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Background: Substantial evidence suggests that receptor tyrosine kinases
(RTKs) are overexpressed in tumors; however, few studies have focused on
the prognostic value of RTKs in melanoma.

Objectives: The objective of this study is to evaluate the association between
overexpression of RTKs and survival in melanoma patients based on
immunohistochemistry (IHC) analysis.

Methods: Our review is registered on PROSPERO (http://www.crd.york.ac.uk/
PROSPERO), registration number CRD42021261460. Seven databases were
searched, and data were extracted. We used IHC to measure the association
between overexpression of RTKs and overall survival (OS), disease-free survival
(DFS), progression-free survival (PFS), and clinicopathology in melanoma
patients. Pooled analysis was conducted to assess the differences between
Hazard Ratios along with 95% confidence intervals.

Results: Of 5,508 publications examined following the database search, 23
publications were included in this study, which included data from a total of
2,072 patients. Vascular endothelial growth factor receptor 2 (VEGF-R2)
overexpression was associated with worse OS and DFS in melanoma.
Furthermore, there was an association between OS and the expression of
several RTKs, including epidermal growth factor receptor (EGFR),
mesenchymal-epithelial transition factor (MET), vascular endothelial growth
factor receptor 1 (VEGF-R1), and insulin-like growth factor 1 receptor (IGF-1R).
There were no significant correlations between EGFR overexpression and
worse DFS or PFS. EGFR overexpression was associated with worse OS
cutaneous and nasal melanoma, but not uveal melanoma. However, MET
overexpression was related to worse OS in both cutaneous and uveal
melanoma. Furthermore, EGFR overexpression was associated with a worse
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OS in Europe compared to other geographic areas. Moreover, EGFR and MET
overexpression showed significant prognostic value in patients with the cut-off

Conclusions: Our findings build concrete evidence that overexpression of
RTKs is associated with poor prognosis and clinicopathology in melanoma,
highlighting RTK expression has the potential to inform individualized
combination therapies and accurate prognostic evaluation.

receptor tyrosine kinases, malignant melanoma, prognostic value, survival analysis,
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Introduction

Malignant melanoma is a type of skin tumor with a high
mortality rate. If not detected early, melanoma will deteriorate
and metastasize. Malignant melanoma most frequently occurs in
males aged 50-70 years, although the incidence of malignant
melanoma in young people, especially females, has increased in
recent years (1). The advent of immunotherapy and targeted
therapy for melanoma, such as anti-programmed death ligand 1
(PD-L1) and cytotoxic T-lymphocyte associated protein 4
(CTLA-4), has improved the survival rate of melanoma
patients. Despite these therapeutic advances, patients with
advanced malignant melanoma often develop drug resistance.
Once distant metastasis occurs, the sustained response rate to
drug therapy is only about 30% (2). Therefore, it is essential to
further study melanoma pathogenesis as well as identify new
biomarkers and combination treatment options to effectively
treat this disease.

Receptor tyrosine kinases (RTKs) are single transmembrane
receptors that participate in the development and progression of
a variety of tumors. In solid tumors, overexpression or
mutations of RTKs promotes the malignant biological
behavior of tumor cells. Additionally, RTK overexpression is
closely related to the maintenance of tumor stemness, drug
resistance, recurrence, and high-metastasis rate (3-6). Some
RTKs, such as epidermal growth factor receptor (EGFR) and
vascular endothelial growth factor receptor (VEGFR), may
represent potential biomarkers that can assist in the prognostic
evaluation and inform treatment options. Faido-Flores et al.
demonstrated receptor tyrosine kinase-like orphan receptor 1/2
(ROR1/2) and insulin-like growth factor 1 receptor (IGF-1R)
signaling were critical pathways that participated in the escape of
advanced uveal melanoma from MEK inhibition (7). Some small
molecule tyrosine kinase inhibitors (TKIs) targeting
carcinogenic-related RTKs have been put into clinical trials
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(8-10). However, it is still necessary to explore the value of
RTKs as a prognostic tool, which can lead to accurate diagnosis
and inform individualized treatment regimens. In some cancers,
a number of RTKs, including EGFR or VEGFR, have been
demonstrated as prognostic markers and there are targeting
drugs for individualized therapy. However, it is still unclear
which RTKs may represent prognostic biomarkers in melanoma
as there is minimal evidence from comprehensive analysis to
prove it. The exploration of carcinogenic RTKs has become a
trendy field in cancer research. Deciphering the prognostic value
of RTKs from a comprehensive analysis can provide substantial
evidence for clinical survival estimation and inform the use of
individualized, combined therapies especially for patients with
advanced melanoma.

Because substantial evidence suggests that RTKs are
overexpressed in tumors; however, few studies have focused
on the prognostic value of RTKs in melanoma. To determine
the prognostic value of RTKs, we systematically evaluate
the association between overexpression of RTKs and
clinicopathological features in patients with malignant melanoma.

Materials and methods

This systematic review and meta-analysis followed the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines and checklist. This study was
preregistered on PROSPERO (https://www.crd.york.ac.uk/
PROSPERO/) under number CRD42021261460.

Search strategy

Three independent reviewers (XL, YZ, LM) searched seven
databases: PubMed, Cochrane, EBSCOhost, Embase, Ovid,

frontiersin.org


https://www.crd.york.ac.uk/PROSPERO/
https://www.crd.york.ac.uk/PROSPERO/
https://doi.org/10.3389/fonc.2022.819051
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Lei et al.

ScienceDirect, and Web of Science without language restriction on
1** August 2021. Our search keywords were: “Melanoma” AND
[“Receptor Tyrosine Kinases” OR “EGFR (Epidermal Growth
Factor Receptor)” OR “IGFR (Insulin-Like Growth Factor
Receptor)” OR “PDGFR (Platelet-Derived Growth
Factor Receptor)” OR “VEGFR (Vascular Endothelial Growth
Factor Receptor)” OR “FGFR (Fibroblast Growth Factor
Receptor)” OR “NGFR (Nerve Growth Factor Receptor)” OR
“HGEFR (Hepatocyte Growth Factor Receptor)” OR “EPHR (EPH
Receptor)” OR “AXLR (AXL Receptor)” OR “CCKR
(CCK Receptor)” OR “TIER (TIE Receptor)” OR “RYKR (RYK
Receptor)” OR “DDR (Discoidin Domain Receptor)” OR “RETR
(RET Receptor)” OR “ROSR (ROS Receptor)” OR “LTKR
(Leukocyte Receptor)” OR “ROR (Receptor Tyrosine Kinase
Like Orphan Receptor)” OR “MUSKR (Muscle Associated
Receptor)” OR “LMR(Lemur Receptor)”].

Inclusion and exclusion criteria

Studies were included in our meta-analysis and systematic
review if they met the following criteria: (i) clinical study of RTK
expression in melanoma; (ii) patients were diagnosed with
melanoma by pathological or histological examination; (iii)
immunohistochemical staining (IHC) was used to detect
expression of RTKs in melanoma tissue; (iv) studies provided
sufficient survival information for extraction or calculation of the
individual Hazard Ratios (HR) and 95% Confidential Intervals
(CI). We excluded studies if they met the following exclusion
criteria: (i) melanoma was diagnosed without pathological or
histological examination; (ii) basic research using cell line or
animal model experiment; (iii) duplicate articles; (iv) review,
conference abstracts, case reports, and letters. Two trained
investigators independently screened study titles, abstracts, and
full-text manuscripts for eligibility and disagreements were
resolved by consensus of a third investigator.

Data extraction

Two independent reviewers (P]J and YH) extracted the
following data from each selected manuscript: author name,
year of publication, country, median patient age, study type,
tissue type, RTKs and their expression, antibody used, cut-off
value, clinicopathological features, follow-up time, outcome of
study (time to event variables), HRs with 95% CIs for survival
data, and Kaplan-Meier curves. Survival data were obtained
from Kaplan-Meier curves. For studies without HR and 95% CI,
we used the methodology previously proposed by Tierney and
colleagues (11). Then, a third investigator (JG) verified the
accuracy of the synthesized data, and disagreements were
resolved by consensus.
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Quality assessment

Quality assessment was performed by two investigators (XL
and JG) independently using the 20-item Reporting
Recommendations for Tumor Marker Prognostic Studies
(REMARK) checklist (12, 13). The detailed explanation of 20
items used the checklist of McShane LM (14). According to the
20 items, each study was characterized as fully satisfied, partially
satisfied, not satisfied, unclear, and not applicable. Discrepancies
were resolved by a third investigator (LM).

Statistical analysis

The primary outcomes were Overall Survival (OS), Disease-
Free Survival (DFS), and Progression-Free Survival (PFS). HR
measuring the association between RTKs and its prognostic data
were directly extracted from studies or estimated from the
Kaplan-Meier survival curves with their 95% CI. Review
Manager 5.3 was used for meta-analysis. Estimates of OS, DFS,
or PFS were reported using HR and 95% CI. I value was used to
describe heterogeneity among studies and P<0.05 indicated
statistical significance. Subgroup analyses were used to study
the prognostic value of RTKs by clinicopathological features,
including disease type, geographic area, and the cut-off for each
RTK marker.

Results

A total of 5,508 citations were identified from seven
electronic databases (886 from PubMed, 74 from Cochrane,
285 from EBSCOhost, 2,234 from Embase, 421 from Ovid, 294
from ScienceDirect, and 1,314 from Web of Science). We
excluded 5,478 studies after removing duplicates and screening
titles and abstracts based on the exclusion criteria. Subsequently,
30 studies were assessed for eligibility by full-text reviewing.
Among these studies, four studies were excluded due to the lack
of sufficient survival data, two studies were excluded for not
defining groups by RTKs expression and one was excluded
because the HR or CI was not reported. Finally, 23 studies met
the inclusion criteria and were selected for this meta-analysis.
Among the included studies, eight studies used the Tierney
method to estimate survival data from Kaplan-Meier curves due
to the lack of direct survival data. The flow diagram shown in
Figure 1 depicts the complete selection process.

Study characteristics

The characteristics of 23 studies are presented in Table 1,
which includes a total of 2,072 patients (15-37). Sample sizes
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Records identified through
database searching (n=5508)

through other sources (n =0)
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Additional records identified ’

Records after duplicates

removed (n=4473 )

Records screened (n=4473) .| Missing survival data (n=564)

Records excluded, with reasons:
(n=4443)

Basic research (n=2371)
Not specific melanoma (n=728)
No RTK (n=272)

Review. letter or conference
(n=241)

No IHC (n=267)

es assessed

Full-text artich HR or Cl not reported (n=1)
for eligibility (n=30)

Articles excluded with reasons
(n=7)

No survival data for groups
with various RTKs expression
(n=4)

Defining groups not by RTKs
expression (n=2)

l

Studies included in quantitative
synthesis (meta-analysis) (n=23)

FIGURE 1
PRISMA flow diagram of selection process

ranged from 10 to 238. A total of 12 different RTKs were evaluated:
EGEFR, human epidermal growth factor receptor (HER)2, HER3,
HER4, IGF-1R, VEGF-R1, VEGF-R2, VEGF-R3, mesenchymal-
epithelial transition factor (MET), C-KIT, EphrinAl, and EphA2.
RTK relative expression, antibodies used, and cut-off of biomarkers
in each study are detailed in Table 2.

Quality of eligible studies

The REMARK checklist is widely used as a guideline to
analyze the reporting of tumor markers in prognostic studies. In
general, the overall quality of the 23 included studies was
relatively high based on the REMARK checklist (Table SI),
and the detailed clarification of 20 items followed the
McShane LM checklist (Table S2) (14). Most studies failed to
provide the rationale for their sample size, investigate
assumptions, conduct sensitivity analyses, and conduct
internal validation. In addition, due to the lack of standard
prognostic markers recognized by the public, none of the studies
showed a comparison of RTK expression with such indicators.
Several studies did not clearly define all endpoints and missed
estimated effects in multivariable analyses (15, 17, 19, 22, 25, 28,
29). However, because most included studies were retrospective
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and fulfilled the majority of our criteria, they have provided
sufficient and convincing data for a comprehensive analysis.

Association between RTKs and OS

All included studies reported on the correlation between
RTKs and OS (15-37). From these studies, we found that there
was an association between overexpression of RTKs and OS.
Worse survival could be found in patients with overexpression
of EGFR (HR = 1.36; 95% CI, 1.07-1.73, P = 0.01, I* = 31%),
MET (HR = 1.54; 95% CI, 1.18-2.00, P = 0.001, I* = 6%), VEGE-
Rl (HR = 2.06; 95% CI, 1.03-4.15, P = 0.04), and VEGF-R2
(HR = 2.97; 95% CI, 1.51-5.86, P = 0.002, I* = 0%) (Figure 2).
However, there was no statistical difference between OS and
IGF-1R (HR = 1.31; 95% CI, 0.92-1.87, P = 0.13, I* = 88%),
VEGF-R3 (HR = 1.76; 95% CI, 0.99-3.14, P = 0.05, I* = 69%), C-
KIT (HR = 0.65; 95% CI, 0.32-1.34, P = 024, I* = 48%),
EphrinAl (HR = 1.38; 95% CI, 0.20-9.40, P = 0.74, I* = 92%),
and EphA2 (HR = 2.95; 95% CI, 0.84-10.30, P = 0.09, I* = 85%)
(Figure S1). Sensitivity analysis showed that there was a
statistical difference between OS and IGF-1R using a fixed
effects model (HR = 1.50; 95% CI, 1.31-1.73, P < 0.00001)
without heterogeneity after excluding one study by Al-Jamal
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TABLE 1 Characteristics of included studies.

Author

Al-Jamal

Boone

Chen

Economou

Eliopoulos

Ericsson

Giatromanolaki

Hurks

Jafari

Katunaric¢

Langer

Liu

Mallikarjuna

Monteiro

Nielsen

Potti

Frontiers in Oncology

Year Country Case

2011

2011

2012

2019

2005

2002

2002

2012

2000

2018

2014

2011

2008

2007

2020

2019

2014

2004

Finland

Belgium

China

Sweden

Sweden

UK

Sweden

Greece

Netherland

Switzerland

Croatia

Germany

China

India

China

Germany

Belgium

USA

167

114

56

40

132

51

36

60

238

110

10

56

60

91

NG

105

202

Age Breslow Metastasis

thickness
NG NG 53
(29.52%)
52 NG 25
years (21.9%)
(37-64)
44 +2 NG 5
years (8.93%)
(18-78)

64 NG NG

years
(42-86)
63 NG 55
years (41.67%)
(25-85)
NG >10 mm 51 15
<1 mmll (29.41%)
61 NG 18
years (50%)
(23-87)
NG <8 mm 26 NG
(43.33%)
>8 mm 34
(56.67%)
66 NG 7
years (31.82%)
(38-91)
623+ 23+27 19
15.8 mm (25.3%)
years
52.25 3.8 mm NG
years (0.8-15)
(31-79)

65 NG NG

years

(55-75)

56.05+ 1.83 £1.03 31
11.34 mm (55.36%)
years (0.3-4.1)

(27-81)

45 NG 6
years (10%)
(9-74)

NG NG NG

NG NG NG

52 2.3 mm 105
years (0.7-45.0) (100%)

(25-87)
57 2.6 mm NG
years (0.4-8)
(15-
101)
05

Disease
type
uveal

melanoma

melanoma

uveal
melanoma

cutaneous
melanoma

uveal
melanoma

melanoma

uveal
melanoma

uveal
melanoma

uveal
melanoma

melanoma

melanoma

esophageal

melanoma

melanoma

uveal
melanoma

melanoma

melanoma

melanoma

melanoma

Follow-
up

20 years
(16-25)

33
months
(17-50)

458 + 3.0
months
(6-156)

NG

NG

NG

138.25 +
90.99
months
(1-245)

80

months

(1-154)

NG

5.71 years

NG

NG

NG

28.2+
32.44
months

NG

NG

NG

NG

Outcome

oS

OS, DES

[N

[N

(O}

[N

[N

oS

(O}

OS, DES

[N

[N

OS, DES

[N

[N

[N}

PFS

[N

10.3389/fonc.2022.819051

Significant findings

IGF-IR did not independently predict
metastasis from primary uveal melanoma.

EGER involves in progression and
metastasis of a subset of melanomas.

Overexpression of EphA2 is correlated
with prognosis of choroidal melanoma.

Higher MET expression had a shorter OS
in cutaneous melanoma.

IGF-1R may play as a prognostic role in
uveal melanoma.

HER-2 overexpression has no prognostic
significance in thick melanoma.

High IGF-1R expression is a predictor for
the metastasis of uveal melanoma:

pVEGFR2/KDR was significantly related
with poor prognosis of uveal melanoma.

EGEFR expression is an important
prognostic factor in human uveal
melanoma.

VEGF-C and VEGF-R2 might be new
prognostic marker in melanoma.

EGEFR protein overexpression is
correlated with shorter OS in melanoma.

Esophageal melanomas harbor genetic
aberrations of c-Kit, KRAS, and BRAF.

VEGF-C and VEGF-D may be indicators
for prognostic evaluation of melanoma.

High c-Met expression is associated with
death due to uveal melanoma.

EphA2-high/ephrinAl-low exhibited
poorer outcomes than EphA2-high/
ephrinA1-high in melanoma

High expression of VEGFR-3 is
associated with poor OS in melanoma.
HER4 is associated with PFS of malignant
melanoma.

Both ¢-Kit and VEGF may have
significant therapeutic implications in
melanoma.

(Continued)
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TABLE 1 Continued

Author Year Country Case Age Breslow Metastasis
thickness

Reschke 2008 Germany 130 19-90  range 0.4- 53
years 17 mm (40.77%)

Straume 2002 Norway 176 NG NG 56

(31.82%)

Trocmé 2012  Sweden 128 63 + NG 58
11.9 (45%)
years

Yoshida 2014 USA 24 60.58 + NG 24
14.89 (100%)
years

Zhu 2018 China 64 62 NG NG
years

(27-85)
NG, not given.

et al. (15). Furthermore, we discovered that there existed a
statistical difference of pooled effect with no heterogeneity
between VEGF-R3 and OS (HR = 2.46; 95% CI, 1.45-4.19, P =
0.0009) after excluding one study by Monteiro et al. (29) by
using a fixed effects model.

Association between RTKs and DFS
and PFS

Three studies reported DFS as the outcome, which included
a total of 408 patients (17, 26, 33). Two studies (26, 33) found a
significant association between increased VEGF-R3 and worse
DES in melanoma patients (HR = 3.07; 95% CI, 1.76-5.36, P <
0.0001, I? = 44%) (Figure 3A). In addition, there was a
significantly worse DFS in patients with overexpression of
VEGF-R1 (HR = 2.50; 95% CI, 1.02-6.09, P = 0.04) and
VEGF-R2 (HR = 7.35; 95% CI, 2.24-24.14, P = 0.001)
(Figures 3B,C). However, one study by Boone et al. (17)
reported that no significant association in patients with EGFR
overexpression (HR = 3.03; 95% CI, 0.15-63.30, P = 0.47). One
study by Nielsen et al. (30) found that there was no statistically
significant association between high HER-4 and worse PFS
(HR = 1.21; 95% CI, 0.75-1.95, P = 0.43) (Figure S2).

Association between RTKs and
clinicopathological features

Nine studies (17, 21, 23, 24, 27, 30, 32, 35, 37) reported on
EGFR and OS. Among them, five (17, 21, 24, 30, 32) reported on
cutaneous melanoma, three (23, 27, 35) reported on uveal
melanoma, and one (37) reported on nasal melanoma. We
performed a subgroup analysis to assess whether the
prognostic value of RTKs was related to pathology. By using a
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Disease Follow- Outcome Significant findings
type up

cutaneous 56 + 25 [N HERS3 is a determinant for poor
melanoma  months prognosis in melanoma.
recurrent 76 (e} Ephrin-A1/EphA2 pathway might be
melanoma  months important for patient survival of

(13-210) melanoma.
uveal NG oS Nuclear HER3 is associated with
melanoma favorable overall survival in uveal

melanoma.

Metastatic NG 0os IGF-1R expression is correlated with poor
uveal prognosis in metastatic uveal melanoma.
melanoma
mucosal NG (6N Positive HER4 expression is correlated
melanoma with the prognosis in mucosal melanoma.

fixed effects model, we conducted a pooled analysis from six
studies (17, 21, 24, 30, 32, 37), which demonstrated that EGFR
overexpression was associated with significantly worse OS in
patients with cutaneous melanoma (HR = 1.63; 95% CI, 1.13-
2.36, P = 0.009, I> = 0%) and nasal melanoma (HR = 3.51; 95%
CI, 1.21-10.18, P = 0.02). However, there were no significant
association between EGFR overexpression and uveal melanoma
(HR = 1.07; 95% CI, 0.77-1.49, P = 0.68, I* = 0%) (Figure 4A).
Three studies (19, 20, 27) reported on the association between
pathology and MET expression. MET overexpression was
associated with a worse OS in cutaneous melanoma (HR =
3.23; 95% CI, 1.15-9.08, P = 0.03) and uveal melanoma patients
(HR = 1.46; 95% CI, 1.11-1.92, P = 0.007, I* = 0%) using a fixed
effects model (Figure 4B). To find whether the prognostic value
of RTKs is related to geographic research area, we performed a
subgroup analysis for various categories: Europe, America, and
Asia. Pooled analysis of EGFR expression from seven studies (17,
21, 23, 24, 27, 30, 32, 35, 37) demonstrated that EGFR
overexpression was associated with a worse OS in Europe
Genesis(HR = 1.41; 95% CI, 0.95-2.10, P = 0.09, I” = 28%) and
Asia (HR = 1.92; 95% CI, 0.78-4.75, P = 0.16, I* = 61%)
compared to other geographic areas (Figure 4C). After
excluding one study by Trocme et al. (35), a statistically
significant association was found in European patients with
EGFR overexpression (HR = 1.63; 95% CI, 1.13-2.36, P =
0.009, I* = 0). However, we could not study the overall effect
of other RTKs due to the lack of sufficient studies and huge
heterogeneity within the limited studies.

Association between RTKs and
biomarker cut-off

Biomarker cut-offs represented an important source of
heterogeneity. Among the eight studies (17, 21, 24, 27, 30, 32,
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TABLE 2 Expression of RTKs in studies.

10.3389/fonc.2022.819051

Author RTK Antibody used for evaluation Cut-off RTK
overexpression
Al-Jamal IGF-1R N-20; sc-712, Santa Cruz Biotechnology, Calif; dilution 1:500 > 15% 88 (68%)
Boone EGFR Zymed Laboratories Inc, CA, USA > 10% 13 (11.4%)
Chen EphA2 Santa Cruz, USA; dilution 1:200 moderate to strong staining 21 (62.5%)
Das MET ERBB3: Cell Signaling Technologies; dilution 1:250 > 20% ERBB3 12 (92%)
ERBB3 MET: Cell Signaling Technologies; dilution 1:300 MET 9 (43%)
Economou c-Met IGF-1R: N-20, Santa Cruz Biotechnology, Inc. (Santa Cruz, > 10% c-Met:75 (56.82%)
IGE-IR  CA) IGE-1R:42 (31.82%)
c-Met: ImmunKemi (Novocastra Ltd., Newcastle-upon-Tyne,
UK)
Eliopoulos HER2 DAKO Ltd, Cambridgeshire, UK > 10% 15 (29.41%)
Ericsson IGF-1R Oncogene Science (Manhasset, NY); dilution 1:1000 > 50% 15 (41.67%)
Giatromanolaki VEGFR2 34a; Oxford University, UK >50% 14 (23.3%)
Hurks EGFR R-1; Santa Cruz Biotechnology, Santa Cruz, CA; dilution 1:20 NG 6 (28.57%)
Jafari VEGF-R1  R&D systems NG VEGF-R1 22 (52%)
VEGF-R2 VEGF-R2 68 (57.3%)
VEGEF-R3 VEGEF-R3 34 (52.7%)
Katunari¢ EGFR Membrane EGFR (Dako) > 10% NEGEFR 24 (21.82%)
nuclear EGFR (Leica Microsystems) MEGFR 31 (28.18%)
Langer C-KIT C-KIT: A4502; Dako, Glostrup, Denmark intensity > 1+ C-KIT 8 (80%)
PDGFR-A PDGFR-A: 3164; Cell Signaling Technologies, Beverly, MA, PDGFR-A 0
USA
Liu VEGFR-3  Santa Cruz Biotechnology, Inc., Santa Cruz, CA; dilution > 10% of tumor cells 34 (60.71%)
1:200 > 5% in endothelial cells
Mallikarjuna EGFR EGFR (R-1; 200 pl/ml) > 10% EGFR 18 (30%)
c-met c-Met (DQ-13; 100 pg/ml) c-met 33 (55%)
Santa Cruz Biotechnology, CA, USA
Mo EphrinAl NG NG EphA2 26 (28.6%)
EphA2 ephrinAl 28 (30.8%)
Monteiro VEGFR-3 NG NG NG
Nielsen HER-4 RB-9045-P1; Thermo Scientific; dilution 1:50 NG NG
Potti HER-2/ A4502; IMPATH, Calif., USA >2+ or greater Immunostaining HER-2/neu 2 (0.9%)
neu c-Kit 46 (22.8%)
c-Kit
Reschke HER3 clone C-17; Santa Cruz; dilution 1:50 German immunohistochemical scoring (GIS) ~ moderate to high 85
>6 (65%)
high in metastases 35
(40%)
Straume Ephrin-A1 Ephrin-Al: pAb SC-911; Santa Cruz staining index = 9 FGFR 17 (11.7%)
EphA2 EphA2: pAb SC-924; Santa Cruz Ephrin-A1 23 (15.8%)
EphA2 23 (15.9%)
Trocme HER3 clone C-17; Santa Cruz; dilution 1:50 “2,” strong staining intensity 42 (33%)
Yoshida IGF-1R Ventana Medical Systems 3+ staining intensities 17 (70.83%)
>85% percentages of positive cells
Zhu HER4 clone: PC100; Vebdor: Thermo Fisher Scientific Co., positive tumor cells 45 (70.3%)

(Waltham, Massachusetts, USA); dilution 1: 300

NG, not given.

35, 37) that reported on EGFR and OS, four (17, 21, 24, 27) of
them used “>10% of the tumor” as the cut-off, one (35) used “>2+
staining”, one (37) used “0-100% staining”, one (32) used
“German immunohistochemical scoring (GIS)>6”, and one (30)
did not provide a clear definition. The study that used a cut-off
of “>10% of the tumor” revealed a significant association between
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(Range: 0-100%)

EGER expression and OS (HR = 1.60; 95% CI, 1.08-2.37, P = 0.02,
I” = 0%), whereas the rest studies did not show strong power due
to the limited study quantity (Figure 5A). Three studies (19, 20,
27) reported the cut-offs for MET expression: two of them (20, 27)
used “>10%” and the other one (19) used “>20%”. A statistically
significant association was found in both two cut-off categories
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FIGURE 2

Forest plot illustrating the association between various RTKs and OS in melanoma. (A) EGFR, (B) MET, (C) VEGF-R1, (D) VEGF-R2.

(“>10%”, HR = 1.46; 95% CI, 1.11-1.92, P = 0.007, I = 0%)
(Figure 5B). Due to the lack of studies focusing on other RTKs and
biomarker cut-offs, we could not measure the pooled effect of
these variables.

Discussion

To our knowledge, this is the first and largest meta-analysis
that systematically explores the prognostic value of RTKs in
malignant melanoma, which included 23 studies with a total of
2,072 patients. Our findings suggest that overexpression of
RTKs, based on IHC analysis, is closely associated with poor
prognosis in malignant melanoma patients. Furthermore, the
prognostic value of the examined RTKs varied according to the
clinicopathological characteristics of patients, such as
pathological subtype, geographical area, and cut-offs of
biomarkers, highlighting the clinical and predictive value of
RTK expression.

The pooled prognostic value of RTK overexpression in
melanoma has major implications for the field with respect to
accurate survival estimation and the selection of individualized
combination therapies. By comprehensively gathering and
evaluating studies utilizing THC analysis for resected
melanoma, we innovatively investigated the relationship
between overexpression of RTKs and survival outcomes. Our

Frontiers in Oncology

08

results indicated the prognostic value of overexpression of RTKs,
including EGFR, MET, VEGF-R1, VEGF-R2, VEGF-R3, and
IGF-1R. Numerous studies have reported that aberrant
overexpression of RTKs were related with the pathogenesis of
melanoma and these RTKs might be used as therapeutic targets.
The abnormal expression and activation of EGFR are closely
related to the progression and drug resistance of melanoma
patients (38, 39). In our study, we also found an association
between EGFR overexpression and worse OS in melanoma
patients. Additionally, VEGFR has been identified as a
potential therapeutic target for the treatment of melanoma,
which may inhibit malignant melanoma metastasis and
progression. Furthermore, several VEGFR inhibitors have been
used in clinical trials to treat melanoma patients (40-42). Roger
et al. found VEGFR expression can be used to evaluate
chemotherapy efficacy and prognosis of melanoma patients
following chemotherapy treatment (43). Our findings are
consistent with their conclusions as the pooled HRs of survival
data concerning VEGFR overexpression are relatively higher
than other RTKs. Hepatocyte growth factor receptor (c-
mesenchymal-epithelial transition factor, c-Met) is a
transmembrane protein encoded by the Mesenchymal-
epithelial transition factor (Met) gene, which is usually
abnormally expressed in melanoma due to increased copy
number, exon skipping, and gene mutations (19, 44). Several
studies also found that c-MET may represent a potential

frontiersin.org


https://doi.org/10.3389/fonc.2022.819051
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Lei et al.

A _studyor
Jafari 2018
Liu 2008

log[Hazard Ratio]
1692 0.5142 30.6%
0.8688 0.3417 69.4%

Total (95% CI) 100.0%
Heterogeneity: Chiz = 1.78, df = 1 (P = 0.18); I* = 44%
Test for overall effect: Z = 3.94 (P < 0.0001)

Hazard Ratio

SE Weight IV, Fixed. 95% Cl

10.3389/fonc.2022.819051

Hazard Ratio

IV, Fixed, 95% CI
5.43 [1.98, 14.88] —
2.38[1.22, 4.66] ——
3.07 [1.76, 5.36] -
001 01 1 10 100

Hazard Ratio

Favors [experimental] ~ Favors [control]

Hazard Ratio

B _studyor log[Hazard Ratio] __SE_Weight _IV. Random, 95% C V. Random. iiﬂﬁ c
Jafari 2018 0.9156 0.4546 100.0% 2.50[1.02, 6.09]
Total (95% Cl) 100.0% 2.50 [1.02, 6.09] g
Heterogeneity: Not applicable t + y J
ppic: _ 0.01 0.1 1 10 100
Test for overall effect: 2= 2.01 (P = 0.04) Favors [experimental] ~ Favors [control]
Hazard Ratio Hazard Ratio
C _studyor log[Hazard Ratio] i{ Y m, Qg"é E
Jafari 2018 1.9953 0.6064 100.0% 7.35[2.24,24.14]
Total (95% Cl) 100.0%  7.35[2.24, 24.14] —~—
Heterogeneity: Not applicable b + + J
PPIG: _ 0.01 0.1 1 10 100
Test for overall effect: Z = 3.29 (P = 0.001) Favors [experimental] ~ Favors [control]
Hazard Ratio Hazard Ratio
D _study or log[Hazard Ratio] E_Weight 1V, Random, 95% ClI IV, R‘nndn‘m

Boone 2011 1.11 1.55 100.0%

Total (95% CI)
Heterogeneity: Not applicable
Test for overall effect: Z=0.72 (P = 0.47)

100.0%

FIGURE 3

3.03[0.15, 63.30]

3.03 [0.15, 63.30]

QﬁCI

0.01 0.1 1 10
Favors [experimental] ~ Favors [control]

Forest plot illustrating the association between various RTKs and DFS in melanoma. (A) VEGF-R3, (B) VEGF-R1, (C) VEGF-R2, (D) EGFR.

biomarker and therapeutic target for melanoma, which warrants
further exploration (45, 46). We also found that MET
overexpression is associated with worse OS in melanoma
patients, which could be partly explained by the oncogenic
role of the Met pathway in the process of drug resistance and
immune response. In addition, Villanueva et al. observed that
the increased IGF-1R in post-relapse melanoma is consistent
with acquired BRAF inhibitors resistance, which also confirmed
the prognostic value of IGF-1R in disease progression (47). With
more and more clinical trials targeting RTKs, the prognostic
value of RTKs and combined therapies are expected to bring new
hope to advanced melanoma patients.

In this meta-analysis, the association between the prognostic
value of RTK overexpression and the clinicopathological
characteristics of melanoma, including pathological subtype,
geographic area, and the cut-ofts for IHC analysis, was also
explored. RTK expression or mutations depends on the
melanoma subtype, such as mucosal melanoma (vs. cutaneous
melanoma), acral lentiginous melanoma (vs. other cutaneous
melanoma), and amelanotic melanoma (vs. melanotic
melanoma). Due to the heterogeneity of melanoma, it is critical
to investigate relevant RTKs based on their expression and
prognostic value by disease subtype. By utilizing subgroup
analysis, we found EGFR overexpression was associated with
worse OS in cutaneous melanoma and nasal sinus melanoma,
but not uveal melanoma. Moreover, MET overexpression
was associated with worse OS in both cutaneous melanoma
and uveal melanoma. Topcu-Yilmaz et al. suggested that
EGFR overexpression was significantly correlated with
clinicopathological parameters, such as mitosis rate, in uveal

Frontiers in Oncology

09

melanomas (48). We believe that the difference may be related
to the different evaluating outcomes given we focused on survival
data such as OS, PFS, and DFS. In addition, c-Kit mutations and
expression were found in mucosal melanoma, acral lentiginous
melanoma, and amelanotic melanoma. However, there was no
significant association between OS and c-KIT in our study, which
might be attributed to melanoma anatomical heterogeneity.

The incidence and prognosis of melanoma patients from
various geographic regions were quite different. For instance, the
proportion of acral melanoma in black patients with cutaneous
melanoma was 80.0%, whereas it was relatively infrequent in
Caucasian patients (49, 50). Furthermore, African descendants
had more advanced disease stages and higher melanoma-specific
mortality compared to Caucasians who usually had a better
prognosis (51-53). In our study, we found a statistically
significant association between EGFR expression and patients
in Europe compared to other geographic areas. However, due to
a lack of enough studies on these markers, we could not conduct
a comprehensive analysis on the relationship between other
RTKs and geographic factors, which might affect the
geographic location-specific clinical application of RTK
biomarkers for prognostic prediction.

The major strength of our study was the overall prognostic
analysis of RTKs and their connection with clinicopathological
characteristics. We strictly evaluated the quality of all included
studies using the REMARK guidelines. We found some reports
did not clearly define all endpoints and overlooked estimated
effects in multivariable analyses, which were excluded from our
analysis. Furthermore, we explored heterogeneity due to varying
biomarker cut-offs used in different studies, which may directly
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Prognosis of various RTK and clinicopathological features. (A) EGFR and disease type, (B) MET and disease type, (C) EGFR and geographical areas

influence the definition of RTK overexpression. We found that
studies with EGFR or MET overexpression showed significant
prognostic value in patients when the cut-off “>10% staining of
tumor cells” was applied. However, some included studies did
not define the specific cut-off or used different cut-off standards
from staining scores or other evaluation scores such as GIS
scores. Future studies should unify on the cut-offs of biomarkers
to conduct homogeneous research. Besides, single-target
therapies are often ineffective and prone to recurrence in
cancer treatment (54). Currently, most studies focusing
combining targeting RTKs with immunotherapy are confined
to basic studies, although several therapies using multi-target
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TKIs, such as imatinib and ipilimumab, have entered clinical
trials (55). Due to the existing diversity in patients’ genetic
subtypes and pathological characteristics, targeting prognostic
RTKs with combination therapies may provide a comprehensive
treatment regimen which may produce a long-term therapeutic
effect and reduce immune-related adverse events.

This meta-analysis suffers from several limitations. First, due
to the lack of sufficient studies reporting clinicopathology issues,
such as recurrence, invasion (Breslow thickness), and distant
metastasis, we could not conduct a comprehensive analysis on
the relationship between these clinicopathologic variables and
prognosis or survival. Also, we could not measure the
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Association of various RTKs and cut-off. (A) EGFR, (B) MET.

publication bias due to the limited number of studies on each
outcome. Additionally, some heterogeneity may arise due to the
fact that survival data from several studies were estimated from
Kaplan-Meier curves, which increased the chances of deviation
to some extent. Most cases were retrospective analyses rather
than randomized controlled clinical trials or prospective cohort
studies, which may lead to publication bias. Finally, some RTKs
have been studied extensively, whereas others are disadvantaged
by limited studies. Such analysis can serve as preliminary
findings on these lesser studied RTKs, although studies with
large sample sizes are needed to get much more data to draw
reliable conclusions.

In conclusion, our study provides concrete evidence that
overexpression of RTKs is associated with poor prognosis and
clinicopathology in malignant melanoma, highlighting the value
of RTK in individualized combination therapies and accurate
prognostic evaluation. The standard evaluating procedures and
proper patients based on RTK expression should be further
investigated. Randomized controlled trials or prospective cohort
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studies with large sample sizes are still required to
comprehensively improve the prognostic application and
combination therapies targeting RTKs in cancer research.
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