Fig. 5A). However, the combination treatment did not have any significant effects over that of seribantumab
alone in the BL0269 model, and ErbB3 expression in the combination was similar to that from seribantumab
alone (Supplementary Fig. 5B). However, seribantumab significantly reduced ErbB3 phosphorylation at Y1289
(Supplementary Fig. 5C). Our results suggest that the high intrinsic HRG1 levels of these tumors (Fig. 5D), enable
efficacy of seribantumab; further elevation of HRGI levels do not further increase its actions. Overall, the effect
of seribantumab in the chemoresistant invasive model of BICa exceeded that of cisplatin and could be effective
as a single agent in cisplatin-resistant urothelial carcinoma.

Single-agent seribantumab is effective in a PDX model of BICa that overexpresses HER2. If
seribantumab is effective as a single agent, then it could potentially have efficacy in cisplatin-sensitive BlCa with
active ErbB3 signaling as well. To test this hypothesis, we investigated the effect of the ErbB3 inhibitor in J82
cells that experience an increase in ErbB3 upon cisplatin treatment (Supplementary Fig. 3A). We had observed
that cisplatin increases the level of HRG1 in J82 (Fig. 5C), hence we postulated that seribantumab may attenuate
the effects of increased HRG1 and increase responsiveness to cisplatin, preventing acquired resistance to this
agent. J82 cells were treated with vehicle, 200 nM cisplatin, 2 uM seribantumab, or the combination for 72 h.
Cells were processed for flow cytometry following Annexin V and Propidium Iodide to identify cells undergo-
ing apoptosis or necrosis respectively as described elsewhere®?. We noted that in these cisplatin sensitive tumors,
the apoptotic fraction increased > twofold with cisplatin alone, but seribantumab alone had no effect (Fig. 7A).
However, the combination of seribantumab with cisplatin increased apoptosis by 4.7-fold, and the fraction of
cells undergoing necrotic cell death 1.7-fold (Supplementary Fig. 6A). Thus, despite high HER?2 levels, in these
cells, seribantumab as a monotherapy was ineffective due to low HRGI levels. However, it could affect the cells
only where HRG1 had been increased to a certain level by cisplatin.

These results suggested that seribantumab may be effective in any tumor that express high levels of HRG1
and/or ErbB3 phosphorylation. To determine whether these effects of seribantumab affected tumor growth,
we tested the effect of seribantumab as a single-agent in the cisplatin-responsive BL0440 PDX model*, which
expresses high levels of HER2 and ErbB3 (Fig. 1). We treated BL0440-bearing mice with 10 mg/kg of seriban-
tumab twice a week for three weeks by i.p. for up to 35 days (Fig. 7B). After 25 days, the control tumors had
increased in volume by 9.88-fold, while tumors in the seribantumab-treated mice had only increased by 3.5-
fold (p=0.0024) (Supplementary Fig. 6B). Single-agent treatment with seribantumab was more effective than
single-agent weekly doses of 6 mg/kg trastuzumab (HER2 monoclonal antibody), indicating the importance
of ErbB3 in HER?2 positive tumors (Supplementary Fig. 6B). ErbB3 levels were suppressed by seribantumab in
BL0440 tumors (Fig. 7C), whereas trastuzumab did not alter ErbB3 levels (Supplementary Fig. 6C). Single agent
seribantumab also suppressed EGFR phosphorylation at Y1045, HER2 phosphorylation at Y1248, and ErbB3
phosphorylation at Y1289 (Fig. 7D). Thus, inhibition of ErbB3 signaling had a profound effect on growth of this
HER?2 overexpressing tumor.
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Figure 6. Seribantumab inhibits ErbB3 phosphorylation and signaling and reduces tumor growth in cisplatin
resistant BlCa. (A) Immunoblot of RT4 cells treated with vehicle or 2 uM seribantumab for 72 h then stimulated
with vehicle, 10 ng/ml EGE or 50 ng/ml HRG for 15 min prior to collection. (B) Tumor volume progression
over time, in mice implanted with BL0269 PDX tumors, showing greater effect of seribantumab compared

to cisplatin. Mice were treated with 2 mg/Kg cisplatin, 10 mg/Kg seribantumab, the combination, or placebo
(n=7 per group) twice weekly for three weeks and then monitored for up to 40 days. Blue arrow indicates the
three week point after which treatment was stopped. (C) Box and whiskers plot showing median tumor volume
between the four groups on day 23, after which treatment was stopped. (D) Corresponding survival curve

of BL0269 PDX showing effectiveness of single agent seribantumab over cisplatin and similar efficacy as the
combination.

Discussion

In this paper, we investigate the mechanism by which cisplatin causes an increase in Akt and ERK phosphoryla-
tion in BlCa cells, which has previously been related to chemoresistance. Collectively, our data indicate that
cisplatin treatment alters ErbB3 signaling in BICa by affecting levels of the ErbB3 ligand HRG1. Comparison of
BICa cells and tumor lines with varying sensitivity to cisplatin demonstrated that cisplatin induced a transient
increase in ErbB3 phosphorylation at Y1328, ERK1/2 phosphorylation at T202/Y204, and Akt phosphorylation
at $473. Investigation of the mechanism of the transient increase in ErbB3 phosphorylation revealed that treat-
ment with cisplatin leads to an increase in HRG1 mRNA and subsequent protein levels, which stimulates ErbB3
phosphorylation and leads to an increase in Akt and ERK activation, followed by eventual receptor desensitiza-
tion. To prevent the transient increase, we treated BICa cell lines and PDX models with seribantumab, which
targets ErbB3 ligand binding. Seribantumab prevented HRG1-induced ERK and AKT phosphorylation in vitro
and significantly reduced tumor growth in both cisplatin-sensitive and -resistant BICa PDX models. Our results
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Figure 7. Seribantumab reduces tumor growth in a cisplatin-sensitive PDX model. (A) J82 cells were

treated with vehicle, 200 nM cisplatin, 2 uM seribantumab or the combination for 72 h, after which cells were
trypsinized, and unfixed cells were stained with propidium iodide (PI) and Annexin V (AV). Stained cells were
then assayed by flow cytometry as described®. Data obtained was analyzed to obtain fractions that represent live
cells (unstained), early apoptosis (Annexin V stained), late apoptosis (both AV and PI treated) and in necrosis
(PI only). (B) Tumor volume progression over time and ErbB3 staining, in mice dually implanted with BL0440
PDX tumors. Mice were treated with 10 mg/kg seribantumab or placebo twice weekly for three weeks and then
monitored for up to 10 days. (C) Immnohistochemistry of ErbB3 staining in the BL0440 model when treated
with control or cisplatin after 35 days. (Scale Bar =25 pm). (D) Representative images of immunohistochemical
analysis for EGFR, HER2 and ErbB3 phosphorylation in BL0440 PDXs showing that seribantumab treatment
for 21 days suppressed all ErbB receptor phosphorylation.
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demonstrate that inhibition of the HER2/ErbB3 axis is effective in BlCa exhibiting high HRG1-induced ErbB3
phosphorylation.

Cisplatin is the foundation of first-line combination chemotherapy used in standard-of-care treatment for
MIBC in both NAC and AC for primary BlCa, as well as in treatment-naive metastatic BlCa*. However, patients
are often refractory or develop resistance to this treatment®, with mechanisms of chemoresistance ranging from
loss of long non-coding RNAs®* to disruptions in the DNA damage repair pathways®. Disruptions in the signal
transduction pathways emanating from RTKs are also major causes of chemoresistance; hence, newer therapies
including HER2-targeting ADCs such as RC48 have been developed for this population. Surprisingly, RC48-
ADC was also efficacious (objective response rate (ORR) =26.3%) in HER2-negative BlCa patients®'. Thus, it
is worthwhile to consider other closely related targets in BlCa, like ErbB3. Here, we show for the first time that
cisplatin upregulates HRG1 in BlCa. These findings support previous studies indicating correlation between
cisplatin resistance and NRG1/HRG1%, labelled an oncogene that stimulates the dimerization of ErbB3 with
HER2 or EGFRY.

Receptor desensitization following prolonged ligand exposure, despite initial activation, typically is followed
by autophosphorylation at sites promoting endosomal encapsulation and eventual degradation®. In the case
of ErbB3, phosphorylation at Y1289, the p857*-binding site®’, and at Y1328, the Shc binding site*®, responded
to the increase in HRGI by cisplatin. Activation of the receptor is complete when it binds to its dimerization
partners EGFR and HER2 (as most BlCa do not express ErbB4°°). Remarkably, in RT4 cells, HRG1 stimulated
HER?2 and ErbB3 phosphorylation (indicating the formation of HER2/ErbB3 dimers), and not EGFR phospho-
rylation. On the other hand, EGF stimulated phosphorylation in EGFR and HER2, but not ErbB3 (suggesting the
formation of EGFR/HER2 heterodimers and EGFR homodimers). These RTKs then activated their downstream
targets, Akt and ERK. Our data demonstrate that in human BlCa tissue, ERK phosphorylation is correlated with
ErbB3 phosphorylation, suggesting the significance of the Y1328 site, and PDX models also demonstrated cor-
relation with Akt phosphorylation. These results explain how an increase in HRG1 by cisplatin may upregulate
ERK and Akt phosphorylation.

HRGI1 is transcribed by the gene neuregulin 1 (NRG1) and our data indicate that cisplatin increases NRG1
transcription rates. It is important to note that cisplatin crosslinks with purine bases on DNA, interfering with
DNA repair mechanisms, thereby inducing apoptosis®. Several transcription factors have been associated with
cisplatin resistance, including ATF2, E2F1, NR4A and Sp17°. Some of these transcription factors, including ATF2
and Spl, are also transcriptional regulators of NRGI. While outside of the scope of the current article, it may
be speculated that cisplatin resistance may activate these transcription factors resulting in NRGI transcription.

Seribantumab, which prevents HRG1 binding, reduced tumor growth in both cisplatin-sensitive BL0440 and
cisplatin-resistant BL0269 PDX models. Our data demonstrate significant HRG1 expression in these tumors,
which was further increased by cisplatin treatment. These results suggest that seribantumab was able to sup-
press the growth of the tumor by inhibiting the intrinsic expression of HRG1 in them, whereas cisplatin was
ineffective due to high HRGI levels. In contrast, J82 cells express low levels of HRG1—therefore, seribantumab
was ineffective in these cells as a monotherapy. However, as demonstrated, cisplatin treatment increases HRG1
levels thereby allowing seribantumab efficacy. Therefore, in these cells, the combination of seribantumab and
cisplatin was highly effective.

Note that BL0440, although cisplatin sensitive, was gemcitabine resistant®. Additionally, BL0440 had high
HER2 and ErbB3 levels but low EGER levels, suggesting that ErbB signaling may take place through HER2/
ErbB3 dimers. Our data shows that under conditions of high HRG1 and active ErbB3, ErbB3 inhibition reduces
BlCa tumor growth. In high-HER2-expressing BL0440 tumors and high-EGFR-expressing BL0269, inhibition of
HRGI1-ErbB3 binding reduced tumor volume. Despite cisplatin increasing HRG1 levels, combining cisplatin and
seribantumab had no benefit above seribantumab monotherapy in a chemoresistant PDX model. Development
of ADCs which conjugate ErbB3 antibodies with payload chemotherapeutic agents may have utility in urothelial
carcinoma, especially in patients who are refractory to platinum-based therapy.

In conclusion, HER2/ErbB3 signaling may be impactful in cisplatin-resistant BICa, but both cisplatin-sensitive
and -resistant BlCa positive for HRG1 may be susceptible to ErbB3 inhibitors like seribantumab if they express
high HRG1 levels. Overall, our data suggest that ErbB3 inhibition may be a viable treatment option for patients
with MIBC that express HRG1 and rely on HRG1/ErbB3 signaling whether cisplatin-sensitive or -resistant
(Fig. 8). To our knowledge, this is the first attempt to correlate cisplatin-resistance with ErbB3 expression and
activation in the context of advanced BlCa and may affect patient selection for upcoming drugs targeting the
HER2/ErbB3 axis.

Methods

Urothelial carcinoma (UC) tissue microarrays. All human tissues were collected with approval from
the Institutional Review Board (IRB), UC Davis (protocol #293,828) and all experiments were performed in
accordance with University of California Davis (UCD) IRB guidelines and regulations. All patients provided
informed consent to participate under the IRB-approved protocol. Tissue microarrays (TMA) representing a
total of 55 BlCa patients in quadruple were obtained in a deidentified manner from the UCD Comprehensive
Cancer Center (UCDCCC) biorepository that collected the tissues. Annotated data from the 55 patients are
presented in Supplementary Table 1. Inmunohistochemistry (IHC) was performed as previously described”"”>
using a monoclonal anti-ErbB3 antibody, anti-HRG1 antibody and anti-phospho-Erk1/2 antibody (Supplemen-
tary Table 2). Marker levels were assessed separately in the cell membrane/ cytoplasm and in the nucleus and
the scoring system was as follows: 0: no staining (<10%) 1: weak (10-40%), 2: medium (40-70%), 3: strong
(70-100%). THC figures were obtained directly from the camera attached to the microscope and incorporated
in MS Powerpoint.
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Figure 8. Schematic describing ErbB3 signaling affected by cisplatin.

Cell lines. The cell lines T24, TCCSUP, RT4, and J-82 were purchased from American Type Culture Col-
lection (ATCC), Manassas, VA (Supplementary Table 3). Cells were maintained in RPMI 1640 medium (Invit-
rogen, Grand Island, NY) supplemented with 10% FBS (Gemini Bio Products, West Sacramento, CA) and 1%
Pen/Strep (Invitrogen, Grand Island, NY) unless otherwise indicated and grown in 5% CO, at 37 °C. Cells were
routinely tested for mycoplasma.

Pharmacologic treatments and MTT and apoptosis assays. Seribantumab was kindly provided
by Merrimack Pharmaceuticals, Inc. (Cambridge, MA), while cisplatin was purchased from Fisher Scientific
(Waltham, MA) and Selleck Chem (Houston, TX). Seribantumab was pre-prepared in a proprietary solution
from Merrimack Pharmaceuticals (corresponding vehicle also provided) and cisplatin was dissolved in plati-
num binding buffer (CBB) (3 mM NaCl and 1 mM sodium phosphate). Epidermal Growth Factor (EGF; 10 ng/
mL) and Heregulin-betalB-1 (HRG1; 50 ng/mL) was purchased from Peprotech and used to stimulate cells
15 min before collection or across a time-course. Cell viability in the presence of inhibitors was estimated by
3-[4,5-Dimethylthiazol-2yl]-2,5-diphenyl-tetrazolium bromide (MTT) assay as described before”"’2. Apoptosis
was estimated by flow cytometry in propidium iodide and Annexin V-stained unfixed cells as described by us®.

Immunoblotting, immunofluorescence, immunohistochemistry, qPCR. Western blotting’""2
Immunohistochemistry®>”* and Immunofluorescence® was performed as previously described. The antibodies
used in this study can be found in Supplementary Table 2. qQPCR primers were designed using Primer-Blast from
NCBI. HRG1 Forward: 5-ATC AGT ATC CAC AGA AGG AGC A-3’ and Reverse-5-TGG CAG CGA TCA
CCA GTA AA-3’ All western blots were retrieved as digital images and the pictures were cropped using MS
powerpoint to fit into the figures. Uncropped blots with band quantification are presented in the Supplementary
Material. Band intensity was normalized to that of a loading control and represented as fold changes over control
lanes. Wherever possible, bands were used from the same membrane, however, in many cases, the same mem-
brane could not be used for phospho- total- protein bands of the same target. This is because they run at exactly
the same spot, thereby confusing the results. In these cases, we ran two parallel gels from the same lysates, loaded
in the same identical order, using the same amount of lysate (in ug) on to each apparatus that is run in parallel in
the same apparatus, and using the same power supply. If in doubt, at the end of the experiment, we use Ponceau
Red staining to ensure that the same amount of protein had been loaded in each gel. Usually, this ensures that
the two gels get treated equally.

Patient derived xenograft studies. Clinical information and cancer specimens from BlCa patients for
PDX development was collected under the University of California Davis IRB Protocol No. 218204. Animal
studies were approved by the Institutional Animal Care and Use Committee (IACUC), UC Davis and all experi-
ments were performed in accordance with UC Davis IACUC #17794. Experimental descriptions in this manu-
script complies with the ARRIVE guidelines. PDX models (BL0269 (JAX# TM00015), BL0293 (JAX# TM00016),
BL0382 (JAX# TM00020), BL0440 (JAX# TMO00024), BL0479 (JAX# TM00026), BL0515 (JAX# TM00031))
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were implanted subcutaneously into the flanks of 6-8 week old female NOD/scid/gamma (NSG) mice®>. When
tumors reached 150-200 mm?®, mice were randomly assigned (no apriori set criteria were used for the assign-
ment) and treated twice weekly—vehicle (30% PEG-300, 1% Tween80, 1% DMSO), 2 mg/Kg cisplatin, 10 mg/
Kg seribantumab by intra-peritoneal (ip) injection and the combination of cisplatin and seribantumab (n=7 per
group, exceptions noted in Results or in Figure Legends). Isoflurane (1-5%) by inhalation was used for anesthe-
sia, if needed. For combination treatments, seribantumab was delivered first followed by cisplatin. All animals
were included in the final calculations. Treatments continued for 3 weeks after which the mice were observed
for a total of 40 days. Tumor volume (lengthXwidth*X0.5) and animal body weight were recorded twice weekly,
in no particular order. Mice were euthanized by pentobarbital overdose followed by cervical dislocation when at
least one of the following humane endpoints were reached: (i) tumor volume of 1.5 cm?, (ii) 15 mm tumor length
towards any direction, (iii) tumor ulceration, (iv) more than 20% reduction in animal body weight. Tumors were
collected and formalin fixed, and paraffin embedded, then sectioned and stained with antibodies as described
elsewhere®®”. The sections were read by a blinded Veterinary Pathologist and scored as described®*”>.

Statistical analysis. IC;, was calculated from MTT results performed in triplicate at multiple doses of
drug using GraphPad Prism software (v9.0.0). Normal distribution was assessed using Shapiro-Wilk test and
data were analyzed accordingly. Significance between two sets of data in mouse tumors or in vitro assays were
calculated by paired t-test using at least three independent values. For in vivo experiments, a sample size of at
least n=6 was chosen assuming a=0.05, $=0.2, to achieve 80% power. Flow]Jo software was used to analyzed
flow cytometry experiments and GraphPad Prism software (v9.0.0) was used for the rest of the analyses in ani-
mal and cell line studies. P value <0.05 was considered statistically significant. Western blots were scanned by
Image J software and band intensities were reported as intensity of the immunoblot developed using the specific
antibody normalized to that of the corresponding band in the loading control (e.g. GAPDH).

TMA THC data were summarized across positions by taking the median of non-missing values. The correla-
tion between age and marker expression was calculated using Spearman (nonparametric) correlations. Marker
expression was compared between levels of categorical variables with two levels using Wilcoxon rank-sum
tests. Marker expression was compared among levels of categorical variables with more than two levels using
Kruskal-Wallis tests (nonparametric ANOVA), followed by Dunn tests in the case of a significant global test.
Analyses were conducted using R version 4.0.2 (2020-06-22), with Dunn tests conducted using the R package
FSA, version 0.8.30.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary
information files].

Received: 13 November 2022; Accepted: 9 June 2023
Published online: 14 June 2023

References

1. Patel, V. G., Oh, W. K. & Galsky, M. D. Treatment of muscle-invasive and advanced bladder cancer in 2020. CA Cancer J. Clin. 70,
404-423. https://doi.org/10.3322/caac.21631 (2020).

2. Witjes, J. A. et al. European association of urology guidelines on muscle-invasive and metastatic bladder cancer: Summary of the
2020 guidelines. Eur. Urol. 79, 82-104. https://doi.org/10.1016/j.eururo.2020.03.055 (2021).

3. Advanced Bladder Cancer Meta-analysis, C. Neoadjuvant chemotherapy in invasive bladder cancer: Update of a systematic review
and meta-analysis of individual patient data advanced bladder cancer (ABC) meta-analysis collaboration. Eur. Urol. 48, 202-205.
https://doi.org/10.1016/j.eururo.2005.04.006 (2005) (discussion 205-206).

4. von der Maase, H. et al. Long-term survival results of a randomized trial comparing gemcitabine plus cisplatin, with methotrexate,
vinblastine, doxorubicin, plus cisplatin in patients with bladder cancer. J. Clin. Oncol. 23, 4602-4608. https://doi.org/10.1200/jco.
2005.07.757 (2005).

5. Dobruch, J. et al. Gender and bladder cancer: A collaborative review of etiology, biology, and outcomes. Eur. Urol. 69, 300-310.
https://doi.org/10.1016/j.eururo.2015.08.037 (2016).

6. Johnson, D. C. et al. Neoadjuvant chemotherapy for bladder cancer does not increase risk of perioperative morbidity. BJU Int. 114,
221-228. https://doi.org/10.1111/bju.12585 (2014).

7. Posielski, N., Koenig, H., Ho, O., Porter, C. & Flores, J. P. Use of neoadjuvant chemotherapy in elderly patients with muscle-invasive
bladder cancer: A population-based study, 2006-2017. Oncology (Williston Park) 36, 21-33. https://doi.org/10.46883/2022.25920
939 (2022).

8. Chen, X. et al. Urine DNA methylation assay enables early detection and recurrence monitoring for bladder cancer. J. Clin. Invest.
130, 6278-6289. https://doi.org/10.1172/jci139597 (2020).

9. Martinez Chanza, N. et al. Incidence, patterns, and outcomes with adjuvant chemotherapy for residual disease after neoadjuvant
chemotherapy in muscle-invasive urinary tract cancers. Eur. Urol. Oncol. https://doi.org/10.1016/j.eu0.2018.12.013 (2020).

10. Lopez-Beltran, A. et al. Inmune Checkpoint Inhibitors for the Treatment of Bladder Cancer. Cancers (Basel) 13, doi:https://doi.
org/10.3390/cancers13010131 (2021).

11. Grimm, M. O. et al. Tailored immunotherapy approach with nivolumab in advanced transitional cell carcinoma. J. Clin. Oncol.
40, 2128-2137. https://doi.org/10.1200/jc0.21.02631 (2022).

12. Lidar, M. et al. Rheumatic manifestations among cancer patients treated with immune checkpoint inhibitors. Autoimmun. Rev.
17, 284-289. https://doi.org/10.1016/j.autrev.2018.01.003 (2018).

13. Loriot, Y. et al. Erdafitinib in locally advanced or metastatic urothelial carcinoma. N. Engl. J. Med. 381, 338-348. https://doi.org/
10.1056/NEJMoal817323 (2019).

14. Powles, T. et al. Enfortumab vedotin in previously treated advanced urothelial carcinoma. N. Engl. J. Med. 384, 1125-1135. https://
doi.org/10.1056/NEJMo0a2035807 (2021).

15. Rosenberg, J. E. et al. Pivotal trial of enfortumab vedotin in urothelial carcinoma after platinum and anti-programmed death 1/
programmed death ligand 1 therapy. J. Clin. Oncol. 37, 2592-2600. https://doi.org/10.1200/jc0.19.01140 (2019).

Scientific Reports |

(2023) 13:9617 | https://doi.org/10.1038/s41598-023-36774-1 nature portfolio


https://doi.org/10.3322/caac.21631
https://doi.org/10.1016/j.eururo.2020.03.055
https://doi.org/10.1016/j.eururo.2005.04.006
https://doi.org/10.1200/jco.2005.07.757
https://doi.org/10.1200/jco.2005.07.757
https://doi.org/10.1016/j.eururo.2015.08.037
https://doi.org/10.1111/bju.12585
https://doi.org/10.46883/2022.25920939
https://doi.org/10.46883/2022.25920939
https://doi.org/10.1172/jci139597
https://doi.org/10.1016/j.euo.2018.12.013
https://doi.org/10.3390/cancers13010131
https://doi.org/10.3390/cancers13010131
https://doi.org/10.1200/jco.21.02631
https://doi.org/10.1016/j.autrev.2018.01.003
https://doi.org/10.1056/NEJMoa1817323
https://doi.org/10.1056/NEJMoa1817323
https://doi.org/10.1056/NEJMoa2035807
https://doi.org/10.1056/NEJMoa2035807
https://doi.org/10.1200/jco.19.01140

www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Tagawa, S. T. et al. TROPHY-U-01: A phase II open-label study of sacituzumab govitecan in patients with metastatic urothelial
carcinoma progressing after platinum-based chemotherapy and checkpoint inhibitors. J. Clin. Oncol. 39, 2474-2485. https://doi.
0rg/10.1200/jco.20.03489 (2021).

Yao, X. et al. A novel humanized anti-HER2 antibody conjugated with MMAE exerts potent anti-tumor activity. Breast Cancer
Res. Treat. 153, 123-133. https://doi.org/10.1007/s10549-015-3503-3 (2015).

Li, H. et al. An anti-HER2 antibody conjugated with monomethyl auristatin E is highly effective in HER2-positive human gastric
cancer. Cancer Biol. Ther. 17, 346-354. https://doi.org/10.1080/15384047.2016.1139248 (2016).

Sheng, X. et al. Open-label, multicenter, phase II study of RC48-ADC, a HER2-targeting antibody-drug conjugate, in patients with
locally advanced or metastatic urothelial carcinoma. Clin. Cancer Res. 27, 43-51. https://doi.org/10.1158/1078-0432.Ccr-20-2488
(2021).

Sheng, X. et al. RC48-ADC for metastatic urothelial carcinoma with HER2-positive: Combined analysis of RC48-C005 and RC48-
C009 trials. J. Clin. Oncol. 40, 4520-4520. https://doi.org/10.1200/JCO.2022.40.16_suppl.4520 (2022).

Xu, H. et al. A phase II study of RC48-ADC in HER2-negative patients with locally advanced or metastatic urothelial carcinoma.
J. Clin. Oncol. 40, 4519-4519. https://doi.org/10.1200/JCO.2022.40.16_suppl.4519 (2022).

Zhou, L. et al. Study RC48-C014: Preliminary results of RC48-ADC combined with toripalimab in patients with locally advanced
or metastatic urothelial carcinoma. J. Clin. Oncol. 40, 515-515. https://doi.org/10.1200/JCO.2022.40.6_suppl.515 (2022).

Xie, R. et al. NAT10 drives cisplatin chemoresistance by enhancing ac4C-associated DNA repair in bladder cancer. Cancer Res.
83, 1666-1683. https://doi.org/10.1158/0008-5472.Can-22-2233 (2023).

Wang, X., Martindale, J. L. & Holbrook, N. J. Requirement for ERK activation in cisplatin-induced apoptosis*. J. Biol. Chem. 275,
39435-39443. https://doi.org/10.1074/jbc.M004583200 (2000).

Woessmann, W., Chen, X. & Borkhardt, A. Ras-mediated activation of ERK by cisplatin induces cell death independently of p53
in osteosarcoma and neuroblastoma cell lines. Cancer Chemother. Pharmacol. 50, 397-404. https://doi.org/10.1007/500280-002-
0502-y (2002).

Wu, D. W. et al. Phosphorylation of paxillin confers cisplatin resistance in non-small cell lung cancer via activating ERK-mediated
Bcl-2 expression. Oncogene 33, 4385-4395. https://doi.org/10.1038/0nc.2013.389 (2014).

Winograd-Katz, S. E. & Levitzki, A. Cisplatin induces PKB/AKkt activation and p38MAPK phosphorylation of the EGF receptor.
Oncogene 25, 7381-7390. https://doi.org/10.1038/sj.onc.1209737 (2006).

Peng, D. ]., Wang, J., Zhou, J. Y. & Wu, G. S. Role of the Akt/mTOR survival pathway in cisplatin resistance in ovarian cancer cells.
Biochem. Biophys. Res. Commun. 394, 600-605. https://doi.org/10.1016/j.bbrc.2010.03.029 (2010).

Winograd-Katz, S. E. & Levitzki, A. Cisplatin induces PKB/Akt activation and p38(MAPK) phosphorylation of the EGF receptor.
Oncogene 25, 7381-7390. https://doi.org/10.1038/sj.onc.1209737 (2006).

Chow, N. H,, Liu, H. S., Yang, H. B., Chan, S. H. & Su, 1. J. Expression patterns of erbB receptor family in normal urothelium and
transitional cell carcinoma. An immunohistochemical study. Virchows Arch. 430, 461-466. https://doi.org/10.1007/s004280050
056 (1997).

Mooso, B. A. et al. The role of EGFR family inhibitors in muscle invasive bladder cancer: A review of clinical data and molecular
evidence. J. Urol. 193, 19-29. https://doi.org/10.1016/j.juro.2014.07.121 (2015).

Bindels, E. M., van der Kwast, T. H., Izadifar, V., Chopin, D. K. & de Boer, W. I. Functions of epidermal growth factor-like growth
factors during human urothelial reepithelialization in vitro and the role of erbB2. Urol. Res. 30, 240-247. https://doi.org/10.1007/
500240-002-0260-7 (2002).

Olayioye, M. A., Neve, R. M, Lane, H. A. & Hynes, N. E. The ErbB signaling network: Receptor heterodimerization in development
and cancer. EMBO J. 19, 3159-3167. https://doi.org/10.1093/emboj/19.13.3159 (2000).

Steinthorsdottir, V. et al. Multiple novel transcription initiation sites for NRG1. Gene 342, 97-105. https://doi.org/10.1016/j.gene.
2004.07.029 (2004).

Burgess, A. W. EGFR family: Structure physiology signalling and therapeutic targets. Growth Factors 26, 263-274. https://doi.org/
10.1080/08977190802312844 (2008).

Black, L. E., Longo, J. E & Carroll, S. L. Mechanisms of receptor tyrosine-protein kinase ErbB-3 (ERBB3) action in human neoplasia.
Am. ]. Pathol. 189, 1898-1912. https://doi.org/10.1016/j.ajpath.2019.06.008 (2019).

Culine, S. et al. Dose-dense methotrexate, vinblastine, doxorubicin, and cisplatin with or without panitumumab in patients with
advanced urothelial carcinoma: Multicenter, randomized, French Unicancer GETUG/AFU 19 study. Clin. Genitourin. Cancer 19,
e216-e222. https://doi.org/10.1016/j.clgc.2021.02.005 (2021).

Powles, T. et al. Phase III, double-blind, randomized trial that compared maintenance lapatinib versus placebo after first-line
chemotherapy in patients with human epidermal growth factor receptor 1/2-positive metastatic bladder cancer. J. Clin. Oncol. 35,
48-55. https://doi.org/10.1200/jc0.2015.66.3468 (2017).

Galsky, M. D. et al. Primary analysis from DS8201-A-U105: A phase 1b, two-part, open-label study of trastuzumab deruxtecan
(T-DXd) with nivolumab (nivo) in patients (pts) with HER2-expressing urothelial carcinoma (UC). J. Clin. Oncol. 40, 438-438.
https://doi.org/10.1200/]JCO.2022.40.6_suppl.438 (2022).

Shi, F. et al. Disitamab vedotin: A novel antibody-drug conjugates for cancer therapy. Drug Deliv. 29, 1335-1344. https://doi.org/
10.1080/10717544.2022.2069883 (2022).

Gala, K. & Chandarlapaty, S. Molecular pathways: HER3 targeted therapy. Clin. Cancer Res. 20, 1410-1416. https://doi.org/10.
1158/1078-0432.Ccr-13-1549 (2014).

Choudhury, N. J. et al. Afatinib activity in platinum-refractory metastatic urothelial carcinoma in patients with ERBB alterations.
J. Clin. Oncol. 34, 2165-2171. https://doi.org/10.1200/JC0O.2015.66.3047 (2016).

Mishra, R., Patel, H., Alanazi, S., Yuan, L. & Garrett, ]. T. HER3 signaling and targeted therapy in cancer. Oncol Rev 12, 355-355.
https://doi.org/10.4081/0oncol.2018.355 (2018).

Holmes, E. A. et al. Abstract P3-11-03: A randomized, phase 2 trial of preoperative MM-121 with paclitaxel in triple negative (TN)
and hormone receptor (HR) positive, HER2-negative breast cancer. Cancer Res. 75, P3-11-03. https://doi.org/10.1158/1538-7445.
SABCS14-P3-11-03 (2015).

Moyo, V. M. et al. A randomized, double-blind phase II trial of exemestane with or without MM-121 in postmenopausal women
with locally advanced or metastatic estrogen receptor-positive (ER+) and/or progesterone receptor-positive (PR+), HER2-negative
breast cancer. JCO 29, TPS112-TPS112. https://doi.org/10.1200/jc0.2011.29.15_suppl.tps112 (2011).

Wang, S. et al. Therapeutic targeting of erbB3 with MM-121/SAR256212 enhances antitumor activity of paclitaxel against erbB2-
overexpressing breast cancer. Breast Cancer Res. 15, R101. https://doi.org/10.1186/bcr3563 (2013).

Liu, J. E. et al. Randomized phase II trial of seribantumab in combination with paclitaxel in patients with advanced platinum-
resistant or -refractory ovarian cancer. J. Clin. Oncol. Off. . Am. Soc. Clin. Oncol. 34, 4345-4353. https://doi.org/10.1200/JCO.
2016.67.1891 (2016).

Sheng, Q. et al. An activated ErbB3/NRG1 autocrine loop supports in vivo proliferation in ovarian cancer cells. Cancer Cell 17,
298-310. https://doi.org/10.1016/j.ccr.2009.12.047 (2010).

Liles, J. S. et al. Targeting ErbB3-mediated stromal-epithelial interactions in pancreatic ductal adenocarcinoma. Br. J. Cancer 105,
523-533. https://doi.org/10.1038/bjc.2011.263 (2011).

Scientific Reports |

(2023) 13:9617 | https://doi.org/10.1038/s41598-023-36774-1 nature portfolio


https://doi.org/10.1200/jco.20.03489
https://doi.org/10.1200/jco.20.03489
https://doi.org/10.1007/s10549-015-3503-3
https://doi.org/10.1080/15384047.2016.1139248
https://doi.org/10.1158/1078-0432.Ccr-20-2488
https://doi.org/10.1200/JCO.2022.40.16_suppl.4520
https://doi.org/10.1200/JCO.2022.40.16_suppl.4519
https://doi.org/10.1200/JCO.2022.40.6_suppl.515
https://doi.org/10.1158/0008-5472.Can-22-2233
https://doi.org/10.1074/jbc.M004583200
https://doi.org/10.1007/s00280-002-0502-y
https://doi.org/10.1007/s00280-002-0502-y
https://doi.org/10.1038/onc.2013.389
https://doi.org/10.1038/sj.onc.1209737
https://doi.org/10.1016/j.bbrc.2010.03.029
https://doi.org/10.1038/sj.onc.1209737
https://doi.org/10.1007/s004280050056
https://doi.org/10.1007/s004280050056
https://doi.org/10.1016/j.juro.2014.07.121
https://doi.org/10.1007/s00240-002-0260-7
https://doi.org/10.1007/s00240-002-0260-7
https://doi.org/10.1093/emboj/19.13.3159
https://doi.org/10.1016/j.gene.2004.07.029
https://doi.org/10.1016/j.gene.2004.07.029
https://doi.org/10.1080/08977190802312844
https://doi.org/10.1080/08977190802312844
https://doi.org/10.1016/j.ajpath.2019.06.008
https://doi.org/10.1016/j.clgc.2021.02.005
https://doi.org/10.1200/jco.2015.66.3468
https://doi.org/10.1200/JCO.2022.40.6_suppl.438
https://doi.org/10.1080/10717544.2022.2069883
https://doi.org/10.1080/10717544.2022.2069883
https://doi.org/10.1158/1078-0432.Ccr-13-1549
https://doi.org/10.1158/1078-0432.Ccr-13-1549
https://doi.org/10.1200/JCO.2015.66.3047
https://doi.org/10.4081/oncol.2018.355
https://doi.org/10.1158/1538-7445.SABCS14-P3-11-03
https://doi.org/10.1158/1538-7445.SABCS14-P3-11-03
https://doi.org/10.1200/jco.2011.29.15_suppl.tps112
https://doi.org/10.1186/bcr3563
https://doi.org/10.1200/JCO.2016.67.1891
https://doi.org/10.1200/JCO.2016.67.1891
https://doi.org/10.1016/j.ccr.2009.12.047
https://doi.org/10.1038/bjc.2011.263

www.nature.com/scientificreports/

50. Sequist, L. V. et al. A phase 2 study of seribantumab (MM-121) in combination with docetaxel or pemetrexed versus docetaxel or
pemetrexed alone in patients with heregulin positive (HRG+), locally advanced or metastatic non-small cell lung cancer (NSCLC).
JCO 34, TPS9110-TPS9110. https://doi.org/10.1200/JCO.2016.34.15_suppl. TPS9110 (2016).

51. Huang, J. et al. The anti-erbB3 antibody MM-121/SAR256212 in combination with trastuzumab exerts potent antitumor activity
against trastuzumab-resistant breast cancer cells. Mol. Cancer 12, 134. https://doi.org/10.1186/1476-4598-12-134 (2013).

52. Schoeberl, B. et al. An ErbB3 antibody, MM-121, is active in cancers with ligand-dependent activation. Cancer Res. 70, 2485-2494.
https://doi.org/10.1158/0008-5472.Can-09-3145 (2010).

53. Jiang, N. et al. Combination of anti-HER3 antibody MM-121/SAR256212 and cetuximab inhibits tumor growth in preclinical
models of head and neck squamous cell carcinoma (HNSCC). Mol. Cancer Ther. https://doi.org/10.1158/1535-7163.MCT-13-1093
(2014).

54. Tsamouri, M. M., Steele, T. M., Mudryj, M., Kent, M. S. & Ghosh, P. M. Comparative cancer cell signaling in muscle-invasive
urothelial carcinoma of the bladder in dogs and humans. Biomedicines 9, 1472. https://doi.org/10.3390/biomedicines9101472
(2021).

55. Pan, C. X. et al. Development and characterization of bladder cancer patient-derived xenografts for molecularly guided targeted
therapy. PLoS ONE 10, e0134346. https://doi.org/10.1371/journal.pone.0134346 (2015).

56. Holickova, A. et al. Response of the urothelial carcinoma cell lines to cisplatin. Int. . Mol. Sci. 23, 12488. https://doi.org/10.3390/
ijms232012488 (2022).

57. Vallo, S. et al. Drug-resistant urothelial cancer cell lines display diverse sensitivity profiles to potential second-line therapeutics.
Transl. Oncol. 8, 210-216. https://doi.org/10.1016/j.tranon.2015.04.002 (2015).

58. Skowron, M. A. et al. Multifaceted mechanisms of cisplatin resistance in long-term treated urothelial carcinoma cell lines. Int. J.
Mol. Sci. https://doi.org/10.3390/ijms19020590 (2018).

59. Wu, Y. et al. Identification of the functions and prognostic values of RNA binding proteins in bladder cancer. Front. Genet. https://
doi.org/10.3389/fgene.2021.574196 (2021).

60. Cao, Z., Wu, X,, Yen, L., Sweeney, C. & Carraway, K. L. 3rd. Neuregulin-induced ErbB3 downregulation is mediated by a protein
stability cascade involving the E3 ubiquitin ligase Nrdp1. Mol. Cell Biol. 27, 2180-2188. https://doi.org/10.1128/mcb.01245-06
(2007).

61. Schoeberl, B. et al. Therapeutically targeting ErbB3: A key node in ligand-induced activation of the ErbB receptor-PI3K axis. Sci.
Signal 2, ra31. https://doi.org/10.1126/scisignal.2000352 (2009).

62. Jathal, M. K. et al. Dacomitinib, but not lapatinib, suppressed progression in castration-resistant prostate cancer models by pre-
venting HER?2 increase. Br. J. Cancer 121, 237-248. https://doi.org/10.1038/s41416-019-0496-4 (2019).

63. Martinez Chanza, N. et al. Incidence, patterns, and outcomes with adjuvant chemotherapy for residual disease after neoadjuvant
chemotherapy in muscle-invasive urinary tract cancers. Eur. Urol. Oncol. 3, 671-679. https://doi.org/10.1016/j.eu0.2018.12.013
(2020).

64. Chen, X. et al. Long noncoding RNA LBCS inhibits self-renewal and chemoresistance of bladder cancer stem cells through epi-
genetic silencing of SOX2. Clin. Cancer Res. 25, 1389-1403. https://doi.org/10.1158/1078-0432.Ccr-18-1656 (2019).

65. Menendez, J. A., Mehmi, I. & Lupu, R. Heregulin-triggered Her-2/neu signaling enhances nuclear accumulation of p21WAF1/
CIP1 and protects breast cancer cells from cisplatin-induced genotoxic damage. Int. J. Oncol. 26, 649-659 (2005).

66. Yamano, Y. et al. Identification of cisplatin-resistance related genes in head and neck squamous cell carcinoma. Int. J. Cancer 126,
437-449. https://doi.org/10.1002/ijc.24704 (2010).

67. van Lengerich, B., Agnew, C., Puchner, E. M., Huang, B. & Jura, N. EGF and NRG induce phosphorylation of HER3/ERBB3 by
EGFR using distinct oligomeric mechanisms. Proc. Natl. Acad. Sci. 114, E2836-E2845. https://doi.org/10.1073/pnas. 1617994114
(2017).

68. Fosdahl, A. M. et al. ErbB3 interacts with Hrs and is sorted to lysosomes for degradation. Biochim. Biophys. Acta (BBA) Mol. Cell
Res. 1864, 2241-2252. https://doi.org/10.1016/j.bbamcr.2017.08.011 (2017).

69. Dasari, S. & Tchounwou, P. B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol. 740, 364-378.
https://doi.org/10.1016/j.ejphar.2014.07.025 (2014).

70. Malewicz, M. & Perlmann, T. Function of transcription factors at DNA lesions in DNA repair. Exp. Cell Res. 329, 94-100. https://
doi.org/10.1016/j.yexcr.2014.08.032 (2014).

71. Ghosh, P. M. et al. Signal transduction pathways in androgen-dependent and -independent prostate cancer cell proliferation.
Endocr. Relat. Cancer 12, 119-134. https://doi.org/10.1677/erc.1.00835 (2005).

72. Wang, Y. et al. Regulation of androgen receptor transcriptional activity by rapamycin in prostate cancer cell proliferation and
survival. Oncogene 27, 7106-7117. https://doi.org/10.1038/0nc.2008.318 (2008).

73. Chen, L. et al. Nrdp1-mediated regulation of ErbB3 expression by the androgen receptor in androgen-dependent but not castrate-
resistant prostate cancer cells. Cancer Res. 70, 5994-6003. https://doi.org/10.1158/0008-5472.Can-09-4440 (2010).

Acknowledgements

The authors are grateful for, and would like to acknowledge, the contributions of the following individuals
who contributed to this manuscript: Michael D. Curley, Merrimack Pharmaceuticals, Inc., Cambridge, MA, for
technical assistance. and Hongyong Zhang, University of California, Davis, CA, for blocks from PDX tumors,
and Dr. Clifford G. Tepper for gene expression data. This work was supported in part by a grant from Merri-
mack Pharmaceuticals, Inc. to PMG, by Biomedical Laboratory Research & Development (BLRD) Merit Awards
(101BX004423, PMG; 101BX003840, CXP, I01BX003458, MM) from the Department of Veterans Affairs and by
Awards ROICA185509 (PMG) and U54CA233306 (CXP) from the National Institutes of Health. We are grateful
for a generous sub-award from the University of California Comprehensive Cancer Center Support Grant for this
project (PMG). MMT was supported by the Maxine Adler and the Lodric Maddox Graduate Student Fellowship
Awards from the School of Veterinary Medicine, UC Davis. DV is supported by NIH Award T320D011147:
Comparative Medical Science Training Program. CAL is supported by the VA Sierra Pacific Network Early
Career Award Program (ECAP).

Author contributions

Concept: PM.G. in vitro experiments T.M.S., M.M.T., C.A.L. and B.A.M,, in vivo experiments: A.-H.M. immu-
nohistochemistry: S.S., Reading slides: S.S., N.H., D.V., Biostatistics: B.P.D.-]. Review of patient outcome data:
M.P. Development of bladder cancer PDX: C-x.P. Model characterization: PM.G., M.M. Initial draft: B.A.M.,
rewritten: T.M.S. Edited: M.M.T., TM.S., M.P., M.M., C.x.P. and PM.G.

Scientific Reports |

(2023) 13:9617 | https://doi.org/10.1038/s41598-023-36774-1 nature portfolio


https://doi.org/10.1200/JCO.2016.34.15_suppl.TPS9110
https://doi.org/10.1186/1476-4598-12-134
https://doi.org/10.1158/0008-5472.Can-09-3145
https://doi.org/10.1158/1535-7163.MCT-13-1093
https://doi.org/10.3390/biomedicines9101472
https://doi.org/10.1371/journal.pone.0134346
https://doi.org/10.3390/ijms232012488
https://doi.org/10.3390/ijms232012488
https://doi.org/10.1016/j.tranon.2015.04.002
https://doi.org/10.3390/ijms19020590
https://doi.org/10.3389/fgene.2021.574196
https://doi.org/10.3389/fgene.2021.574196
https://doi.org/10.1128/mcb.01245-06
https://doi.org/10.1126/scisignal.2000352
https://doi.org/10.1038/s41416-019-0496-4
https://doi.org/10.1016/j.euo.2018.12.013
https://doi.org/10.1158/1078-0432.Ccr-18-1656
https://doi.org/10.1002/ijc.24704
https://doi.org/10.1073/pnas.1617994114
https://doi.org/10.1016/j.bbamcr.2017.08.011
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1016/j.yexcr.2014.08.032
https://doi.org/10.1016/j.yexcr.2014.08.032
https://doi.org/10.1677/erc.1.00835
https://doi.org/10.1038/onc.2008.318
https://doi.org/10.1158/0008-5472.Can-09-4440

www.nature.com/scientificreports/

Fundin

Merrima?k Pharmaceuticals,Inc.,Comprehensive Cancer Center,University of California,Davis,Biomedical
Laboratory Research and Development, VA Office of Research and Development, I01BX004423, 101BX003458,
101BX003840, National Institutes of Health, R0O1CA 185509, U54CA233306,T320D011147,School of Veterinary
Medicine,University of California,Davis,VA Sierra Pacific Network Early Career Award Program.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-36774-1.

Correspondence and requests for materials should be addressed to PM.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2023

Scientific Reports |

(2023) 13:9617 | https://doi.org/10.1038/s41598-023-36774-1 nature portfolio


https://doi.org/10.1038/s41598-023-36774-1
https://doi.org/10.1038/s41598-023-36774-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cisplatin-induced increase in heregulin 1 and its attenuation by the monoclonal ErbB3 antibody seribantumab in bladder cancer
	Results
	Cisplatin transiently increases ErbB3 phosphorylation at Y1328 and Akt phosphorylation at S473 in a PDX model of MIBC. 
	Cisplatin increases ERK and Akt phosphorylation in bladder cancer cells independent of chemosensitivity. 
	Correlation between ERK and ErbB3 phosphorylation in patients with Urothelial Carcinoma (UC). 
	Cisplatin increases short term ErbB3 phosphorylation via upregulation of HRG1. 
	Seribantumab reduces ErbB3 Phosphorylation and tumor growth in cisplatin-resistant BlCa cell line and PDX models. 
	Single-agent seribantumab is effective in a PDX model of BlCa that overexpresses HER2. 

	Discussion
	Methods
	Urothelial carcinoma (UC) tissue microarrays. 
	Cell lines. 
	Pharmacologic treatments and MTT and apoptosis assays. 
	Immunoblotting, immunofluorescence, immunohistochemistry, qPCR. 
	Patient derived xenograft studies. 
	Statistical analysis. 

	References
	Acknowledgements


