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Abstract: Urothelial carcinoma (UC) is the fourth most prevalent cancer amongst males worldwide.
While patients with non-muscle-invasive disease have a favorable prognosis, 25% of UC patients
present with locally advanced disease which is associated with a 10–15% 5-year survival rate and
poor overall prognosis. Muscle-invasive bladder cancer (MIBC) is associated with about 50% 5 year
survival when treated by radical cystectomy or trimodality therapy; stage IV disease is associated with
10–15% 5 year survival. Current therapeutic modalities for MIBC include neoadjuvant chemotherapy,
surgery and/or chemoradiation, although patients with relapsed or refractory disease have a poor
prognosis. However, the rapid success of immuno-oncology in various hematologic and solid
malignancies offers new targets with tremendous therapeutic potential in UC. Historically, there were
no predictive biomarkers to guide the clinical management and treatment of UC, and biomarker
development was an unmet need. However, recent and ongoing clinical trials have identified several
promising tumor biomarkers that have the potential to serve as predictive or prognostic tools in
UC. This review provides a comprehensive summary of emerging biomarkers and molecular tumor
targets including programmed death ligand 1 (PD-L1), epidermal growth factor receptor (EGFR),
human epidermal growth factor receptor 2 (HER2), fibroblast growth factor receptor (FGFR), DNA
damage response and repair (DDR) mutations, poly (ADP-ribose) polymerase (PARP) expression
and circulating tumor DNA (ctDNA), as well as their clinical utility in UC. We also evaluate recent
advancements in precision oncology in UC, while illustrating limiting factors and challenges related
to the clinical application of these biomarkers in clinical practice.
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1. Introduction

Urothelial carcinoma can arise throughout the genitourinary tract, most commonly in
the bladder. For patients with locally advanced or metastatic disease, survival outcomes
remain poor. Recent clinical trials have shown benefits from emerging treatments in the
neoadjuvant, adjuvant and metastatic disease settings. These trials include the application
of chemotherapy, immunotherapy and targeted therapy for selected patient populations.
However, the level of benefit has been modest; only a minority of patients chosen for a
specific therapy derive significant benefit for most of these new therapies. With current
treatment selection practices, an individual patient may undergo treatment with limited
efficacy and significant potential toxicity. Unfortunately, the predictive value of current
biomarkers to tailor treatment selection remains modest [1,2]. There are few biomarkers
approved for use in the clinical setting. Biomarkers currently used in other cancers are
under review in urothelial cancers and could potentially lead to adoption of therapies
such as HER2-directed drugs and PARP inhibitors. None of the current biomarkers with
regulatory approval for other malignancies have been validated for prognostic benefit in
UC and are not employed in patient care.
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A more rational application of modern therapies should harness cellular markers
and patient characteristics to improve patient outcomes. It is also likely that a better
understanding of biomarkers will also lead to the development of additional therapeutics.
To improve clinical decision making, there remains an unmet need to develop better
molecular or genetic markers with predictive value for the risk of disease recurrence
or progression.

Newer biomarkers that have been developed hold promise as either predictive and/or
prognostic tools. Potentially useful biomarkers include PD-L1, tumor mutational burden,
DNA repair mutations, excision repair cross-complementing protein 1 (ERCC1) and ex-
cision repair cross-complementing protein 2 (ERCC2), FGFR mutation, EGFR expression
or mutation, HER2 expression, PARP expression and circulating tumor DNA (ctDNA).
Molecular markers can be measured in tumor tissue or blood. Moreover, early studies also
suggest value in the measurement of urinary markers in patients with early-stage urothe-
lial carcinoma. This review will summarize evidence regarding the value of current and
emerging biomarkers that may be of clinical utility in the selection treatment for individual
patients. Clinically useful markers will be those that ultimately provide prognostic or
predictive capacity beyond that offered by conventional clinical and histologic parameters.

2. Programmed Death Ligand-1

Programmed death ligand-1 (PD-L1) is a promising companion biomarker used to
predict benefit for patients with several types of cancer treated with immunotherapy.
Unfortunately, a high level of benefit has not been realized for most urothelial carcinoma
patients. Although immunotherapy has established a role in the treatment paradigm of
advanced urothelial carcinoma, there does not appear to be a strong predictive value
for PD-L1 testing in these patients [3]. PD-L1 is not consistently predictive, and the
correlation of its expression is not strong due to variable data. Challenges with PD-L1
testing include standardization of testing with a variety of assays and antibodies for
that immunohistochemical assessment that is available and their weak predictive value
for response rates to immunotherapy regardless of level of expression. Currently, there
are several FDA-approved immunohistochemical (IHC) assays for PD-L1 expression in
urothelial carcinoma: Ventana SP142 (Atezolizumab), Ventana PD-L1 SP263 (Durvalumab),
22C3 pharmDx (Pembrolizumab) and 28-8 pharmDx (Nivolumab). Each test has variance
in methods (immune cell area score, combined positive score and tumor cell area score) and
cutoffs for reporting positive scores. Staining intensity has also been reported as variable
between tests with Ventana testing having deeper staining profiles [4].

For example, IMvigor210 was a Phase 2 trial exploring the efficacy and safety of
atezolizumab in 119 patients with metastatic or locally advanced urothelial carcinoma and
who were considered to be platinum-ineligible. In the population of 119 patients, 67%
showed some level of PD-L1 expression. Approximately 20% of patients were PD-L1 non-
expressors, and response rates were similar between PD-L1(+) and PD-L1(−) subgroups [5].

CheckMate 274 was a pivotal phase 2 trial that established the value of adjuvant
nivolumab in the treatment algorithm for patients with muscle-invasive urothelial car-
cinoma following radical surgery. The majority of the patients in the trial had PD-L1
expression less than 1%, and 40% of enrolled patients were found to have PD-L1 expres-
sion ≥ 1%. The intent-to-treat population was randomized in a 1:1 fashion to receive either
nivolumab or intravenous placebo. Patients were stratified by PD-L1 expression of ≥1% or
<1%. A significant benefit of adjuvant immunotherapy was reported in both the intention-
to-treat population and in patients with a PD-L1 expression level of 1% or more. Patients
with expression ≥ 1% were found to achieve improved disease-free survival at both 6 and
12 months with a hazard ratio of 0.55 when treated with nivolumab [6]. Overall survival
data for CheckMate 274 have not matured at the time of this review; therefore, we cannot
conclude whether PD-L1 expression impacted overall survival [3]. The AMBASSADOR
trial was another phase 3 randomized adjuvant study that evaluated the administration of
checkpoint inhibitor for patients with muscle-invasive urothelial cancer. This trial reported
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the benefit of adjuvant pembrolizumab in being disease-free, but not in overall survival.
The presence of PD-L1 positivity using the standard CPS score was associated with a better
prognosis, but it was not predictive of a pembrolizumab benefit. The authors concluded
that PD-L1 status should not be used to select patients for adjuvant treatment [7].

The phase Ib JAVELIN Solid Tumor study evaluated the use of second-line treatment
with Avelumab. This trial enrolled 242 evaluable patients with metastatic urothelial carci-
noma who had progressed on one line of treatment prior to receiving avelumab. Patients
with PD-L1 expression ≥ 5% showed an improved objective response rate (ORR) and
overall survival (OS) compared to those with lower levels of PD-L1 expression [8].

The JAVELIN BLADDER 100 trial evaluated the role of maintenance avelumab in
700 patients who completed first-line platinum-based chemotherapy and were randomly
assigned to receive avelumab or best supportive care. In the intent-to-treat population, the
1-year survival was improved in the group that received avelumab (71.3% versus 58.4%,
hazard ratio for death 0.69; 95% confidence interval [CI], 0.56 to 0.86; p = 0.001). In the PD-
L1-positive population, the 1-year survival was also improved in the patients treated with
avelumab compared to the control (79.1% versus 60.4%; hazard ratio for death 0.56; 95% CI,
0.40 to 0.79; p < 0.001). In this maintenance trial, the overall survival benefit with avelumab
as compared with the control was somewhat greater in the PD-L1-positive population than
in the overall population, but the result was significant in both populations. Furthermore, in
the control group, the median overall survival was longer in the PD-L1-positive population
than in the overall population (17.1 versus 14.3 months), suggesting that PD-L1 expression
may not be an indicator of worse prognosis in a population of patients who achieve disease
control with chemotherapy [9].

3. Tumor Mutational Burden—TMB

Tumor mutational burden (TMB) is remarkably high within urothelial carcinoma,
ranking third behind lung cancer and melanoma [10]. TMB had been traditionally analyzed
using whole-exome sequencing; however, in clinical practice next-generation sequencing
has been used as an alternative to whole-exome sequencing. Studies assessing The Cancer
Genome Atlas for mutations in bladder cancer aimed to identify actionable targets. In
this cohort analysis, TMB demonstrated predictive value in predicting the response to
immunotherapy [11]. High TMB results in an increase in neo-antigens, increasing the
potential for a response to reactivated T-cells with checkpoint blockade. The presence of
increased neoantigens allows for a more robust immune recognition and response as a result
of immunotherapy [12]. A real-world example of TMB reflecting a potential predictive
marker in urothelial cancer was seen in a retrospective analysis conducted on VA patients.
This retrospective analysis of urothelial cancer treated with checkpoint inhibitors found that
those with high-TMB tumors had median overall survival of 19.8 months, in comparison to
that of 14.2 months for those with low-TMB ones [13]. While this study showed predictive
value in the setting of a response to checkpoint inhibitors, this study also suggests that
TMB may be independently prognostic in UC.

Several trials further describe and evaluate the predictive value of TMB, specifically
related to immunotherapy response. IMvigor 210 was a trial evaluating atezolizumab in
urothelial cancer patients who were platinum-ineligible or had progressed on platinum-
based chemotherapies looking primarily at overall response rates. This study also included
exploratory analysis looking at the effect of tumor mutational burden. Cohort 1 enrolled
patients who had metastatic disease but were cisplatin-ineligible. Cohort 2 enrolled those
with inoperable locally advanced or with metastatic disease and progression after platinum-
based chemotherapy. Tumor mutational load was assessed via Foundation Medicine
assay. The median mutational load was found to be increased in responders versus in
non-responders (12.4/Mb versus 6.4/Mb) (p < 0.0001) [14]. In addition, patients with
the highest mutational burden experienced the longest overall survival [5]. CheckMate
275 assessed nivolumab in a similar population of patients with metastatic or surgically
unresectable urothelial carcinoma. Of the 270 patients treated, 139 had viable tissue for the



Molecules 2024, 29, 1896 4 of 18

determination of TMB status; 47 patients were included in the high-TMB expression tertile.
Compared to the entire 139-patient population, those in the high-TMB expression group
were found to have n improved ORR (31.9 versus 21.6%), PFS (3.5 versus 1.9 months) and
OS (11.6 versus 7.2 months) [3].

PURE-01 is a phase 2 trial evaluating neoadjuvant pembrolizumab in MIBC patients.
As for the two other trials described above, PURE-01 also assessed pre-surgical tissue for
TMB. The TMB level was found to correlate with the response to immunotherapy. Those
with higher TMB were more likely to be found to have a pT0 response at the time of
cystectomy. These authors reported that a cutoff value of TMB 15 mut/MB was predictive
of a pT0 response [15].

Some of the challenges of translating TMB for use in predicting the response to
immunotherapy revolve around the assessment of TMB. Each other study described had
a different categorization for TMB (categorical vs. ordinal vs. continuous variables).
The standardization and consistent investigation of TMB would better allow for TMB
to be a clinically useful predictive marker in UC. Much like PD-L1 expression, TMB has
multiple FDA-approved assays that utilize next-generation sequencing (NGS) [16]. TMB has
good potential for predictive value in patients being considered for checkpoint inhibitors.
Ultimately, the further study of PD-L1 with relation to TMB would help determine which
biomarker should dictate treatment with checkpoint inhibitors. TMB has not been validated
for predictive value, though it remains readily accessible with existing commercial assays.
In this way, TMB is further along than other biomarkers in the potential to help guide
clinical decision making.

4. DNA Damage Repair Pathway Mutations

Biomarkers of DNA damage repair (DDR) pathways have been inconsistently reported
to have prognostic or predictive value for patients with urothelial cancer. Some phase
2 trials report that the presence of DDR mutations imparts an increased susceptibility
to cisplatin-based chemotherapy. However, other series found worse overall survival
associated with some DDR mutations. Commonly reported gene mutations relevant
to urothelial cancer include the following: Ataxia-telangiectasia mutated gene (ATM),
retinoblastoma 1 (RB1), FA Complementation Group C (FANCC), excision repair cross-
complement group 2 (ERCC2) and meiotic recombination 11 (MRE11). One retrospective
study taken from three independent cohorts of patients with relapsed or advanced UC
found that 165/302 (55%) patients harbored a DDR mutation. This study found that the
presence of the ATM mutation was associated with worse OS while other DDR mutations
were associated with improved survival [17].

The predictive value of DDR mutations has proven complex. These pathways are
implicated in tumor progression and treatment response. These genes are inherently part
of DNA repair mechanisms. The presence of DDR mutations has been associated with a
platinum response in the neoadjuvant setting. Platinum chemotherapy is associated with
double-strand breaks. Therefore, in tumors with an excess of DDR mutations, they are
particularly sensitive to platinum-based chemotherapy as they lack the mechanisms for
DNA repair (Figure 1) [18]. A cohort of patients in a phase II clinical trial with ATM, RB1 and
FANCC alterations treated with cisplatin-based neo-adjuvant chemotherapy experienced
longer overall and disease-specific survival compared to patients without these mutations.
Patients with at least one mutation were noted to have an 85% 5-year survival, compared
to 46% for patients without mutation in these genes [19]. This finding suggests that the
ATM gene may be a biomarker for poor prognosis overall, except for patients treated with
neoadjuvant cisplatin, who experience improved OS.
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Figure 1. Platinum-based chemotherapy creates double-strand DNA breaks leading to cancer cell
apoptosis. Tumors with DNA damage repair mutations have an interruption in DNA repair mecha-
nisms such as homologous repair resulting in increasing cancer cell apoptosis and death.

Other trials have also studied the predictive value of these genomic markers in relation
to clinical response. Two such trials, RETAIN and HCRN GU 16-257, incorporated the
presence of DDR mutations in protocol-specified decision making and evaluated clinical
outcomes. In the phase 2 RETAIN trial, patients with at least one DDR mutation and no
cystoscopic evidence of disease following neoadjuvant cisplatin-based chemotherapy were
monitored and did not undergo immediate cystectomy. Patients with tumors harboring the
RB1 mutation were found to have the highest rate of recurrence at 61% [20]. At a 2-year
follow-up, the metastasis-free survival of patients with at least one DDR mutation was
76.9%, similar to that of the group who received bladder-directed therapy [21]. HCRN GU
16-257 used a similar paradigm, sequencing the post-TURBT specimen for DDR mutations;
however, ATM, RB1 and FANCC were not associated with a clinical response [22]. These
mutations were, however, associated with longer bladder-intact MFS [23]. These mutations
may eventually allow for the risk stratification and selection of patients who can proceed
with active surveillance in a bladder-sparing fashion while concurrently identifying patients
who may need upfront cystectomy.

There are similar challenges in predicting the treatment response for patients selected
for bladder-preserving trimodality therapy. The current clinical criteria to select patients
for bladder preservation remain insufficient. Like ATM, FANCC and RB1-MRE11 have been
candidate predictive biomarkers for radiosensitivity. MRE11 is a DNA nuclease involved
in responding to DNA damage, specifically double-strand breaks and stalled replication
forks [24,25]. One study looking at MRE11 in pooled patients from trimodality therapy
trials found that higher MRE11 signal ratios were associated with lower disease-specific
mortality [26].

Alterations in DDR pathway genes may also predict the clinical benefit for patients
treated with PD-1 and PD-L1 inhibitors. Pretreatment biopsy specimens from 60 pa-
tients treated with anti-PD-1 or PD-L1 antibodies underwent tumor sequencing by the
MSK_IMPACT assay and the presence of DDR alterations was correlated with clinical
outcomes. Known or likely deleterious DDR mutations were identified in 28 (47%) and
15 (25%) patients, respectively. The objective response rate was higher for patients whose
tumors contained any DDR alteration than for those whose tumors were wild-type (67.9%
v 18.8%; p < 0.001). This study also found that tumor DDR status was of greater predictive
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value than mutational load in predicting response, progression-free survival and overall
survival [27]. The finding of DDR mutations in pretreatment biopsy specimens has not
yet been validated for clinical decision making, but, at the present time, it seems more
promising than the measurement of tumor mutational load or PD-L1 level.

5. ERCC1 and ERCC2

Excision repair cross complementing (ERCC) is an integral component in the nu-
cleotide excision repair (NER) system. The cytotoxic effects of chemotherapy, in particular
platinum-based therapy, are based in part on the formation of DNA platinum complexes.
NER confers resistance to platinum-based chemotherapy by clearing these complexes.
Increased tissue expression of ERCC1 mRNA has been associated with platinum resistance
in several cancers. A study that evaluated ERCC1 mRNA expression in patients with ad-
vanced UC treated with cisplatin-based chemotherapy reported that the median survival of
patients with low expression was significantly better than those with high expression [28].

A meta-analysis of nine randomized adjuvant trials including 945 patients reported
improved overall and disease-free survival for patients treated by radical cystectomy and
adjuvant cisplatin chemotherapy compared to those who underwent radical cystectomy
alone. The pooled hazard radio for overall survival was 0.77 (p = 0.049) and for disease-free
survival was 0.66 (p = 0.014) [29]. A subsequent retrospective study of adjuvant cisplatin
suggested that ERCC1 had both prognostic and predictive value in patients who underwent
cystectomy for UC. ERCC1 expression by immunohistochemistry was analyzed in patients
treated with cystectomy plus adjuvant cisplatin chemotherapy and compared to patients
treated with cystectomy alone. Among 93 patients, ERCC1 expression was positive in 54
(58%) and negative in 39 (42%). ERCC1 positivity was significantly associated with longer
survival in the group who did not receive chemotherapy. In the group who did receive
chemotherapy, ERCC1 positivity was associated with shorter disease-free and overall
survival [30]. An alternative retrospective study of patients with bladder cancer evaluating
biological correlations with ERCC1, however, did not confirm these findings [31]. The value
of ERCC1 as a predictive marker is presently uncertain. Future prospective, randomized
studies are needed to establish its value in the selection of patients who are likely to benefit
from adjuvant chemotherapy.

ERCC2 is another gene associated with the NER system which has more clarity in
the body of data pertaining to gene mutation status and cisplatin sensitivity. Like ERCC1,
higher ERCC2 expression conferred cisplatin resistance in pre-clinical models [32]. Whole-
exome sequencing was performed on 50 patients who received neoadjuvant cisplatin-based
chemotherapy followed by cystectomy. Patients with ERCC2 mutations in pretreatment
tumor biopsy specimens were more likely to achieve a complete pathologic response to
neoadjuvant cisplatin than patients without ERCC2 mutations. Furthermore, any amount
of ERCC2 mutations resulted in an increased response to cisplatin. This finding suggests
that there may be a haplo-insufficient effect of ERCC2 mutations [33]. Further studies have
attempted to validate this effect—looking at patients who received neoadjuvant cisplatin
and then correlating ERCC2 expression with pathologic response following resection.
A retrospective study of 165 patients with muscle-invasive bladder cancer treated with
neoadjuvant chemotherapy and radical cystectomy analyzed clinical outcomes related to
pretreatment ERCC2 status. This study found that the presence of the ERCC2 mutation
correlated with the pathologic response to cisplatin neoadjuvant therapy, but it was not
associated with an improvement in recurrence-free or overall survival [34]. As with ERCC1,
ERCC2 needs further validation and assessment in prospective cohorts to determine its use
clinically. Both appear to have predictive value, though ERCC2 appears more promising at
this time and neither of them have been validated for standard clinical use yet.
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6. Fibroblast Growth Factor Receptor—FGFR

FGFR is an important growth factor receptor integral to carcinogenesis; it supports
tumor growth by promoting angiogenesis and the regeneration of tissue. Urothelial cancers
have a particularly high incidence of mutations or alterations in the FGFR. Four distinct
FGFR subtypes have been implicated in urothelial cancer. These molecules are membrane-
bound tyrosine kinase receptors involved in cellular proliferation, differentiation and
steroid synthesis [35]. The incidence of FGFR3 alterations or mutations vary, depending on
tumor stage, and occur in up to 80% of stage Ta tumors and are associated with favorable
outcomes In stage T2 and greater tumors, FGFR3 mutations are less common (10–20%) [36].
One retrospective study of 72 patients with bladder cancer reported the presence of FGFR3
mutations in 64% of pTa bladder cancers and none in higher stage tumors [37]. A cohort
study using the Flatiron Health database isolated a group of patients that would be eligible
for erdafitinib based on recent FDA approval. In this database 343/761 patients were
reported to have FGFR testing. In this 343-patient subpopulation, 71 (20.7%) were found to
have either an FGFR3 alteration or FGFR2/3 fusion [38].

A higher incidence of FGFR3 alterations has been found in patients with upper-tract
as opposed to lower-tract tumors [39]. PROOF 302 was a phase 3 clinical trial of adjuvant
infigratinib for patients with either upper- or lower-tract UC. Although the trial was closed
early and is not informative regarding therapy, it did yield important insight into FGFR
alterations. Of the 617 patients with evaluable genomic data, 188 (30%) had alterations
in FGFR 1–4 genes, 43% in upper tract, 23% in MIBC and 9% with unknown origin UC.
FGFR3 alterations were found in 19% overall, 30% with upper tract, 13% with bladder and
9% with unknown tumor site [40]. For inhibition of the FGFR, either specific receptors or
non-specific inhibition is currently under investigation in multiple trials—either as a single
agent or in combination with other therapies [41].

Erdafitinib, a pan-FGFR inhibitor, is the only agent approved for patients with metastatic
or advanced UC at the present time. As an FGFR inhibitor, erdafitinib results in increased
cell death by preventing oncogenesis, survival and angiogenesis (Figure 2). In the BCL2001
trial, patients previously treated with chemotherapy or ineligible for cisplatin and had
an FGFR 3 mutation or FGFR 2/3 fusions were included. Erdafitinib treatment produced
a 40% response rate, resulting in FDA approval in this setting [42]. Clinical trials such
as the NORSE study have evaluated the efficacy of erdafitinib combined with ICI [43].
Other trials, including THOR, evaluated erdafitinib versus chemotherapy following the
failure of ICI in patients with select FGFR 2/3 mutations or fusions. This trial demonstrated
superior survival, progression-free survival and response rates for erdafitinib compared to
for single-agent chemotherapy in patients with FGFR 2/3 alterations [44]. Updated data
from THOR showed that erdafitinib treatment achieved its primary endpoint, improving
overall survival compared to chemotherapy (median OS 12.1 vs. 7.8 months, HR 0.64,
p = 0.005) [45]. A phase II/III trial looking at novel FGFR inhibitor, rogaratinib, versus
chemotherapy in patients specifically with FGFR1/3 mRNA overexpression showed mixed
results—the overall study did not show a significant difference in OS, the ORR, or PFS.
Looking at the high FGFR alteration expressors, however, showed a significantly higher
ORR compared to chemotherapy (52.4% vs. 20.7%) [46]. There may be a role for future
studies evaluating the dual inhibition of ERBB3 and FGFR3 simultaneously as this may be
a mechanism of tumor resistance to FGFR inhibitors [47]. These trials show that the FGFR
may be a helpful predictive biomarker, specifically if combined with appropriate therapies;
however, currently the picture is equivocal as the treatment landscape with FGFR inhibitors
is relatively novel.
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7. Human Epidermal Growth Factor Receptors Inhibitors: HER2 and EGFR (HER1)

The HER growth factor receptor family includes cell surface proteins that have been
strongly implicated in carcinogenesis, cell proliferation, invasion and metastasis [48–50].
HER1 (EGFR/ErbB-1) and HER2 (ErbB-2) transmembrane receptors play pivotal roles in
the regulation of proliferation in UC, offering potential targets for directed therapy [51,52].
However, the value of these biomarkers remains controversial partly due to the hetero-
geneity of expression between histologic subtypes of UC and low concordance between the
ERBB2 protein level and gene amplification in urothelial carcinomas [52,53]. For example,
Hansel et al. reported HER2 overexpression (IHC) in 36% but genomic amplification in
only 10% of tumors [54]. Some studies report that overexpression has been associated
with clinically aggressive disease and poor prognosis (Figure 3) [55–57]. In patients with
muscle-invasive bladder cancer, the incidence of HER1 overexpression is estimated at 55%,
while HER2 overexpression is estimated at 37% [58].
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cells is a poor prognostic marker associated with more aggressive disease.

Currently, no therapeutic agents are approved for UC patients whose tumors over-
express HER1 or HER2. Phase II trials of trastuzumab, a monoclonal antibody to HER2,
added to conventional chemotherapy has shown limited benefit, while revealing significant
cardiotoxicity. The single-agent activity of monoclonal antibodies or oral small-molecule
inhibitors of HER2 are associated with overall response rates of less than 10% [59–61].
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The multicenter phase II MyPathway study demonstrated the safety of trastuzumab
when combined with pertuzumab in a dual anti-HER2 treatment approach; however,
the efficacy of this treatment in UC remains to be determined by large prospective tri-
als [62]. A randomized phase II trial reported the results of 88 patients treated with
gemcitabine/cisplatin with or without cetuximab, a HER1-directed agent. The overall
response rate with gemcitabine/cisplatin cetuximab was 61%, not significantly different
from the gemcitabine/cisplatin arm. In addition, no significant difference in progression-
free or overall survival was found. However, a greater risk of grades 3 and 4 adverse
events, including thromboembolic events, occurred with the addition of cetuximab to
chemotherapy [63].

Oral tyrosine kinase inhibitors (TKIs) have also been evaluated for patients with UC
tumors that overexpress HER1 (EGFR) and HER2 in phase I, II and III clinical trials. A
trial of lapatinib (anti-HER2) demonstrated that only 1 of 34 evaluable patients achieved a
partial response. However, the increased expression (2+ or 3+) of either HER1 or HER2
was associated with improved overall survival, suggesting the possibility of benefit in the
biomarker-positive subgroup [64]. A phase III trial screened 446 patients with metastatic
UC. Fifteen percent of patients were negative for HER1 and HER2, 39% were positive for
HER1 only, 13% for HER2 only and 33% for HER1 and HER2. No significant difference
was found in OS in terms of HER status in the screened population, suggesting that the
expression of HER1 or HER2 is not of prognostic significance. The biomarker-positive
patients were randomly assigned for treatment with lapatinib maintenance or placebo
post-chemotherapy. No improvement in progression-free or overall survival was seen with
the addition of lapatinib maintenance for the biomarker-positive population. These studies
demonstrated that lapatinib as a monotherapy was associated with a minimal response
rate and did not improve outcomes in HER1/2-positive patients [65].

Phase II studies, including the LUX-Bladder 1 trial (NCT02780687) and NCI-MATCH
EAY131 basket trial, evaluated treatment with afatinib, a pan-HER TKI, and demonstrated
mixed results in patients with HER2/3 mutations, while no responses were seen in 42 pa-
tients expressing HER1 (EGFR) mutations [59,65–67]. An investigation into the efficacy of
an alternative pan-HER TKI, neratinib, studied in the SUMMIT basket trial reached similar
conclusions with no responses seen in HER2/3 UC patients [68].

The clinical benefit of HER1/2-directed monoclonal antibodies and tyrosine kinase
inhibitors in the management of patients with UC has been disappointing to date. However,
novel treatment strategies with anti-HER2/3 antibody–drug conjugates (ADC) appear more
promising. ADCs are composed of monoclonal antibodies that target HER2 receptors and
are chemically linked to a cytotoxic agent. Disitamab vedotin (RC48-ADC) was evaluated
in two phase II studies with a total of 107 patients with HER2-positive (IHC 2+ or 3+)
tumors, previously treated with at least one line of prior therapy. The overall response rate
was 51% and demonstrated a favorable safety profile [69]. The combination of disitamab
vedotin with toripalimab, an anti-PD-1 checkpoint inhibitor, elicited an objective response
of 80% in a 14-patient phase II trial [70]. Despite the overall response, the durability of the
response has been an issue with ADCs. Several phase I and II clinical trials exploring the po-
tential of ADCs are currently ongoing (NC04632992, NCT04602117, DESTINY-PanTumor02,
NCT04639219, MyTACTIC and NCT03523572), as more research is necessary to determine
the potential therapeutic benefits of ADC pharmacology in the treatment of UC [71]. If
larger confirmatory clinical trials show that these compounds produce improved efficacy,
then the measurement of HER expression may achieve predictive value.

8. Poly (ADP-Ribose) Polymerase (PARP)

PARP expression or activity has the potential to serve as both a prognostic and pre-
dictive biomarker for patients with UC. PARP plays a significant role in the repair of
platinum-induced DNA damage and its overexpression leads to reduced sensitivity to
platinum-based chemotherapy. In human urothelial cancer cell lines and xenograft models,
cells were treated with cisplatin, a PARP inhibitor (PARPi) or both. In a xenograft mouse
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model, a reduced capacity for HR repair was associated with increased sensitivity to PARPi
and the combination of PARPi and cisplatin caused significantly greater DNA damage
compared to cisplatin alone [72].

Studies of patients with other types of cancer suggest value in measuring PARP
expression or activity. In a retrospective study of paraffin-embedded tissue samples from
patients with resected stage II and III gastric cancer, IHC staining was performed for MLH1,
MSH1 ARID1A, PARP-1, BRCA1 and ATM. PARP-1 was found to be the most commonly
mutated DNA damage response (DDR) protein. Patients who underwent surgery and
whose tumors showed low expression of PARP-1 exhibited a shorter overall survival
than that of those with high expression. This retrospective study suggested that PARP-1
expression could be of prognostic value in select solid tumor models [73]. Other studies
of PARP expression in locally advanced breast cancer and pancreatic cancer also reported
that low expression of PARP-1 was associated with poor prognosis [74,75]. Similarly to
other biomarkers, PARP-1 expression was reported with varying scoring systems between
studies. Additionally, the studies examining PARP-1 in locally advanced breast cancer and
pancreatic cancer were relatively small, bringing into question its generalizability to another
cancer population such as UC. A study of patients with high-grade ovarian cancer treated
with adjuvant platinum-based chemotherapy, the progression-free and overall survival
was significantly better for patients whose tumors showed low PARP expression. This
data suggests that PARP expression could be of predictive value for patients treated with
cisplatin [76]. Finally, a retrospective study of patients with locally advanced breast cancer
found that high levels of PARP-1 expression in pretreatment biopsies was associated with a
lower lymph node stage and longer overall survival [74].

A limited number of studies of PARP expression or activity have been conducted
using patients with MIBC. Some phase II clinical trials have reported that the presence of
genomic alterations in DDR pathways is predictive of a response to neoadjuvant cisplatin
chemotherapy. One trial of neoadjuvant MVAC showed that the presence of alterations
in ATM, RB1 or FANCC was associated with the achievement of a complete pathologic
response and predictive of improved PFS and OS [77]. A subsequent phase II trial reported
that mutations in ERCC2 correlated with a pathologic complete response after NAC [33].
However, a more recent study did not find correlation between the presence of ERBB2,
ATM, RB1 or FANCC mutations and a pathologic response [34]. There remains an unmet
need to discover genomic biomarkers that will be of reliable predictive value for MIBC
patients treated with cisplatin, and ongoing investigations into PARP in this disease setting
may prove a clinically relevant correlation.

A study of 104 patients with metastatic urothelial cancer treated with first-line cisplatin
examined the correlation between ERCC1, RAD51, PARP-1, PAR, BRCA1 and BRCA2 with
overall survival. Decreased expression of PAR (but not PARP-1) was associated with better
overall survival [78]. A small randomized phase II trial of the PARP inhibitor rucaparib
given as amaintenance therapy following cisplatin, was shown to improve progression-free
survival for patients with various DDR mutations [79]. A second randomized phase II trial
for cisplatin-ineligible urothelial cancer patients showed that the addition of olaparib to
durvalumab did not improve the progression-free survival of intent-to-treat population
but did prolong the progression-free survival of those patients with HRR mutations [80]. A
small single-arm phase II trial of olaparib in UC patients harboring DDR gene alterations
showed no objective responses in 19 patients. However, as the authors point out, this appar-
ent negative result may have occurred because of cross-resistance with platinum-resistant
disease, as 17 of the 19 patients enrolled previously experienced disease progression af-
ter prior platinum therapy. In addition, the limited clinical activity may have resulted
because of small sample size, the inclusion of patients with genomic variants of uncertain
significance, the measurement of genomic alterations based upon archived primary tumor
specimens and brief exposure to Olaparib [81].

Few studies have examined the potential predictive and prognostic value of PARP
expression or activity in MIBC patients treated with neoadjuvant cisplatin-based chemother-
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apy. Few have evaluated the efficacy of PARP inhibitors in patients previously treated
with cisplatin. Low PARP-1 expression and/or activity may have a role as a predictive
biomarker for a response to neoadjuvant or adjuvant cisplatin. Presently, several active
phase 1 and 2 clinical trials are designed to evaluate the potential value of PARP inhibitors
in the treatment of urothelial cancer both in metastatic and neoadjuvant settings [82].

9. Circulating Tumor DNA (ctDNA)

Circulating tumor DNA (ctDNA) can be assayed as fragments of DNA shed into
the bloodstream as a result of cellular apoptosis and the release of cellular products from
tumor cells [83,84]. The presence of active malignancy has been associated with elevated
ctDNA levels. Because of short half-life, the measurement of ctDNA allows for real-time
information regarding the status of tumor burden and the detection of tumor-specific
genomic alterations (gAs) [85–87]. As a result, ctDNA has been termed the “liquid biopsy”
and has proven value in clinical practice, especially in urothelial carcinoma [88]. Invasive
procedures, such as cystoscopy, cystectomy and the biopsy of metastatic sites remain
the gold standard. However, tissue approaches utilized for diagnosis, surveillance and
response assessment require invasive procedures. These procedures may place the patient
at risk, may not allow for quantification by serial measurement and have been associated
with long turnaround times [88,89]. However, ctDNA analysis allows for noninvasive,
rapid acquisition of disease characterization including NGS, and early studies show clinical
application in urothelial carcinoma (Figure 4) [85,87,89,90].
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The utility of ctDNA as a diagnostic tool in UC has been studied with mixed results.
In three studies with a total of 89 patients with metastatic UC (mUC), 73% were noted to
have detectable ctDNA levels. A more recent cohort study of 369 patients with metastatic
UC detected ctDNA levels in 90% and 95% of patients with lower- and upper-tract UC,
respectively [91]. However, the detection of ctDNA levels is significantly lower in patients
with localized UC and was detected in only 14% of the patients studied overall [92–94].
Current limitations in the detection of ctDNA in patients with localized or non-muscle-
invasive bladder cancer limit the application of this tool for surveillance or screening.

However, a potential alternative is the use of urinary assays to detect urine tumor
DNA (utDNA), which, like ctDNA, is derived from tumor cell products shed into the
urinary tract. An animal model showed the potential utility of this assay [95]. In a clinical
study of 118 patients with NMIBC, utDNA was detected in 91% of patients who developed
recurrent disease and the detection of utDNA preceded clinical disease recurrence in 92%
of patients by a median of 2.7 months. The performance of this utDNA assay exceeded that
of commonly used tests including UroVysion, cytology and cystoscopy [96]. It detected
100% of cases found by cytology and detected 82% of cases missed by cytology. This assay
appears to be a promising approach for the early detection and surveillance of bladder
cancer but requires prospective validation in patients with NMIBC disease.
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Despite a limited role in diagnosis and screening, the use of ctDNA has demonstrated
greater clinical utility in determining the risks of recurrence for patients undergoing cys-
tectomy and determining the response to therapy for patients with recurrent disease. In
the neoadjuvant setting, detectable ctDNA levels in patients with muscle-invasive bladder
cancer prior to and after neoadjuvant chemotherapy treatment have been shown to reflect
disease persistence and recurrence, while undetectable levels prior to chemotherapy and
the clearance of ctDNA following chemotherapy were associated with a lower risk of recur-
rence [97–99]. This suggests that the measurement of ctDNA could serve a prognostic role
in complementing the traditional TNM staging system in making treatment decisions [99].

Similarly, the post-surgical detection of ctDNA was associated with disease recurrence
in 75% of patients and shown to predate radiographic evidence of disease recurrence by
96 to 243 days. Higher post-operative levels were shown to be associated with metastatic
relapse or disease progression compared to undetectable ctDNA levels in those with disease
remission [97,98,100]. Elevated levels of ctDNA levels have been associated with worse
overall survival [100,101].

Interestingly, quantitative changes in ctDNA levels have demonstrated evidence
to support treatment efficacy in UC, namely in adjuvant therapy, as patients noted to
have undetectable or rapidly decreasing levels of ctDNA were associated with treatment
response [98,102]. In a phase III trial of 581 patients with muscle-invasive bladder cancer,
patients treated with adjuvant atezolizumab who demonstrated the clearance of ctDNA
levels were noted to have a strong treatment response with disease remission and increased
overall survival [103]. Similarly, in a phase I trial of 18 patients treated with pembrolizumab
and radiotherapy, a response to treatment was associated with a declining level of ctDNA,
while patients with stable or increasing ctDNA levels were shown to be non-responsive to
therapy [102].

The role of ctDNA in assessing prognosis and response to treatment shows promising
clinical potential and is the subject of phase II/III clinical trials (IMvigor011/NCT04660344,
NCT04660344) [103]. ctDNA as a biomarker appears to have a strong potential to impact
clinical decision making, but at the present time quantification of the assay has not been
standardized and concordance between different platforms has not been evaluated. Further
validations are needed before ctDNA can be accepted to prognosticate the risk of recurrence,
to select appropriate patients for adjuvant therapy, to monitor response to treatment and to
use as a marker for the surveillance of patients following treatment.

10. Conclusions

The treatment landscape for urothelial carcinoma is rapidly evolving. Platinum-based
chemotherapy remains a backbone of treatment for UC; however, immunotherapy and
targeted therapies with antibody–drug conjugates and small-molecule inhibitors now
have increasingly important role as standard therapies. The emergence of novel therapies
and treatment combinations brings a complexity to the treatment paradigm within UC.
Responses to therapy vary tremendously and toxicity is ubiquitous. As such, there is an
ever-pressing need for predictive and prognostic biomarkers. We have reviewed many
of the biomarkers that may help further delineate our treatment algorithms (Table 1).
Identifying those who would benefit from specific treatment strategies would invariably
lead to improved outcomes. Additionally, increasing access to reliable testing with blood-
based tests would lead to an expedited pathology from the lab to the clinic, with more
nuanced clinical decision making. As it stands, many of the biomarkers reviewed were
based on samples obtained from tumor tissue, making routine use difficult and limited
based on access to technology. The existing biomarkers are fairly limited in their use with
only PD-L1 and FGFR having been validated for use with selecting therapies. Many of the
markers reviewed are not the standard of care yet and require further study with larger
patient cohorts. The markers we have discussed continue to show promise and with more
dedicated study will hopefully lead to more standard-of-care testing.
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Table 1. Summary of prognostic and predictive biomarkers in urothelial carcinoma.

Marker Marker Value Comment

PD-L1 Prognostic
Predictive

Inconsistent correlation with worse OS
Weak predictive value for response to CPI

ERCC1 Prognostic
Predictive

Lower levels associated with longer OS
Inconsistent correlation with response
to cisplatin

ERCC2 Prognostic
Predictive

Inconsistent correlation with OS
Lower levels associated with response
to cisplatin

TMB Prognostic
Predictive

No demonstrated correlation with OS
Correlation with response to CPI

DDR genes
(ATM, RB1, FANCC, MRE11)

Prognostic
Predictive

Trend toward longer OS
Correlation with ORR to cisplatin +/−
radiotherapy

FGFR3 Predictive Predictive of response to FGFR inhibitors

HER2/neu Prognostic
Predictive

Limited data—does not appear to have
prognostic or predictive value

EGFR (HER1) Prognostic
Predictive

Limited data—does not appear to have
prognostic or predictive value

PARP Prognostic
Predictive

Not yet shown to be predictive for OS
or response

ctDNA Prognostic
Predictive

Elevated ctDNA levels predict clinical
recurrence in patients treated by
cystectomy
Not shown to be predictive for response

CPI = check-point inhibitor; ctDNA = circulating tumor DNA; OS = overall survival.
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Avelumab maintenance therapy for advanced or metastatic urothelial carcinoma. N. Engl. J. Med. 2020, 383, 1218–1230. [CrossRef]

10. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A.;
Børresen-Dale, A.-L. Signatures of mutational processes in human cancer. Nature 2013, 500, 415–421. [CrossRef] [PubMed]

11. Yarchoan, M.; Hopkins, A.; Jaffee, E.M. Tumor mutational burden and response rate to PD-1 inhibition. N. Engl. J. Med. 2017, 377,
2500–2501. [CrossRef]

12. Jardim, D.L.; Goodman, A.; de Melo Gagliato, D.; Kurzrock, R. The challenges of tumor mutational burden as an immunotherapy
biomarker. Cancer Cell 2021, 39, 154–173. [CrossRef]

13. Scobie, M.R.; Zhou, K.I.; Ahmed, S.; Kelley, M.J. Utility of tumor mutational burden as a biomarker for response to immune
checkpoint inhibition in the VA population. JCO Precis. Oncol. 2023, 7, e2300176. [CrossRef] [PubMed]

14. Rosenberg, J.E.; Hoffman-Censits, J.; Powles, T.; Van Der Heijden, M.S.; Balar, A.V.; Necchi, A.; Dawson, N.; O’Donnell, P.H.;
Balmanoukian, A.; Loriot, Y. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who have
progressed following treatment with platinum-based chemotherapy: A single-arm, multicentre, phase 2 trial. Lancet 2016, 387,
1909–1920. [CrossRef] [PubMed]

15. Necchi, A.; Anichini, A.; Raggi, D.; Briganti, A.; Massa, S.; Lucianò, R.; Colecchia, M.; Giannatempo, P.; Mortarini, R.; Bianchi, M.
Pembrolizumab as neoadjuvant therapy before radical cystectomy in patients with muscle-invasive urothelial bladder carcinoma
(PURE-01): An open-label, single-arm, phase II study. J. Clin. Oncol. 2018, 36, 3353–3360. [CrossRef] [PubMed]

16. Vranic, S.; Gatalica, Z. PD-L1 testing by immunohistochemistry in immuno-oncology. Biomol. Biomed. 2023, 23, 15. [CrossRef]
[PubMed]

17. Yin, M.; Grivas, P.; Wang, Q.E.; Mortazavi, A.; Emamekhoo, H.; Holder, S.L.; Drabick, J.J.; Woo, M.S.A.; Pal, S.; Vasekar, M.
Prognostic value of DNA damage response genomic alterations in relapsed/advanced urothelial cancer. Oncologist 2020, 25,
680–688. [CrossRef] [PubMed]

18. Teo, M.Y.; Bambury, R.M.; Zabor, E.C.; Jordan, E.; Al-Ahmadie, H.; Boyd, M.E.; Bouvier, N.; Mullane, S.A.; Cha, E.K.; Roper, N.
DNA damage response and repair gene alterations are associated with improved survival in patients with platinum-treated
advanced urothelial carcinoma. Clin. Cancer Res. 2017, 23, 3610–3618. [CrossRef] [PubMed]

19. Miron, B.; Hoffman-Censits, J.H.; Anari, F.; O’Neill, J.; Geynisman, D.M.; Zibelman, M.R.; Kutikov, A.; Viterbo, R.; Greenberg,
R.E.; Chen, D. Defects in DNA repair genes confer improved long-term survival after cisplatin-based neoadjuvant chemotherapy
for muscle-invasive bladder cancer. Eur. Urol. Oncol. 2020, 3, 544–547. [CrossRef] [PubMed]

20. Geynisman, D.M.; Abbosh, P.; Ross, E.A.; Zibelman, M.R.; Ghatalia, P.; Anari, F.; Ansel, K.; Mark, J.R.; Stamatakis, L.; Hoffman-
Censits, J.H. A Phase II Trial of Risk Enabled Therapy after Initiating Neoadjuvant Chemotherapy for Bladder Cancer (RETAIN BLADDER):
Interim ANALYSIS; American Society of Clinical Oncology: Alexandria, VA, USA, 2021.

21. Geynisman, D.M.; Abbosh, P.; Ross, E.A.; Zibelman, M.R.; Ghatalia, P.; Anari, F.; Ansel, K.; Mark, J.R.; Stamatakis, L.; Hoffman-
Censits, J.H. A Phase II Trial of Risk-Enabled Therapy after Initiating Neoadjuvant Chemotherapy for Bladder Cancer (RETAIN); American
Society of Clinical Oncology: Alexandria, VA, USA, 2023.

22. Galsky, M.D.; Daneshmand, S.; Chan, K.G.; Dorff, T.B.; Cetnar, J.P.; O Neil, B.; D’souza, A.; Mamtani, R.; Kyriakopoulos, C.;
Garcia, P. Phase 2 Trial of Gemcitabine, Cisplatin, Plus Nivolumab with Selective Bladder Sparing in Patients with Muscle-Invasive Bladder
Cancer (MIBC): HCRN GU 16-257; Wolters Kluwer Health: Philadelphia, PA, USA, 2021.

23. Galsky, M.D.; Daneshmand, S.; Lewis, S.C.; Chan, K.G.; Dorff, T.B.; Cetnar, J.P.; Mamtani, R.; Kyriakopoulos, C.; Gogerly-
Moragoda, M.; Izadmehr, S. Co-Primary Endpoint Analysis of HCRN GU 16-257: Phase 2 Trial of Gemcitabine, Cisplatin, plus Nivolumab
with Selective Bladder Sparing in Patients with Muscle-Invasive Bladder Cancer (MIBC); American Society of Clinical Oncology:
Alexandria, VA, USA, 2023.

24. Choudhury, A.; Nelson, L.D.; Teo, M.T.; Chilka, S.; Bhattarai, S.; Johnston, C.F.; Elliott, F.; Lowery, J.; Taylor, C.F.; Churchman, M.
MRE11 expression is predictive of cause-specific survival following radical radiotherapy for muscle-invasive bladder cancer.
Cancer Res. 2010, 70, 7017–7026. [CrossRef] [PubMed]

25. Miyamoto, D.T.; Mouw, K.W.; Feng, F.Y.; Shipley, W.U.; Efstathiou, J.A. Molecular biomarkers in bladder preservation therapy for
muscle-invasive bladder cancer. Lancet Oncol. 2018, 19, e683–e695. [CrossRef]

26. Magliocco, A.M.; Moughan, J.; Miyamoto, D.T.; Simko, J.; Shipley, W.U.; Gray, P.J.; Hagan, M.P.; Parliament, M.; Tester, W.J.;
Zietman, A.L. Analysis of MRE11 and Mortality Among Adults With Muscle-Invasive Bladder Cancer Managed With Trimodality
Therapy. JAMA Netw. Open 2022, 5, e2242378. [CrossRef]

https://doi.org/10.1056/NEJMoa2034442
https://www.ncbi.nlm.nih.gov/pubmed/34077643
https://doi.org/10.1136/jitc-2020-001246
https://doi.org/10.1056/NEJMoa2002788
https://doi.org/10.1038/nature12477
https://www.ncbi.nlm.nih.gov/pubmed/23945592
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1016/j.ccell.2020.10.001
https://doi.org/10.1200/PO.23.00176
https://www.ncbi.nlm.nih.gov/pubmed/38039430
https://doi.org/10.1016/S0140-6736(16)00561-4
https://www.ncbi.nlm.nih.gov/pubmed/26952546
https://doi.org/10.1200/JCO.18.01148
https://www.ncbi.nlm.nih.gov/pubmed/30343614
https://doi.org/10.17305/bjbms.2022.7953
https://www.ncbi.nlm.nih.gov/pubmed/35964287
https://doi.org/10.1634/theoncologist.2019-0851
https://www.ncbi.nlm.nih.gov/pubmed/32275806
https://doi.org/10.1158/1078-0432.CCR-16-2520
https://www.ncbi.nlm.nih.gov/pubmed/28137924
https://doi.org/10.1016/j.euo.2020.02.003
https://www.ncbi.nlm.nih.gov/pubmed/32165095
https://doi.org/10.1158/0008-5472.CAN-10-1202
https://www.ncbi.nlm.nih.gov/pubmed/20843819
https://doi.org/10.1016/S1470-2045(18)30693-4
https://doi.org/10.1001/jamanetworkopen.2022.42378


Molecules 2024, 29, 1896 15 of 18

27. Teo, M.Y.; Seier, K.; Ostrovnaya, I.; Regazzi, A.M.; Kania, B.E.; Moran, M.M.; Cipolla, C.K.; Bluth, M.J.; Chaim, J.; Al-Ahmadie,
H. Alterations in DNA damage response and repair genes as potential marker of clinical benefit from PD-1/PD-L1 blockade in
advanced urothelial cancers. J. Clin. Oncol. 2018, 36, 1685. [CrossRef] [PubMed]

28. Bellmunt, J.; Paz-Ares, L.; Cuello, M.; Cecere, F.; Albiol, S.; Guillem, V.; Gallardo, E.; Carles, J.; Mendez, P.; De la Cruz, J. Gene
expression of ERCC1 as a novel prognostic marker in advanced bladder cancer patients receiving cisplatin-based chemotherapy.
Ann. Oncol. 2007, 18, 522–528. [CrossRef] [PubMed]

29. Leow, J.J.; Martin-Doyle, W.; Rajagopal, P.S.; Patel, C.G.; Anderson, E.M.; Rothman, A.T.; Cote, R.J.; Urun, Y.; Chang, S.L.; Choueiri,
T.K. Adjuvant chemotherapy for invasive bladder cancer: A 2013 updated systematic review and meta-analysis of randomized
trials. Eur. Urol. 2014, 66, 42–54. [CrossRef]

30. Sun, J.-M.; Sung, J.-Y.; Park, S.H.; Kwon, G.Y.; Jeong, B.C.; Seo, S.I.; Jeon, S.S.; Lee, H.M.; Jo, J.; Choi, H.Y. ERCC1 as a biomarker
for bladder cancer patients likely to benefit from adjuvant chemotherapy. BMC Cancer 2012, 12, 187. [CrossRef] [PubMed]

31. Obarzanowski, M.; Kopczynski, J.; Jaskulski, J.; Domagala, A.; Macek, P.; Gozdz, S.; Salagierski, M. Is ERCC1 a prognostic
biomarker for urothelial cancer following radical cystectomy? A long-term analysis. Cent. Eur. J. Urol. 2021, 74, 348.

32. Furuta, T.; Ueda, T.; Aune, G.; Sarasin, A.; Kraemer, K.H.; Pommier, Y. Transcription-coupled nucleotide excision repair as a
determinant of cisplatin sensitivity of human cells. Cancer Res. 2002, 62, 4899–4902. [PubMed]

33. Van Allen, E.M.; Mouw, K.W.; Kim, P.; Iyer, G.; Wagle, N.; Al-Ahmadie, H.; Zhu, C.; Ostrovnaya, I.; Kryukov, G.V.; O’Connor,
K.W. Somatic ERCC2 mutations correlate with cisplatin sensitivity in muscle-invasive urothelial carcinoma. Cancer Discov. 2014,
4, 1140–1153. [CrossRef] [PubMed]

34. Gil-Jimenez, A.; van Dorp, J.; Contreras-Sanz, A.; van der Vos, K.; Vis, D.J.; Braaf, L.; Broeks, A.; Kerkhoven, R.; van Kessel, K.E.;
Ribal, M.J. Assessment of predictive genomic biomarkers for response to cisplatin-based neoadjuvant chemotherapy in bladder
cancer. Eur. Urol. 2023, 83, 313–317. [CrossRef]

35. Katoh, M. Fibroblast growth factor receptors as treatment targets in clinical oncology. Nat. Rev. Clin. Oncol. 2019, 16, 105–122.
[CrossRef]

36. Knowles, M.A.; Hurst, C.D. Molecular biology of bladder cancer: New insights into pathogenesis and clinical diversity. Nat. Rev.
Cancer 2015, 15, 25–41. [CrossRef]

37. van Rhijn, B.W.; Lurkin, I.; Radvanyi, F.; Kirkels, W.J.; van der Kwast, T.H.; Zwarthoff, E.C. The fibroblast growth factor receptor 3
(FGFR3) mutation is a strong indicator of superficial bladder cancer with low recurrence rate. Cancer Res. 2001, 61, 1265–1268.
[PubMed]

38. Nimgaonkar, V.; Hubbard, R.A.; Carpenter, E.L.; Mamtani, R. Biomarker Testing, Treatment Uptake, and Survival Among Patients
With Urothelial Cancer Receiving Gene-Targeted Therapy. JAMA Oncol. 2022, 8, 1070–1072. [CrossRef] [PubMed]

39. Sfakianos, J.P.; Cha, E.K.; Iyer, G.; Scott, S.N.; Zabor, E.C.; Shah, R.H.; Ren, Q.; Bagrodia, A.; Kim, P.H.; Hakimi, A.A. Genomic
characterization of upper tract urothelial carcinoma. Eur. Urol. 2015, 68, 970–977. [CrossRef]

40. Grivas, P.; Daneshmand, S.; Makarov, V.; Bellmunt, J.; Sridhar, S.S.; Sonpavde, G.P.; Cole, S.; Tripathi, A.; Faltas, B.M.; Lerner, S.P.
Fibroblast Growth Factor Receptor 3 (FGFR3) Alterations in PROOF 302: A Phase III Trial of Infigratinib (BGJ398) as Adjuvant Therapy in
Patients (pts) with Invasive Urothelial Carcinoma (UC); American Society of Clinical Oncology: Alexandria, VA, USA, 2023.

41. Scholtes, M.P.; Alberts, A.R.; Iflé, I.G.; Verhagen, P.C.; van der Veldt, A.A.; Zuiverloon, T.C. Biomarker-oriented therapy in bladder
and renal cancer. Int. J. Mol. Sci. 2021, 22, 2832. [CrossRef]

42. Loriot, Y.; Necchi, A.; Park, S.H.; Garcia-Donas, J.; Huddart, R.; Burgess, E.; Fleming, M.; Rezazadeh, A.; Mellado, B.; Varlamov, S.
Erdafitinib in locally advanced or metastatic urothelial carcinoma. N. Engl. J. Med. 2019, 381, 338–348. [CrossRef]

43. Benjamin, D.J.; Mar, N.; Rezazadeh Kalebasty, A. Immunotherapy With Checkpoint Inhibitors in FGFR-Altered Urothelial
Carcinoma. Clin. Med. Insights Oncol. 2022, 16, 11795549221126252. [CrossRef] [PubMed]

44. Ibrahim, T.; Gizzi, M.; Bahleda, R.; Loriot, Y. Clinical development of FGFR3 inhibitors for the treatment of urothelial cancer.
Bladder Cancer 2019, 5, 87–102. [CrossRef]

45. Loriot, Y.; Matsubara, N.; Park, S.H.; Huddart, R.A.; Burgess, E.F.; Houede, N.; Banek, S.; Laguerre, B.; Guadalupi, V.; Ku, J.H.
Phase 3 THOR Study: Results of Erdafitinib (Erda) versus Chemotherapy (Chemo) in Patients (Pts) with Advanced or Metastatic Urothelial
Cancer (mUC) with Select Fibroblast Growth Factor Receptor Alterations (FGFRalt); American Society of Clinical Oncology: Alexandria,
VA, USA, 2023.

46. Sternberg, C.N.; Petrylak, D.P.; Bellmunt, J.; Nishiyama, H.; Necchi, A.; Gurney, H.; Lee, J.-L.; Van Der Heijden, M.S.; Rosenbaum,
E.; Penel, N. FORT-1: Phase II/III study of rogaratinib versus chemotherapy in patients with locally advanced or metastatic
urothelial carcinoma selected based on FGFR1/3 mRNA expression. J. Clin. Oncol. 2023, 41, 629. [CrossRef]

47. Weickhardt, A.J.; Lau, D.K.; Hodgson-Garms, M.; Lavis, A.; Jenkins, L.J.; Vukelic, N.; Ioannidis, P.; Luk, I.Y.; Mariadason, J.M.
Dual targeting of FGFR3 and ERBB3 enhances the efficacy of FGFR inhibitors in FGFR3 fusion-driven bladder cancer. BMC Cancer
2022, 22, 478. [CrossRef]

48. Herbst, R.S. Review of epidermal growth factor receptor biology. Int. J. Radiat. Oncol. Biol. Phys. 2004, 59, S21–S26. [CrossRef]
49. Moasser, M.M. The oncogene HER2: Its signaling and transforming functions and its role in human cancer pathogenesis. Oncogene

2007, 26, 6469–6487. [CrossRef] [PubMed]
50. Pellat, A.; Vaquero, J.; Fouassier, L. Role of ErbB/HER family of receptor tyrosine kinases in cholangiocyte biology. Hepatology

2018, 67, 762–773. [CrossRef] [PubMed]

https://doi.org/10.1200/JCO.2017.75.7740
https://www.ncbi.nlm.nih.gov/pubmed/29489427
https://doi.org/10.1093/annonc/mdl435
https://www.ncbi.nlm.nih.gov/pubmed/17229776
https://doi.org/10.1016/j.eururo.2013.08.033
https://doi.org/10.1186/1471-2407-12-187
https://www.ncbi.nlm.nih.gov/pubmed/22616552
https://www.ncbi.nlm.nih.gov/pubmed/12208738
https://doi.org/10.1158/2159-8290.CD-14-0623
https://www.ncbi.nlm.nih.gov/pubmed/25096233
https://doi.org/10.1016/j.eururo.2022.07.023
https://doi.org/10.1038/s41571-018-0115-y
https://doi.org/10.1038/nrc3817
https://www.ncbi.nlm.nih.gov/pubmed/11245416
https://doi.org/10.1001/jamaoncol.2022.1167
https://www.ncbi.nlm.nih.gov/pubmed/35551582
https://doi.org/10.1016/j.eururo.2015.07.039
https://doi.org/10.3390/ijms22062832
https://doi.org/10.1056/NEJMoa1817323
https://doi.org/10.1177/11795549221126252
https://www.ncbi.nlm.nih.gov/pubmed/36186672
https://doi.org/10.3233/BLC-180205
https://doi.org/10.1200/JCO.21.02303
https://doi.org/10.1186/s12885-022-09478-4
https://doi.org/10.1016/j.ijrobp.2003.11.041
https://doi.org/10.1038/sj.onc.1210477
https://www.ncbi.nlm.nih.gov/pubmed/17471238
https://doi.org/10.1002/hep.29350
https://www.ncbi.nlm.nih.gov/pubmed/28671339


Molecules 2024, 29, 1896 16 of 18

51. Ross, J.S.; Wang, K.; Gay, L.M.; Al-Rohil, R.N.; Nazeer, T.; Sheehan, C.E.; Jennings, T.A.; Otto, G.A.; Donahue, A.; He, J. A high
frequency of activating extracellular domain ERBB2 (HER2) mutation in micropapillary urothelial carcinoma. Clin. Cancer Res.
2014, 20, 68–75. [CrossRef] [PubMed]

52. Bellmunt, J.; Werner, L.; Bamias, A.; Fay, A.P.; Park, R.S.; Riester, M.; Selvarajah, S.; Barletta, J.A.; Berman, D.M.; de Muga, S. HER2
as a target in invasive urothelial carcinoma. Cancer Med. 2015, 4, 844–852. [CrossRef] [PubMed]

53. Caner, V.; Turk, N.S.; Duzcan, F.; Tufan, N.L.S.; Kelten, E.C.; Zencir, S.; Dodurga, Y.; Bagci, H.; Duzcan, S.E. No strong association
between HER-2/neu protein overexpression and gene amplification in high-grade invasive urothelial carcinomas. Pathol. Oncol.
Res. 2008, 14, 261–266. [CrossRef] [PubMed]

54. Lee-Hoeflich, S.T.; Crocker, L.; Yao, E.; Pham, T.; Munroe, X.; Hoeflich, K.P.; Sliwkowski, M.X.; Stern, H.M. A central role for
HER3 in HER2-amplified breast cancer: Implications for targeted therapy. Cancer Res. 2008, 68, 5878–5887. [CrossRef] [PubMed]

55. Eriksson, P.; Sjödahl, G.; Chebil, G.; Liedberg, F.; Höglund, M. HER2 and EGFR amplification and expression in urothelial
carcinoma occurs in distinct biological and molecular contexts. Oncotarget 2017, 8, 48905. [CrossRef] [PubMed]

56. Fleischmann, A.; Rotzer, D.; Seiler, R.; Studer, U.E.; Thalmann, G.N. Her2 amplification is significantly more frequent in lymph
node metastases from urothelial bladder cancer than in the primary tumours. Eur. Urol. 2011, 60, 350–357. [CrossRef] [PubMed]

57. Kolla, S.B.; Seth, A.; Singh, M.K.; Gupta, N.P.; Hemal, A.K.; Dogra, P.N.; Kumar, R. Prognostic significance of Her2/neu
overexpression in patients with muscle invasive urinary bladder cancer treated with radical cystectomy. Int. Urol. Nephrol. 2008,
40, 321–327. [CrossRef]

58. Skagias, L.; Politi, E.; Karameris, A.; Sambaziotis, D.; Archondakis, A.; Vasou, O.; Ntinis, A.; Michalopoulou, F.; Moreas, I.;
Koutselini, H. Prognostic impact of HER2/neu protein in urothelial bladder cancer. Survival analysis of 80 cases and an overview
of almost 20 years’ research. J. BUON 2009, 14, 457–462.

59. Li, W.; Wang, Y.; Tan, S.; Rao, Q.; Zhu, T.; Huang, G.; Li, Z.; Liu, G. Overexpression of epidermal growth factor receptor (EGFR)
and HER-2 in bladder carcinoma and its association with patients’ clinical features. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res.
2018, 24, 7178. [CrossRef]

60. Albarrán, V.; Rosero, D.I.; Chamorro, J.; Pozas, J.; San Román, M.; Barrill, A.M.; Alía, V.; Sotoca, P.; Guerrero, P.; Calvo, J.C. Her-2
targeted therapy in advanced urothelial cancer: From monoclonal antibodies to antibody-drug conjugates. Int. J. Mol. Sci. 2022,
23, 12659. [CrossRef] [PubMed]

61. Oudard, S.; Culine, S.; Vano, Y.; Goldwasser, F.; Théodore, C.; Nguyen, T.; Voog, E.; Banu, E.; Vieillefond, A.; Priou, F. Multicentre
randomised phase II trial of gemcitabine+ platinum, with or without trastuzumab, in advanced or metastatic urothelial carcinoma
overexpressing Her2. Eur. J. Cancer 2015, 51, 45–54. [CrossRef] [PubMed]

62. Meric-Bernstam, F.; Hurwitz, H.; Raghav, K.P.S.; McWilliams, R.R.; Fakih, M.; VanderWalde, A.; Swanton, C.; Kurzrock, R.; Burris,
H.; Sweeney, C. Pertuzumab plus trastuzumab for HER2-amplified metastatic colorectal cancer (MyPathway): An updated report
from a multicentre, open-label, phase 2a, multiple basket study. Lancet Oncol. 2019, 20, 518–530. [CrossRef] [PubMed]

63. Hussain, M.; Daignault, S.; Agarwal, N.; Grivas, P.D.; Siefker-Radtke, A.O.; Puzanov, I.; MacVicar, G.R.; Levine, E.G.; Srinivas,
S.; Twardowski, P. A randomized phase 2 trial of gemcitabine/cisplatin with or without cetuximab in patients with advanced
urothelial carcinoma. Cancer 2014, 120, 2684–2693. [CrossRef]

64. Wülfing, C.; Machiels, J.P.H.; Richel, D.J.; Grimm, M.O.; Treiber, U.; De Groot, M.R.; Beuzeboc, P.; Parikh, R.; Pétavy, F.; El-Hariry,
I.A. A single-arm, multicenter, open-label phase 2 study of lapatinib as the second-line treatment of patients with locally advanced
or metastatic transitional cell carcinoma. Cancer 2009, 115, 2881–2890. [CrossRef] [PubMed]

65. Powles, T.; Huddart, R.A.; Elliott, T.; Sarker, S.-J.; Ackerman, C.; Jones, R.; Hussain, S.; Crabb, S.; Jagdev, S.; Chester, J. 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. 2017, 35, 48–55. [CrossRef]
[PubMed]

66. Choudhury, N.J.; Campanile, A.; Antic, T.; Yap, K.L.; Fitzpatrick, C.A.; Wade III, J.L.; Karrison, T.; Stadler, W.M.; Nakamura, Y.;
O’Donnell, P.H. Afatinib activity in platinum-refractory metastatic urothelial carcinoma in patients with ERBB alterations. J. Clin.
Oncol. 2016, 34, 2165. [CrossRef]

67. Bedard, P.L.; Li, S.; Wisinski, K.B.; Yang, E.S.; Limaye, S.A.; Mitchell, E.P.; Zwiebel, J.A.; Moscow, J.A.; Gray, R.J.; Wang, V. Phase II
Study of Afatinib in Patients With Tumors With Human Epidermal Growth Factor Receptor 2–Activating Mutations: Results
From the National Cancer Institute–Molecular Analysis for Therapy Choice ECOG-ACRIN Trial (EAY131) Subprotocol EAY131-B.
JCO Precis. Oncol. 2022, 6, e2200165. [CrossRef] [PubMed]

68. Hyman, D.M.; Piha-Paul, S.A.; Won, H.; Rodon, J.; Saura, C.; Shapiro, G.I.; Juric, D.; Quinn, D.I.; Moreno, V.; Doger, B. HER kinase
inhibition in patients with HER2-and HER3-mutant cancers. Nature 2018, 554, 189–194. [CrossRef]

69. Sheng, X.; Yan, X.; Wang, L.; Shi, Y.; Yao, X.; Luo, H.; Shi, B.; Liu, J.; He, Z.; Yu, G. 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. 2021, 27, 43–51. [CrossRef] [PubMed]

70. Zhou, L.; Xu, H.; Yan, X.; Chi, Z.; Cui, C.; Si, L.; Tang, B.; Mao, L.; Lian, B.; Wang, X. RC48-ADC Combined with Toripalimab, an
Anti-PD-1 Monoclonal Antibody (Ab), in Patients with Locally Advanced or Metastatic Urothelial Carcinoma (UC): Preliminary Results of
a Phase Ib/II Study; Wolters Kluwer Health: Philadelphia, PA, USA, 2021.

71. Drake, P.M.; Rabuka, D. An emerging playbook for antibody–drug conjugates: Lessons from the laboratory and clinic suggest a
strategy for improving efficacy and safety. Curr. Opin. Chem. Biol. 2015, 28, 174–180. [CrossRef] [PubMed]

https://doi.org/10.1158/1078-0432.CCR-13-1992
https://www.ncbi.nlm.nih.gov/pubmed/24192927
https://doi.org/10.1002/cam4.432
https://www.ncbi.nlm.nih.gov/pubmed/25720673
https://doi.org/10.1007/s12253-008-9027-y
https://www.ncbi.nlm.nih.gov/pubmed/18415713
https://doi.org/10.1158/0008-5472.CAN-08-0380
https://www.ncbi.nlm.nih.gov/pubmed/18632642
https://doi.org/10.18632/oncotarget.16554
https://www.ncbi.nlm.nih.gov/pubmed/28388586
https://doi.org/10.1016/j.eururo.2011.05.035
https://www.ncbi.nlm.nih.gov/pubmed/21640482
https://doi.org/10.1007/s11255-007-9283-x
https://doi.org/10.12659/MSM.911640
https://doi.org/10.3390/ijms232012659
https://www.ncbi.nlm.nih.gov/pubmed/36293515
https://doi.org/10.1016/j.ejca.2014.10.009
https://www.ncbi.nlm.nih.gov/pubmed/25459391
https://doi.org/10.1016/S1470-2045(18)30904-5
https://www.ncbi.nlm.nih.gov/pubmed/30857956
https://doi.org/10.1002/cncr.28767
https://doi.org/10.1002/cncr.24337
https://www.ncbi.nlm.nih.gov/pubmed/19399906
https://doi.org/10.1200/JCO.2015.66.3468
https://www.ncbi.nlm.nih.gov/pubmed/28034079
https://doi.org/10.1200/JCO.2015.66.3047
https://doi.org/10.1200/PO.22.00165
https://www.ncbi.nlm.nih.gov/pubmed/35939768
https://doi.org/10.1038/nature25475
https://doi.org/10.1158/1078-0432.CCR-20-2488
https://www.ncbi.nlm.nih.gov/pubmed/33109737
https://doi.org/10.1016/j.cbpa.2015.08.005
https://www.ncbi.nlm.nih.gov/pubmed/26342601


Molecules 2024, 29, 1896 17 of 18

72. Jian, W.; Xu, H.-G.; Chen, J.; Xu, Z.-X.; Levitt, J.M.; Stanley, J.A.; Yang, E.S.; Lerner, S.P.; Sonpavde, G. Activity of CEP-9722, a poly
(ADP-ribose) polymerase inhibitor, in urothelial carcinoma correlates inversely with homologous recombination repair response
to DNA damage. Anti-Cancer Drugs 2014, 25, 878–886. [CrossRef] [PubMed]

73. Park, S.E.; Kim, H.S.; Jung, E.-J.; Suh, J.H.; Min, H.; Chi, K.-C.; Kim, J.W.; Park, J.-M.; Hwang, I.G. Low PARP-1 expression level is
an indicator of poor prognosis in patients with stage II and III gastric cancer. J. Cancer 2022, 13, 869. [CrossRef]

74. Aiad, H.A.; Kandil, M.A.; El-Tahmody, M.A.; Abulkheir, I.L.; Abulkasem, F.M.; Elmansori, A.A.; Aleskandarany, M.A. The
prognostic and predictive significance of PARP-1 in locally advanced breast cancer of Egyptian patients receiving neoadjuvant
chemotherapy. Appl. Immunohistochem. Mol. Morphol. 2015, 23, 571–579. [CrossRef] [PubMed]

75. Klauschen, F.; von Winterfeld, M.; Stenzinger, A.; Sinn, B.V.; Budczies, J.; Kamphues, C.; Bahra, M.; Wittschieber, D.; Weichert,
W.; Striefler, J. High nuclear poly-(ADP-ribose)-polymerase expression is prognostic of improved survival in pancreatic cancer.
Histopathology 2012, 61, 409–416. [CrossRef] [PubMed]

76. Molnár, S.; Beke, L.; Méhes, G.; Póka, R. The prognostic value of PARP expression in high-grade epithelial ovarian cancer. Pathol.
Oncol. Res. 2020, 26, 2549–2555. [CrossRef] [PubMed]

77. Plimack, E.R.; Dunbrack, R.L.; Brennan, T.A.; Andrake, M.D.; Zhou, Y.; Serebriiskii, I.G.; Slifker, M.; Alpaugh, K.; Dulaimi, E.;
Palma, N. Defects in DNA repair genes predict response to neoadjuvant cisplatin-based chemotherapy in muscle-invasive bladder
cancer. Eur. Urol. 2015, 68, 959–967. [CrossRef] [PubMed]

78. Mullane, S.A.; Werner, L.; Guancial, E.A.; Lis, R.T.; Stack, E.C.; Loda, M.; Kantoff, P.W.; Choueiri, T.K.; Rosenberg, J.; Bellmunt, J.
Expression levels of DNA damage repair proteins are associated with overall survival in platinum-treated advanced urothelial
carcinoma. Clin. Genitourin. Cancer 2016, 14, 352–359. [CrossRef]

79. Crabb, S.J.; Hussain, S.; Soulis, E.; Hinsley, S.; Dempsey, L.; Trevethan, A.; Song, Y.; Barber, J.; Frew, J.; Gale, J. A randomized,
double-blind, biomarker-selected, phase II clinical trial of maintenance poly ADP-ribose polymerase inhibition with rucaparib
following chemotherapy for metastatic urothelial carcinoma. J. Clin. Oncol. 2023, 41, 54–64. [CrossRef]

80. Rosenberg, J.E.; Park, S.H.; Kozlov, V.; Dao, T.V.; Castellano, D.; Li, J.-R.; Mukherjee, S.D.; Howells, K.; Dry, H.; Lanasa,
M.C. Durvalumab plus olaparib in previously untreated, platinum-ineligible patients with metastatic urothelial carcinoma: A
multicenter, randomized, phase II trial (BAYOU). J. Clin. Oncol. 2023, 41, 43. [CrossRef] [PubMed]

81. Doroshow, D.B.; O’Donnell, P.H.; Hoffman-Censits, J.H.; Gupta, S.V.; Vaishampayan, U.; Heath, E.I.; Garcia, P.; Zhao, Q.; Yu, M.;
Milowsky, M.I. Phase II trial of olaparib in patients with metastatic urothelial cancer harboring DNA damage response gene
alterations. JCO Precis. Oncol. 2023, 7, e2300095. [CrossRef] [PubMed]

82. Garje, R.; Vaddepally, R.K.; Zakharia, Y. PARP inhibitors in prostate and urothelial cancers. Front. Oncol. 2020, 10, 114. [CrossRef]
83. Schwarzenbach, H.; Hoon, D.S.; Pantel, K. Cell-free nucleic acids as biomarkers in cancer patients. Nat. Rev. Cancer 2011, 11,

426–437. [CrossRef]
84. Soave, A.; Chun, F.K.-H.; Hillebrand, T.; Rink, M.; Weisbach, L.; Steinbach, B.; Fisch, M.; Pantel, K.; Schwarzenbach, H. Copy

number variations of circulating, cell-free DNA in urothelial carcinoma of the bladder patients treated with radical cystectomy: A
prospective study. Oncotarget 2017, 8, 56398. [CrossRef] [PubMed]

85. Grivas, P.; Lalani, A.-K.A.; Pond, G.R.; Nagy, R.J.; Faltas, B.; Agarwal, N.; Gupta, S.V.; Drakaki, A.; Vaishampayan, U.N.; Wang, J.
Circulating tumor DNA alterations in advanced urothelial carcinoma and association with clinical outcomes: A pilot study. Eur.
Urol. Oncol. 2020, 3, 695–699. [CrossRef] [PubMed]

86. Cheng, M.L.; Pectasides, E.; Hanna, G.J.; Parsons, H.A.; Choudhury, A.D.; Oxnard, G.R. Circulating tumor DNA in advanced
solid tumors: Clinical relevance and future directions. CA A Cancer J. Clin. 2021, 71, 176–190. [CrossRef] [PubMed]

87. Siravegna, G.; Marsoni, S.; Siena, S.; Bardelli, A. Integrating liquid biopsies into the management of cancer. Nat. Rev. Clin. Oncol.
2017, 14, 531–548. [CrossRef] [PubMed]

88. Ferro, M.; La Civita, E.; Liotti, A.; Cennamo, M.; Tortora, F.; Buonerba, C.; Crocetto, F.; Lucarelli, G.; Busetto, G.M.; Del Giudice, F.
Liquid biopsy biomarkers in urine: A route towards molecular diagnosis and personalized medicine of bladder cancer. J. Pers.
Med. 2021, 11, 237. [CrossRef]

89. Li, S.; Xin, K.; Pan, S.; Wang, Y.; Zheng, J.; Li, Z.; Liu, X.; Liu, B.; Xu, Z.; Chen, X. Blood-based liquid biopsy: Insights into early
detection, prediction, and treatment monitoring of bladder cancer. Cell. Mol. Biol. Lett. 2023, 28, 28. [CrossRef]

90. Green, E.A.; Li, R.; Albiges, L.; Choueiri, T.K.; Freedman, M.; Pal, S.; Dyrskjøt, L.; Kamat, A.M. Clinical utility of cell-free and
circulating tumor DNA in kidney and bladder cancer: A critical review of current literature. Eur. Urol. Oncol. 2021, 4, 893–903.
[CrossRef]

91. Agarwal, N.; Pal, S.K.; Hahn, A.W.; Nussenzveig, R.H.; Pond, G.R.; Gupta, S.V.; Wang, J.; Bilen, M.A.; Naik, G.; Ghatalia, P.
Characterization of metastatic urothelial carcinoma via comprehensive genomic profiling of circulating tumor DNA. Cancer 2018,
124, 2115–2124. [CrossRef] [PubMed]

92. Vandekerkhove, G.; Todenhöfer, T.; Annala, M.; Struss, W.J.; Wong, A.; Beja, K.; Ritch, E.; Brahmbhatt, S.; Volik, S.V.; Hennenlotter,
J. Circulating tumor DNA reveals clinically actionable somatic genome of metastatic bladder cancer. Clin. Cancer Res. 2017, 23,
6487–6497. [CrossRef]

93. Barata, P.; Koshkin, V.; Funchain, P.; Sohal, D.; Pritchard, A.; Klek, S.; Adamowicz, T.; Gopalakrishnan, D.; Garcia, J.; Rini, B.
Next-generation sequencing (NGS) of cell-free circulating tumor DNA and tumor tissue in patients with advanced urothelial
cancer: A pilot assessment of concordance. Ann. Oncol. 2017, 28, 2458–2463. [CrossRef] [PubMed]

https://doi.org/10.1097/CAD.0000000000000114
https://www.ncbi.nlm.nih.gov/pubmed/24714082
https://doi.org/10.7150/jca.65145
https://doi.org/10.1097/PAI.0000000000000124
https://www.ncbi.nlm.nih.gov/pubmed/25611238
https://doi.org/10.1111/j.1365-2559.2012.04225.x
https://www.ncbi.nlm.nih.gov/pubmed/22384823
https://doi.org/10.1007/s12253-020-00856-6
https://www.ncbi.nlm.nih.gov/pubmed/32594311
https://doi.org/10.1016/j.eururo.2015.07.009
https://www.ncbi.nlm.nih.gov/pubmed/26238431
https://doi.org/10.1016/j.clgc.2015.12.029
https://doi.org/10.1200/JCO.22.00405
https://doi.org/10.1200/JCO.22.00205
https://www.ncbi.nlm.nih.gov/pubmed/35737919
https://doi.org/10.1200/PO.23.00095
https://www.ncbi.nlm.nih.gov/pubmed/37410974
https://doi.org/10.3389/fonc.2020.00114
https://doi.org/10.1038/nrc3066
https://doi.org/10.18632/oncotarget.17657
https://www.ncbi.nlm.nih.gov/pubmed/28915599
https://doi.org/10.1016/j.euo.2019.02.004
https://www.ncbi.nlm.nih.gov/pubmed/31412004
https://doi.org/10.3322/caac.21650
https://www.ncbi.nlm.nih.gov/pubmed/33165928
https://doi.org/10.1038/nrclinonc.2017.14
https://www.ncbi.nlm.nih.gov/pubmed/28252003
https://doi.org/10.3390/jpm11030237
https://doi.org/10.1186/s11658-023-00442-z
https://doi.org/10.1016/j.euo.2021.04.005
https://doi.org/10.1002/cncr.31314
https://www.ncbi.nlm.nih.gov/pubmed/29517810
https://doi.org/10.1158/1078-0432.CCR-17-1140
https://doi.org/10.1093/annonc/mdx405
https://www.ncbi.nlm.nih.gov/pubmed/28945843


Molecules 2024, 29, 1896 18 of 18

94. Chalfin, H.J.; Glavaris, S.A.; Gorin, M.A.; Kates, M.R.; Fong, M.H.; Dong, L.; Matoso, A.; Bivalacqua, T.J.; Johnson, M.H.; Pienta,
K.J. Circulating tumor cell and circulating tumor DNA assays reveal complementary information for patients with metastatic
urothelial cancer. Eur. Urol. Oncol. 2021, 4, 310–314. [CrossRef]

95. Botezatu, I.; Serdyuk, O.g.; Potapova, G.; Shelepov, V.; Alechina, R.; Molyaka, Y.; Anan’ev, V.; Bazin, I.; Garin, A.; Narimanov, M.
Genetic analysis of DNA excreted in urine: A new approach for detecting specific genomic DNA sequences from cells dying in an
organism. Clin. Chem. 2000, 46, 1078–1084. [CrossRef] [PubMed]

96. Dudley, J.C.; Schroers-Martin, J.; Lazzareschi, D.V.; Shi, W.Y.; Chen, S.B.; Esfahani, M.S.; Trivedi, D.; Chabon, J.J.; Chaudhuri, A.A.;
Stehr, H. Detection and surveillance of bladder cancer using urine tumor DNA. Cancer Discov. 2019, 9, 500–509. [CrossRef]

97. Patel, K.; Van Der Vos, K.; Smith, C.G.; Mouliere, F.; Tsui, D.; Morris, J.; Chandrananda, D.; Marass, F.; Van Den Broek, D.; Neal, D.
Association of plasma and urinary mutant DNA with clinical outcomes in muscle invasive bladder cancer. Sci. Rep. 2017, 7, 5554.
[CrossRef]

98. Christensen, E.; Birkenkamp-Demtröder, K.; Sethi, H.; Shchegrova, S.; Salari, R.; Nordentoft, I.; Wu, H.-T.; Knudsen, M.; Lamy, P.;
Lindskrog, S.V. Early detection of metastatic relapse and monitoring of therapeutic efficacy by ultra-deep sequencing of plasma
cell-free DNA in patients with urothelial bladder carcinoma. Cancer Res. 2019, 79 (Suppl. 13), 913. [CrossRef]

99. Christensen, E.; Nordentoft, I.; Birkenkamp-Demtröder, K.; Elbæk, S.K.; Lindskrog, S.V.; Taber, A.; Andreasen, T.G.; Strandgaard,
T.; Knudsen, M.; Lamy, P. Cell-Free Urine and Plasma DNA Mutational Analysis Predicts Neoadjuvant Chemotherapy Response
and Outcome in Patients with Muscle-Invasive Bladder Cancer. Clin. Cancer Res. 2023, 29, 1582–1591. [CrossRef]

100. Birkenkamp-Demtröder, K.; Christensen, E.; Nordentoft, I.; Knudsen, M.; Taber, A.; Høyer, S.; Lamy, P.; Agerbæk, M.; Jensen, J.B.;
Dyrskjøt, L. Monitoring treatment response and metastatic relapse in advanced bladder cancer by liquid biopsy analysis. Eur.
Urol. 2018, 73, 535–540. [CrossRef] [PubMed]

101. Birkenkamp-Demtröder, K.; Nordentoft, I.; Christensen, E.; Høyer, S.; Reinert, T.; Vang, S.; Borre, M.; Agerbæk, M.; Jensen, J.B.;
Ørntoft, T.F. Genomic alterations in liquid biopsies from patients with bladder cancer. Eur. Urol. 2016, 70, 75–82. [CrossRef]
[PubMed]

102. Sundahl, N.; Vandekerkhove, G.; Decaestecker, K.; Meireson, A.; De Visschere, P.; Fonteyne, V.; De Maeseneer, D.; Reynders, D.;
Goetghebeur, E.; Van Dorpe, J. Randomized phase 1 trial of pembrolizumab with sequential versus concomitant stereotactic body
radiotherapy in metastatic urothelial carcinoma. Eur. Urol. 2019, 75, 707–711. [CrossRef]

103. Powles, T.; Assaf, Z.J.; Davarpanah, N.; Banchereau, R.; Szabados, B.E.; Yuen, K.C.; Grivas, P.; Hussain, M.; Oudard, S.; Gschwend,
J.E. ctDNA guiding adjuvant immunotherapy in urothelial carcinoma. Nature 2021, 595, 432–437. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.euo.2019.08.004
https://doi.org/10.1093/clinchem/46.8.1078
https://www.ncbi.nlm.nih.gov/pubmed/10926886
https://doi.org/10.1158/2159-8290.CD-18-0825
https://doi.org/10.1038/s41598-017-05623-3
https://doi.org/10.1158/1538-7445.AM2019-913
https://doi.org/10.1158/1078-0432.CCR-22-3250
https://doi.org/10.1016/j.eururo.2017.09.011
https://www.ncbi.nlm.nih.gov/pubmed/28958829
https://doi.org/10.1016/j.eururo.2016.01.007
https://www.ncbi.nlm.nih.gov/pubmed/26803478
https://doi.org/10.1016/j.eururo.2019.01.009
https://doi.org/10.1038/s41586-021-03642-9
https://www.ncbi.nlm.nih.gov/pubmed/34135506

	Introduction 
	Programmed Death Ligand-1 
	Tumor Mutational Burden—TMB 
	DNA Damage Repair Pathway Mutations 
	ERCC1 and ERCC2 
	Fibroblast Growth Factor Receptor—FGFR 
	Human Epidermal Growth Factor Receptors Inhibitors: HER2 and EGFR (HER1) 
	Poly (ADP-Ribose) Polymerase (PARP) 
	Circulating Tumor DNA (ctDNA) 
	Conclusions 
	References

