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Abstract: Despite advances in the management of advanced clear cell renal cell carcinoma
(ccRCC), robust biomarkers for prognosis and therapeutic response prediction remain
elusive. Dysregulation of the intrarenal renin—angiotensin system (RAS) has been impli-
cated in renal carcinogenesis but little explored, particularly regarding biomarker discovery
and therapeutic innovation. Consequently, this study investigates the immunohistochem-
ical expression and clinical relevance of the Mas-related G-protein-coupled receptor D
(MrgD) in patients with ccRCC who developed metastatic disease (mccRCC). A cohort of
132 patients treated between 2008 and 2018 with nephrectomy and tyrosine kinase inhibitor
(TKI)-based sequential therapy was analyzed. Treatment response was assessed using both
the MASS and RECIST scoring systems. High MrgD expression in primary tumors was
significantly associated with larger size, advanced stage, higher histological grade, and
worse overall survival. Among 81 patients with metachronous metastases, high MrgD
expression independently predicted shorter disease-free survival. High MrgD staining
intensity correlated with poorer TKI responses in first-line therapy but improved outcomes
with second-line mTORC1 inhibitors. These findings suggest that MrgD may be a useful
biomarker of RAS linked to tumor aggressiveness in ccRCC. MrgD holds potential for
identifying high-risk patients and guiding treatment selection in advanced disease. Further
research is needed to unlock its clinical potential.
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1. Introduction

Clear cell renal cell carcinoma (ccRCC) is the most common subtype of kidney cancer,
accounting for 70-80% of all renal malignancies [1]. It remains a significant global health
burden, with over 430,000 new cases of renal cancer diagnosed annually worldwide and
more than 180,000 related deaths in 2020 [2]. The disease’s impact is heightened by its
tendency to present at advanced stages; approximately 30% of patients have metastatic
disease at diagnosis, and another 30% with localized disease will progress to metastatic
stages over time [3,4]. Despite advances in detection and surgical approaches, mccRCC
remains a major clinical challenge, with 5-year survival rates under 15% in cases with
widespread metastases [5].

The treatment of advanced ccRCC has seen significant improvement over the past
years, driven by targeted therapies with tyrosine kinase inhibitors (TKIs) and the intro-
duction of immune checkpoint inhibitors (ICIs) [6,7]. Combination therapies, such as
ICI-ICI or ICI-TKIs, have emerged as first-line treatments for advanced disease, tailored
according to patient risk profiles [6,7]. However, despite these innovations, the benefits
are often heterogeneous, and a subset of patients shows resistance or limited response to
current therapies.

This variability perpetuates the ongoing debate over the optimal implementations of
available therapies in metastatic disease as well as the clinical relevance of current prognos-
tic tools [1,5]. Current systems such as the International Metastatic Renal Cell Carcinoma
Database Consortium (IMDC) risk classification system [8] can guide therapeutic decisions
but lack molecular precision [5]. Efforts to identify reliable biomarkers capable of predict-
ing prognosis and response to targeted or immune-based therapies have yielded many
promising candidates; however, none have translated into routine clinical practice [9].

The renin-angiotensin system (RAS) has emerged as a promising area of research,
offering novel opportunities for both biomarker development and therapeutic innovation
in renal cancer [10-16]. The RAS is well known for its endocrine roles in regulating renal
and cardiovascular physiology with local RASs exerting both paracrine and autocrine
effects regulating long-term physiological phenomena in the kidney [17,18]. Specifically,
the angiotensin-converting enzyme (ACE)/angiotensin II (Ang-II)/angiotensin type 1
receptor (AT1R) axis promotes cell growth, angiogenesis, and tissue repair, whereas the
ACE2/angiotensin 1-7 (Ang 1-7)/MAS receptor (MASR) axis, often referred to as the
alternative RAS [19], acts as a counter-regulatory mechanism [17-19].

Imbalances favoring the ACE/Ang-1I/AT1R axis contribute to renal cell prolifera-
tion, inflammation, and fibrosis. This discovery has deepened our understanding of the
therapeutic efficacy of ACE inhibitors (ACEis) and AT1R blockers (ARBs) in slowing the
progression of non-neoplastic kidney diseases [17,19] and have broadened the scope of RAS
research into renal carcinogenesis [10,13,14]. Notably, multiple studies have demonstrated
that the use of these RAS inhibitors (RASis) improves responses to TKIS and ICI therapy
and is associated with better outcomes for mccRCC patients [11,12,15,16]. Moreover, pre-
clinical research has highlighted the pro-tumorigenic effects of the ACE/Ang-II/AT1R axis
in renal tumors [10,13,14,20-22]. However, the role of the alternative RAS pathways in renal
carcinogenesis remains less studied, with available data presenting often contradictory
findings [23-25].
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Alamandine (ALA), a recently discovered peptide of the alternative RAS [26], binds
to the Mas-related G-protein-coupled receptor D (MrgD), exerting effects analogous to
the Ang 1-7/MAGSR axis, including antifibrotic and antiproliferative actions in local
contexts [19,26-28]. Despite its potential relevance, studies exploring the expression of
MrgD in tumor tissues and the role of the ALA/MrgD axis in cancer progression are
limited [29-32].

In the context of renal neoplasms, we recently demonstrated that MrgD is expressed
in several renal tumor subtypes. Moreover, ccRCC patients with higher MrgD expression
exhibited a more aggressive clinical behavior and were associated with worse patient
survival [32]. Our pilot study focused on early ccRCCs, although a small subgroup of
patients developed metastases and was treated with first-line TKIs, showing a poorer
response when tumors had elevated MrgD expression [32].

In order to expand these findings to advanced-stage ccRCC, the current study analyzed
the immunohistochemical (IHC) expression of MrgD in a cohort of metastatic ccRCC
(mccRCC) patients. This study aimed to achieve three objectives: (1) to validate the
association of MrgD expression with pathological parameters of tumor aggressiveness,
including histological grade, tumor size, and local and distant invasion; (2) to determine
whether MrgD expression in primary tumors predicts disease recurrence and overall
survival; and (3) to explore its relationship with therapeutic responses across different
treatment lines.

2. Materials and Methods
2.1. Patients

This study included patients with mccRCC treated between 2008 and 2018 at two
tertiary reference centers, Donostia and Cruces University Hospitals in the Basque Country
(Spain) [33]. This study was approved by the Institutional Ethics Committee (CEIm Euskadi,
approval number PI2015059X). All patients underwent radical nephrectomy, which con-
firmed the histopathological diagnosis of ccRCC. Synchronous or metachronous metastases
were diagnosed through imaging studies, often confirmed by biopsy or, in some cases, by
surgical resection. Tumor classification at the time of nephrectomy followed the American
Joint Committee on Cancer (AJCC) and the National Comprehensive Cancer Network
(NCCN)’s 2010 staging systems [34]. Clinical performance status was assessed using the
Eastern Cooperative Oncology Group (ECOG) scale [35] at first-line therapy initiation.
Patients were stratified according to the International Metastatic Renal Cell Carcinoma
Database Consortium (IMDC) risk classification system [8].

All patients received at least one cycle (4 weeks) of TKIs, continuing until disease
progression or loss of therapeutic response. Treatment response was evaluated 3 months
after its initiation using the Response Evaluation Criteria in Solid Tumors (RECIST) [36]
and Morphology, Attenuation, Size, and Structure (MASS) [37] criteria. Data on second-
and third-line treatments were also collected, with treatment responses assessed using the
same criteria (detailed in the Section 3).

2.2. Immunohistochemistry

Tissue microarrays (TMAs) were constructed using primary mccRCC samples for
immunohistochemical (IHC) analysis. IHC was performed on formalin-fixed, paraffin-
embedded tumor tissues using a rabbit polyclonal anti-MrgD antibody (reference
HPA031346, Sigma-Aldrich, St. Louis, MO, USA, dilution 1:50). The antibody specificity
had been previously validated [38]. Staining was performed on an automated immunos-
tainer (Dako Autostainer Plus, Dako-Agilent, Glostrup, Denmark) following standard
protocols. Antigen retrieval was carried out in a low-pH buffer (K8005, Dako) at 95 °C
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for 20 min. Tissue sections were incubated with the primary antibody for 50 min at room
temperature, followed by washing and application of a secondary anti-rabbit antibody
(K8021, Dako) for 20 min. Detection was achieved using the EnVision-Flex system, which
incorporates an HRP-labeled polymer (SM802, Dako). Diaminobenzidine (DAB; DM827,
Dako) was used as the chromogen, and sections were counterstained with hematoxylin
(K8008, Dako).

Two independent observers evaluated the slides under light microscopy, resolving
discrepancies by consensus. Each TMA included two cores per primary tumor. TMAs also
included two cores of non-tumor renal tissue as internal controls. In these controls, MrgD
staining was categorized as previously reported [32]: moderate or intense in proximal
tubules, weak in distal nephrons, and absent in glomeruli. Tumor staining was similarly
classified as weak, moderate or intense when >10% of tumor cells in a core displayed
staining comparable to control tissues. Staining below this threshold (<10%) was considered
negative [39]. Following previous classification criteria [32], tumors were grouped into two
categories: positive (moderate/strong staining) and negative (weak/absent staining). If
one core was hegative and the other positive, the case was classified as positive, consistent
with the pilot study methodology [32].

2.3. Statistical Analysis

Correlations between IHC data and continuous variables (e.g., age, tumor size) were
assessed using Spearman’s rank correlation coefficient (Spearman’s Rho test). Categorical
variables, including MrgD expression (negative vs. positive), patient sex, pathological
characteristics, and treatment response, were analyzed using the Chi-square (x?) test.

Survival analyses were conducted using Kaplan-Meier curves and log-rank tests.
Overall survival (OS) was defined as the time from diagnosis to death from any cause,
while disease-free survival (DFS) was defined as the time from nephrectomy to the first
recurrence or metastasis. To identify independent survival predictors, univariate and
multivariate analyses were performed using Cox proportional hazards regression, with the
backward Wald elimination method.

All statistical analysis was performed with SPSS® 28.0.

3. Results
3.1. Patients Clinical and Pathological Characteristics

A total of 170 patients with ccRCC with metastatic disease treated with TKI monother-
apy as first-line therapy was initially considered for this study [40]. However, 25 patients
were excluded due to undetermined response criteria (n = 5), histological findings inconsis-
tent with clear cell diagnosis (n = 4), or loss to follow-up (n = 16) [33]. Additionally, tissue
microarrays from 13 patients were deemed non-representative due to the absence of tumor
tissues or core imperfections that precluded pathological evaluation. As a result, this study
was conducted with a sample of 132 patients.

In this cohort, the male-to-female ratio was 2.38:1, and the mean age was 59.8 years
(median 60 years and range: 26-83 years). The mean tumor size was 8.47 cm (median
8 cm). The Fuhrman grade distribution was as follows: grade 1 in 4 patients (3%), grade
2 in 28 (21.2%), grade 3 in 40 (30.3%), and grade 4 in 60 (45.5%). Regarding the AJCC T
category, 18 patients (13.6%) were pT1, 15 (11.4%) were pT2, 90 (68.2%) were pT3, and 9
(6.8%) were pT4. At the time of nephrectomy, the NCCN stage was I in 17 patients (12.9%),
II'in 8 (6.1%), Il in 49 (37.1%), and stage IV in 58 (43.9%). Positive lymph nodes were
identified in 20 cases (15.1%), with a single positive node (N1) in 14 patients (10.6%) and
multiple positive nodes (N2) in 6 (4.5%). Metastatic disease was present at diagnosis in
51 patients (38.6%), of whom 12 (23.5%) had a single metastasis, and 39 (76.5%) had multiple
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metastases. Additionally, 81 patients (61.4%) developed metachronous metastases months
or years after the initial diagnosis. The mean time from initial diagnosis to nephrectomy
was 2.5 months (median: 2 months, range: 1-29 months); from diagnosis to first-line TKI
treatment, 29 months (median: 9.5 months, range: 0-201 months); and from nephrectomy
to first-line TKI treatment, 28.2 months (median: 9 months, range: 0-201 months).

Performance status was assessed using the ECOG scale, revealing that 111 patients
(84.1%) had preserved function (ECOG = 0), 19 (14.4%) had mildly limited function
(ECOG =1), and 2 (1.5%) had moderately limited function (ECOG = 2). Prognostic classifi-
cation using the IMDC criteria showed that 58 patients (43.9%) had a favorable prognosis,
62 (47%) had an intermediate prognosis, and 12 (9.1%) had an unfavorable prognosis.

This clinical and pathological information is summarized in Table 1, where variables
are grouped and dichotomized to facilitate statistical analysis and to ensure consistency
with the methodology used in our previous study on early-stage ccRCCs [32]. This approach
allows for clearer comparisons and enhances interpretability of the results.

Table 1. Pathological and clinical characteristics of patients at initial diagnosis and at TKI start *.

Variables n =132
Age
<60 years 69
>60 years 63
Gender
Male 93
Female 39
Fuhrman grade
Low (G1-G2) 32
High (G3-G4) 100
Diameter
<7 cm 44
>7 cm 88
Local invasion (pT)
Organ-confined (pT1-pT2) 33
Not confined (pT3—pT4) 99
Lymph node invasion (N)
No 112
Yes 20
Metastasis (M)
Metachronous 81
Synchronous 51
NCCN 2010 Stage
Stage I-11 25
Stage III-IV 107
ECOG
Preserved function (ECOG 0) 111
Reduced function (ECOG 1-2) 21
IMDC *
Favorable/Intermediate 120
Unfavorable 12

NCCN: National Comprehensive Cancer Network; ECOG: Eastern Cooperative Oncology Group; IMDC: Interna-
tional Metastatic Renal Cell Carcinoma Database Consortium.

3.2. MrgD Expression in Primary Tumor According to Clinical and Pathological Variables

Following the same protocol as our previous study [32], we initially evaluated MrgD
receptor expression in the non-tumor regions of nephrectomized kidneys. This receptor
exhibited variable intensity within the cytoplasm and membranes of the cells along the
nephron tubules. Specifically, staining ranged from moderate to intense in proximal tubules
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and weak to absent in distal nephron tubules, while being entirely absent in glomeruli
(Figure 1). Based on these observations in non-tumor tissue, the staining patterns in
renal tumors were categorized into two groups: tumors displaying moderate or intense
cytoplasmic and membranous staining were classified as positive, whereas those with no
staining or only weak staining for MrgD were classified as negative.

Non tumor kidney tissue Primary tumor
Low histological grad High histological grade
Z¥N .:( 7\ o A X ‘_'.'.$ o/ 4 ?-;" TR 2 5{“ “."‘.._‘-',‘
IR T g SU B s
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Figure 1. MrgD expression in advanced clear cell renal cell carcinoma (mccRCC). (a) Hematoxylin-
eosin (H&E) staining of the non-tumor part of the nephrectomized kidney shows proximal convoluted
tubules with granular eosinophilic cells (arrows) and glomeruli (asterisks) but also distal nephron
tubules (arrowheads). (b) MrgD staining of the non-tumor tissue reveals an intense granular cytoplas-
mic staining of the proximal tubules (arrows) and weak staining of the distal tubules (arrowheads).
Notice that glomeruli can be used as internal negative control (asterisk). (c,d) Low-grade ccRCC
shows weak MrgD staining, whereas the high-grade tumor (e,f) shows intense staining. Original
magnification x250.

3.2.1. MrgD Expression Does Not Change Depending on Patients” Ages or Sex

The initial statistical analysis revealed no correlation between MrgD expression and
the patients” ages (Spearman rho, r = —0.42, p = 0.631). Age was also stratified into a
categorical variable based on the median value (60 years). No significant differences in the
expression of the protein were observed between patients younger or older than 60 years
(x2 test, p = 0.68). Similarly, no differences were detected between male and female patients
(x> test, p = 0.94).

3.2.2. MrgD Expression Is Higher in High-Grade Primary mccRCCs

The Fuhrman histological grade of primary tumors was categorized into low (G1-G2)
and high grades (G3-G4). MrgD-positive cases were significantly more frequent in high-
grade mccRCCs as compared to low-grade ones, as illustrated in Figures 1 and 2.
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Figure 2. Inmunohistochemical staining of MrgD in mccRCC tumors based on clinical and patholog-
ical variables grouped according to histological grade (a), size (b), local invasion (pT) (c), lymph node
(N) (d), distant metastasis (M) (e), and NCCN stage at diagnosis (f). IMDC risk criteria (g) and ECOG
performance status (h) were evaluated at the time of initiating TKI-therapy. MrgD staining intensity
was grouped as negative and positive. The “%” symbol on the Y-axis of the graph represents the

percentage of cases that were MrgD positive or negative. The x? test was used for data analysis. NO:

No lymph node metastasis; N1: lymph node metastasis; M0: No distant metastasis; M1: synchronous

distant metastasis.



Biomolecules 2025, 15, 387

8of 17

3.2.3. MrgD Expression Is Higher in Larger and Non-Organ-Confined Tumors

Tumors were classified according to the median sizes into tumors of 7 cm or smaller
or those larger than 7 cm, with MrgD staining being significantly more intense in the latter
group (Figure 2). Additionally, Spearman’s rho test also demonstrated a positive correlation
between MrgD expression and tumor size (r = 0.281, p = 0.001).

Results were also stratified according to the local invasion (pT) parameter, and we
observed that MrgD expression was significantly more intense in non-organ-confined
tumors (pT3-pT4) than in organ-confined ones (pT1-pT2) (Figure 2).

3.2.4. MrgD Staining Is More Intense in Higher-Stage Tumors

There were no differences in MrgD expression between tumors that invaded locore-
gional lymph nodes and tumors without nodal invasion. Primary tumors from patients
diagnosed with synchronous metastasis also had similar MrgD staining intensity than
tumors from patients diagnosed with metachronous ones (Figure 2). No significant dif-
ferences were observed between cases presenting with single or multiple metastases (x?,
p = 0.38). Tumors were also categorized according to the NCCN 2010 staging system. We
observed that stage III-IV tumors showed significantly higher expression of the protein
than I-II stage tumors (Figure 2).

3.2.5. MrgD Expression Does Not Change Depending on ECOG Performance Status and
IMDC Risk Classification

The expressions of MrgD in primary tumors from patients with mildly to moderately
limited functions (ECOG 1-2) were similar to those from patients with preserved functions
(ECOG 0). Similarly, the staining intensity of this protein did not vary according to IMDC
criteria (Figure 2).

3.3. MrgD Expression in Primary Tumor According to Treatment Response

All 132 patients in the cohort received TKI-based first-line therapy with sunitinib,
sorafenib, or pazopanib as a monotherapy. Treatment response was assessed using both
the MASS and RECIST scoring systems. According to the MASS score, 56 patients (42.4%)
exhibited an unfavorable response, 44 (33.3%) demonstrated a favorable response, and 32
(24.2%) had an indeterminate response. RECIST results were similar: 55 patients (41.7%)
experienced disease progression, 15 (11.4%) achieved a complete response, 31 (23.5%) had
a partial response, and 31 (23.5%) maintained stable disease.

Second-line therapy was administered to 85 patients (64.4%) and included alterna-
tive TKIs (n = 52; e.g., axitinib, cabozantinib), mammalian target of rapamycin complex-1
(MTORC1) inhibitors (n = 23; everolimus or temsirolimus), and ICIs (n = 10; nivolumab
and/or ipilimumab). Among these patients, 45 (52.9%) had an unfavorable response
(MASS) or disease progression (RECIST), 18 (21.2%) exhibited a favorable or partial re-
sponse, and 22 (25.9%) were classified as having an indeterminate response or stable disease.

Third-line therapy was administered to 29 patients (22%) and consisted of TKI cabozan-
tinib (n = 11), the mTORC1 inhibitor temsirolimus (n = 7), or combinations of ICIs and
TKIs (n = 11; pembrolizumab or avelumab plus axitinib). In this group, 14 patients (48.3%)
experienced an unfavorable response (MASS) or progression (RECIST), 7 (24.1%) had a
favorable or partial response, and 8 (27.6%) were reported as having an indeterminate
response or stable disease.

3.3.1. MrgD Expression Associated with Unfavorable Response to TKIs in
First-Line Therapy

Primary tumors from mccRCC patients with an unfavorable response (MASS) to
sunitinib, pazopanib, or sorafenib exhibited significantly higher MrgD staining intensities
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as compared to tumors with favorable or indeterminate outcomes. A similar trend was
observed when the data were stratified using RECIST criteria; however, the differences did
not reach statistical significance (Figure 3).

| Tyrosine-kinase inhibitors (TKIs) (n=132) |
p=0.021  p=00%
100
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Figure 3. Inmunohistochemical staining of MrgD in mccRCC tumors according to patients’ response
to first- and second-line therapies. MrgD expression was significantly higher in mccRCCs treated
with TKIs as first-line therapy with unfavorable responses (MASS) but lower in cases treated with
mTORCI inhibitors as second-line therapy. The “%” symbol on the Y-axis of the graph represents
the percentage of cases that were MrgD positive or negative. CR: Complete response; PR: partial
response; SD: stable disease. MrgD staining intensity was grouped as negative or positive. The x>
test was used for data analysis.

3.3.2. MrgD Expression Was Lower in Tumors with Unfavorable Responses to mTORC1
Inhibitors in Second-Line Therapy

Outcomes after second-line therapy were stratified in two ways. First, the analysis
was performed on the entire cohort (n = 85) as a single group. No significant differences in
MrgD expression were observed when stratified by either RECIST or MASS criteria (x?,
p = 0.912 for both MASS and RECIST).

The second approach involved stratification by drug class (Figure 3), and significant
results were observed in the subset of patients receiving mTORC1 inhibitors (n = 23).
Tumors from patients with unfavorable responses and disease progression (n = 14 in both
cases) showed lower MrgD expressions as compared to tumors with favorable, partial,
indeterminate, or stable responses (n =9).

Second-line therapy with axitinib or cabozantinib (n = 52) showed a similar trend to
first-line therapy. mccRCCs with unfavorable response and disease progression (n = 29)
showed higher MrgD staining intensity than tumors with favorable, partial, indeterminate,
or stable responses (n = 23). However, this result did not reach statistical significance 2,
p = 0.126 for both MASS and RECIST). The sample size of patients receiving ICIs was too
low (n = 10) and heterogeneously distributed between the two groups (poor response, n = 1;
rest, n = 9) to make reliable comparisons x?, p = 0.134 for both MASS and RECIST).

For third-line therapy, the analysis was limited to the entire cohort (n = 29) due to the
small sample size, which precluded stratification by drug class. No significant differences
in MrgD expression were observed between tumors with unfavorable responses or disease
progression and other outcomes (x?, p = 0.584 for both MASS and RECIST).
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3.4. MrgD Expression in mccRCC According to Patients” Survival
3.4.1. MrgD Expression Is Associated with Worse Overall Survival (OS) for mccRCC Patients

OS was defined as the time from diagnosis to death from any cause [41]. The mean
follow-up time for the 132 patients in the series was 66.4 months (median: 50 months),
ranging from a minimum of 3 months to a maximum of 247 months. We performed OS
analyses at different follow-up intervals, spanning from 1 to 15 years, as detailed in Table 2.
By the 15-year mark, 124 patients (93.9%) had died, while 8 (6.1%) were still alive.

Table 2. Overall (OS) and Disease-Free (DFS) survival depending on MrgD expression. Log—rank test
was used to analyze the association between MrgD and patients’ survival.

(O 1] 1 year 2 years 3 years 4 years 5 years 8 years 10 years 15 years
Log-rank p= 0.83 0.21 0.02 0.04 0.09 0.009 0.01 0.003

DEFS 1 year 2 years 3 years 4 years 5 years 8 years 10 years 15 years
Log-rank p= 0.01 0.004 0.003 0.002 0.0009 0.0003 0.0003 0.0003

Figure 4 presents the Kaplan—Meier curve for 10-year overall survival (OS) in mccRCC
patients. MrgD positivity was significantly associated with poorer OS at 3, 4, 8, 10, and
15 years of follow-up (Table 2).
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Figure 4. MrgD expression in mccRCC and patients’ survival. Kaplan—-Meier curves and log-rank
test demonstrated the significant association between MrgD positivity and 10-year overall (a) and
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the follow-up period.
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Univariate Cox regression model analysis was performed to evaluate the correlations
between MrgD expression and pathological variables with 10-year OS (Table 3). The
data demonstrated that age (cutoff = 60 years), grouped grade, pT stage, lymph node
invasion (N), distant metastasis at diagnosis (M), ECOG score, IMDC risk group, MASS
score, RECIST response after first-line therapy, and MrgD expression were significantly
associated with poorer OS. These variables were subsequently included in the multivariate
Cox regression model.

Table 3. Predictive model (Cox regression) for 10-year overall survival (OS) and disease-free survival
(DFS) prediction by MrgD and pathological variables in mccRCC patients. Selected independent
variables included MrgD expression (negative vs. positive), clinical, pathological, and treatment re-
sponse variables, which were grouped and dichotomized as described in Table 1 and Figures 2 and 4.
Hazard Ratios (HR) with Confidence Intervals (CI) are also included. Variables resulting from the
backward Wald stepwise method are highlighted in bold.

Cox Regression Model 10-Year Overall Survival 10-Year Disease-Free Survival
Variables P HR 95% CI P HR 95% CI
Sex 0.22 0.78 0.52-1.16 0.7 1.11 0.66-1.86
Age 0.007 1.66 1.15-2.4 0.049 1.58 125
Grade 0.002 1.99 1.28-3.1 0.001 2.34 1.42-3.86
pT <0.001 2.26 1.43-3.55 0.001 2.32 1.38-3.89
N <0.001 2.86 1.79-4.57 0.003 3.12 1.46-6.69
Univariate analysis M <0.001 3.12 2.14-4.55 - - -
ECOG 0.005 1.91 1.21-3 - - -
IMDC <0.001 4.15 2.35-7.33 - - -
MASS <0.001 2.98 2.06-4.32 - - -
RECIST <0.001 3.23 2.23-4.69 - - -
MrgD 0.011 1.68 1.12-2.51 0.001 2.49 1.48-4.2
Age 0.013 1.66 1.11-2.48 0.001 2.56 1.53-4.28
Grade 0.038 1.68 1.03-2.75 0.001 2.54 1.45-4.44
Multivariate pT 0.05 1.7 1-2.89 0.011 2.14 1.19-3.86
analysisFinal step of M 0.001 2.28 1.51-3.45 - - -
Wald method IMDC 0.003 2.7 1.42-5.14 - - -
MASS 0.001 3.24 2.15-4.88 - - -
MrgD - - - 0.049 1.76 1-3.03

To minimize mathematical bias arising from collinearity between variables, tumor
diameter was omitted from the analysis because local invasion (pT) encompasses this
variable. Similarly, NCCN 2010 Stage was excluded as it is composed of pT, N, and M.
By multivariate Cox regression model analysis, built using a backward Wald stepwise
elimination approach, age, grouped grade, pT stage, M, IMDC risk group, and MASS score
were all identified as independent prognostic factors of 10-year OS (Table 3).

Additionally, univariate and multivariate analyses were conducted for 5- and 15-year
OS data (Supplementary Table S1). For 5 years, the OS grouped grade, M, IMDC risk
group, and RECIST response were found to be independent variables. For 15 years, the
OS age, grouped grade, pT stage, M, IMDC risk group, and MASS score were identified as
independent variables. However, we did not observe that MrgD expression was associated
with OS in these analyses.

3.4.2. MrgD Expression Is Associated with Worse Disease-Free Survival (DFS) for Patients
with Metachronous Metastases

DEFS reflects the duration of remission after initial curative-intent surgery [42]. In this
cohort, it was calculated based on the time between nephrectomy and the initiation of first-
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line TKI treatment, as all patients received targeted therapy shortly after recurrence was
diagnosed. In the group of 81 patients (61.4%) who did not present distant metastases at the
time of initial diagnosis, the nephrectomy was apparently curative. However, months or
years later, all these patients developed metachronous metastases. On average, metastases
were diagnosed at 39 months (median: 21.5, range: 1 to 201 months), and by the 15-year
follow-up, 79 patients (97.5%) had relapsed.

DFS was analyzed across various follow-up intervals, ranging from 1 to 15 years. As
shown in Table 2, MrgD expression in primary tumors was significantly associated with
DFS at all follow-up time points. Figure 4 presents the representative Kaplan—-Meier curve
for 10-year DFS.

Univariate analysis was conducted at 10-year DFS (Table 3) but also at 5- and 15-year
DFS (Supplementary Table S1). Variables such as metastasis and NCCN 2010 stage were
excluded, as the cohort consisted exclusively of metachronous cases (M = 0) and due to
the overlap with pT and N categories. MASS and RECIST scores were also omitted, as
these metrics assess treatment response, and this subgroup of patients remained treatment-
naive until the development of metastatic disease. Similarly, ECOG and IMDC scales were
excluded, as these assessments were performed at the time of disease recurrence and the
initiation of systemic therapy.

Age (cutoff: 60 years), grouped grade, pT and N categories, and MrgD expression
were individually associated with 10-year DFS and were included in the multivariate
analysis. Using a backward Wald stepwise-elimination approach, MrgD was identified
as an independent prognostic factor for 10-year DFS alongside age, tumor grade, and pT
stage (Table 3). Similar analyses at 5 and 15 years also confirmed MrgD as an independent
biomarker predicting DFS (Supplementary Table S1).

4. Discussion

This study characterizes MrgD expression in primary tumors from patients with
mccRCC who underwent sequential treatment with TKIs as the first-line therapy. The
findings extend our previous investigation of MrgD expression in early-stage disease [32],
confirming and expanding upon earlier observations and underscoring the prognostic and
therapeutic significance of this protein in ccRCC.

Before the validation in tumor tissues, we aimed to confirm the staining pattern in
non-tumor kidney tissue [32,38], and indeed, the analysis corroborated that MrgD is present
in the cytoplasm and membranes of tubular cells. The expression was high in proximal
tubules, which are the sites of origin for ccRCC according to the most widely accepted
theory [1,3].

The stratification of MrgD expression by pathological variables showed that tumors
with higher histological grades, larger sizes, and advanced pathological stages exhibited
significantly higher staining intensity of this protein. Furthermore, patients” OS was worse
when this receptor was highly expressed at the primary tumor. These results mirror those
from the previous study [32], reinforcing the hypothesis that MrgD expression correlates
with the intrinsic biological aggressiveness of ccRCC across disease stages.

A subset of 81 patients in the cohort developed metastases months or years after
initial diagnosis, enabling an analysis of the association between MrgD expression and DFS.
During a follow-up period of up to 15 years, higher MrgD expression was independently
associated with a shorter time of recurrence. This finding adds substantial value to our
previous pilot study of early-stage ccRCC [32], as it positions this receptor as a biomarker
for identifying patients at greater risk of metachronous metastasis.

The identification of reliable IHC biomarkers for ccRCC remains challenging due to
the marked intratumor heterogeneity of this disease [43]. However, prior studies demon-
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strated that MrgD [32], alongside other components of the intrarenal RAS [44], exhibits a
homogeneous spatial distribution across the tumor center and periphery. This uniformity
enhances its reliability and potential utility as a robust prognostic biomarker for routine
clinical practice. Nonetheless, validation in larger and multicenter studies is necessary to
confirm this potential.

ccRCC is a good example of a highly vascularized solid tumor [3]. In cancer, there is a
strong association between vascular endothelial growth factor (VEGF)-dependent neoan-
giogenesis and immunosuppressive microenvironments [45]. This relationship underpins
the significant therapeutic advances achieved with the combination of TKIs and ICIs in
advanced ccRCC [6,7].

Components of RAS have been identified in tumor cells but also in endothelial, im-
mune, and other stromal cells [13,45,46]. The expressions of AT1R in tumor cells [20]
and ACE in tumor vessels [22] are associated with aggressive behavior in ccRCC. Addi-
tionally, Ang-II/AT1R signaling pathways induce VEGF receptor-mediated angiogenesis
and promote desmoplastic tumor microenvironments that impair immune responses [46].
Furthermore, they stimulate the release of various pro-inflammatory cytokines by both
tumor and stromal cells, which collectively suppress the action of immunostimulatory cells
while activating the recruitment and function of tumor-promoting immune cells [46,47].

These cancer hallmarks, driven by conventional RAS, are linked to the activation
of signaling pathways such as PI3K/AKT/mTORC1 [13]. Inhibiting this pathway at
various levels forms the basis of therapeutic strategies for advanced ccRCC, including TKIs
and mTORC1 inhibitors [5]. Furthermore, RAS-induced tumor-promoting phenomena
are reversed by RASis [46,47], providing a mechanistic explanation for the enhanced
efficacy of targeted therapies and ICIs in mccRCC patients who concomitantly use ARBs or
ACEis [11,12,15,16].

The alternative RAS exerts counter-regulatory effects in processes such as prolif-
eration and inflammation, primarily by inhibiting signaling pathways activated by the
conventional RAS, including the PI3K/AKT/mTORCI1 pathway [13]. Through this mech-
anism, the ALA /MrgD axis suppresses the secretion of pro-inflammatory cytokines in
the kidney [48] and inhibits proliferation in pancreatic cancer cell lines [31]. However,
this counter-regulatory role does not appear to apply universally, as tumor cell growth
is promoted by activation of ALA in non-small-cell lung cancers, where MrgD is highly
expressed [29,30]. This finding aligns with our results for ccRCC and suggests that the role
of this receptor in cancer is highly tumor-specific.

Studies on the ACE2/Ang 1-7/MAS axis in renal cancer also yield conflicting re-
sults, depending on the cell lines and xenograft models analyzed. Findings range
from tumor growth inhibition and improved TKI efficacy [24] to stimulation of invasive
behaviors [23,25]. Furthermore, studies in tumor tissues reveal that while higher ACE2
mRNA levels are associated with increased survival in ccRCC patients [24], IHC expres-
sion of the protein correlates with more aggressive ccRCCs [22]. Together, these findings
highlight the complex role of the alternative RAS in the specific context of renal cancer.

Similarly, our study also revealed a complex and drug-class-dependent relationship
between MrgD expression and therapeutic outcomes in mccRCC. High staining intensity
of this receptor was associated with poorer responses to TKIs in the first-line setting, with
a similar trend observed for other TKIs in second-line treatment (although this did not
reach statistical significance). Conversely, patients receiving the mTORC1 inhibitors as
second-line therapy exhibited significantly better responses when MrgD expression in the
primary tumor was higher.

Given that both drug classes inhibit the PI3K/AKT/mTORC1 pathway at different
levels [5], forming hypotheses to explain this result is challenging. Improved responses to
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mTORCI inhibitors in mccRCCs with high MrgD expression could stem from a synergistic
effect between these drugs and the downstream inhibitory signaling of this pathway trig-
gered by MrgD stimulation [13]. However, such synergy would also be expected with TKIs,
yet the data suggest opposing effects. This finding warrants further investigation to explore
the potential of MrgD as a predictive biomarker for treatment selection, offering a renewed
role for therapies currently relegated to third-line use in advanced ccRCC protocols [5,6].
This cohort allows the investigation of the role of MrgD as a potential prognostic biomarker,
both for OS and DFS. However, a limitation of this study in evaluating treatment response
is the time gap between the immunohistochemical staining of MrgD in primary ccRCC
tissues from nephrectomy and the start of first-line treatment. It can be expected that the
intimate relation between the treatment response and the tumor marker should be better
evaluated in metastatic tissue at the time of initiating treatment.

Future studies should address several critical aspects. First, they should encompass
large patient cohorts, incorporating the latest therapeutic protocols combining ICIs and
TKIs with extended follow-up periods [5,6]. Additionally, the inclusion of metastatic tissues
is essential to validate treatment response findings observed in primary tumors. Studies
in cell lines and animal models will also be instrumental in elucidating the role of the
ALA /MrgD axis in renal carcinogenesis. As part of these experimental approaches, it will
also be important to investigate the observed mRNA-protein discrepancies for MrgD [38]
to explore potential post-transcriptional or post-translational regulatory mechanisms, as
previously described for other components of RAS in both neoplastic and non-neoplastic
kidney diseases [21,49]. These models may further clarify whether the receptor requires
heteromerization with MASR to mediate intracellular signaling, as recently described
in inflammatory contexts involving macrophages [50]. Additionally, they could help
determine whether MrgD possesses intrinsic constitutive activity in tumors indicative of
RAS-independent mechanisms, similar to observations in renal (HEK293) [51] and tumor
(HeLa) cell lines [52].

5. Conclusions

This study validates and expands the prognostic relevance of MrgD expression in
ccRCC, confirming its consistent association with tumor aggressiveness and risk of recur-
rence. Additionally, our findings reinforce the association between MrgD expression and
differential therapeutic responses in advanced disease, as observed in our previous study.
Future research integrating mechanistic, preclinical, and clinical studies will be critical to
fully realize the translational potential of this novel receptor.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390 /biom15030387 /s1: Supplementary Table S1: Predictive model
(Cox regression) for 5- and 15-year overall (OS) and disease-free survival (DFS) prediction by MrgD
and pathological variables in mCCRCC patients.

Author Contributions: Conceptualization, G.L.,J.C.A. and A.V,; data curation, G.L. and ].C.A.; formal
analysis, ].ED., CH.L. and M. A.; funding acquisition, G.L., A.V. and C.H.L.; investigation, . A.-A.,
AV,]DS-I,CEN.-X,, AV, M A,, D.L. and A M.IL project administration, G.L., ].C.A. and J.LL,;
supervision, G.L., ].C.A., R.P. and ].LL.; writing—original draft, G.L. and ].C.A.; writing—review and
editing, G.L.,,LA-A., AV,].DS.-L,CEN.-X, AV, MA,D.L,AMIL,CHL,RP,JLL and J.C.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by grants from the Basque Government (KK-202400003 and
IT1524-22). C.E.N.-X. is funded by Instituto de Salud Carlos III (CP20/00008 and PI22/00386) (Spain,
co-funded by the European Union).


https://www.mdpi.com/article/10.3390/biom15030387/s1
https://www.mdpi.com/article/10.3390/biom15030387/s1

Biomolecules 2025, 15, 387 15 of 17

Institutional Review Board Statement: The current study adheres to the prevailing legal regulations
in Spain and the European Union. Samples were sourced from the Basque Biobank for Research-
O+EHUN (www.biobancovasco.org (accessed on 6 March 2025)), where patient data were made
available for research use. This project was previously approved by the Ethical and Scientific
Committees of the Basque Country Public Health System (Osakidetza) (P12015059X), approval date:
4 June 2015.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: Anonymized datasets used and/or analyzed during the current study
are available from the corresponding author upon reasonable request.

Acknowledgments: We want to thank Arantza Pérez Dobaran (UPV/EHU) for her technical support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Young, M.; Jackson-Spence, F; Beltran, L.; Day, E.; Suarez, C.; Bex, A.; Powles, T.; Szabados, B. Renal cell carcinoma. Lancet 2024,
404, 476-491. [CrossRef] [PubMed]

2. Sung, H;; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLO-BOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

3. MacLennan, G.T.; Cheng, L. Neoplasms of the kidney. In Urologic Surgical Pathology, 3rd ed.; Bostwick, D.G., Cheng, L., Eds.;
Saunders: Philadelphia, PA, USA, 2014; pp. 76-156.

4.  Escudier, B.; Porta, C.; Schmidinger, M.; Rioux-Leclercq, N.; Bex, A.; Khoo, V.; Griinwald, V.; Gillessen, S.; Horwich, A.; ESMO
Guidelines Committee. Renal cell carcinoma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann.
Oncol. 2019, 30, 706-720. [CrossRef] [PubMed]

5. Rinaldi, L.; Senatore, E.; Feliciello, S.; Chiuso, E; Insabato, L.; Feliciello, A. Kidney cancer: From tumor biology to innovative
therapeutics. Biochim. Biophys. Acta Rev. Cancer 2024, 1880, 189240. [CrossRef]

6.  Singer, E.A.; Rumble, R.B.; Van Veldhuizen, P.J. Management of metastatic clear cell renal cell carcinoma: ASCO Guideline Q&A.
JCO Oncol. Pract. 2023, 19, 127-131. [CrossRef]

7. Barragan-Carrillo, R.; Saad, E.; Saliby, R.M.; Sun, M.; Albiges, L.; Bex, A.; Heng, D.; Mejean, A.; Motzer, R.J.; Plimack, E.R,; et al.
First and second-line treatments in metastatic renal cell carcinoma. Eur. Urol. 2025, 87, 143-154. [CrossRef]

8. Heng, D.Y.C,; Xie, W.; Regan, M.M.; Harshman, L.C.; A Bjarnason, G.; Vaishampayan, U.N.; MacKenzie, M.; Wood, L.; Donskov,
F.; Tan, M.-H.; et al. External validation and comparison with other models of the International Metastatic Renal-Cell Carcinoma
Database Consortium prognostic model: A population-based study. Lancet Oncol. 2013, 14, 141-148. [CrossRef]

9. Reese, S.; Calderon, L.; Khaleel, S.; Hakimi, A.A. Current and future biomarkers in the management of renal cell carcinoma. Urol.
Clin. N. Am. 2023, 50, 151-159. [CrossRef]

10. Sobczuk, P; Szczylik, C.; Porta, C.; Czarnecka, A.M. Renin angiotensin system deregulation as renal cancer risk factor. Oncol. Lett.
2017, 14, 5059-5068. [CrossRef]

11. Nuzzo, PV;; Adib, E.; Weise, N.; Curran, C.; Stewart, T.; Freeman, D.; Nassar, A.H.; Abou Alaiwi, S.; Bakouny, Z.; McGregor, B.A ;
et al. Impact of renin-angiotensin system inhibitors on outcomes in patients with metastatic renal cell carcinoma treated with
immune-checkpoint inhibitors. Clin. Genitourin. Cancer 2022, 20, 301-306. [CrossRef]

12.  Eskelinen, T.; Veitonmaéki, T.; Kotsar, A.; Tammela, T.L.J.; Poyhonen, A.; Murtola, T.J. Improved renal cancer prognosis among
users of drugs targeting renin-angiotensin system. Cancer Causes Control 2022, 33, 313-320. [CrossRef] [PubMed]

13. Hassani, B.; Attar, Z.; Firouzabadi, N. The renin-angiotensin-aldosterone system (RAAS) signaling pathways and cancer: Foes
versus allies. Cancer Cell Int. 2023, 23, 254. [CrossRef] [PubMed]

14. Mourao, T.C.; Bezerra, S.M.; Santos, V.E.; Brazao, E.S., Jr.; da Costa, W.H.; Zequi, S.C. Role of the Renin-Angiotensin System
components in renal cell carcinoma: A Literature Review. Curr. Urol. Rep. 2023, 24, 345-353. [CrossRef]

15. Fortune, K.; Ali, S.; Masur, J.; Viscuse, P.; Devitt, M.; Dreicer, R.; Skelton, W.P,, 4th. Impact of Renin-Angiotensin System inhibitors

on response to PD1/L1 inhibitors in patients with metastatic renal cell carcinoma. Clin. Genitourin. Cancer 2024, 23, 102256.
[CrossRef]


www.biobancovasco.org
https://doi.org/10.1016/S0140-6736(24)00917-6
https://www.ncbi.nlm.nih.gov/pubmed/39033764
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1093/annonc/mdz056
https://www.ncbi.nlm.nih.gov/pubmed/30788497
https://doi.org/10.1016/j.bbcan.2024.189240
https://doi.org/10.1200/OP.22.00660
https://doi.org/10.1016/j.eururo.2024.10.019
https://doi.org/10.1016/S1470-2045(12)70559-4
https://doi.org/10.1016/j.ucl.2022.09.003
https://doi.org/10.3892/ol.2017.6826
https://doi.org/10.1016/j.clgc.2022.04.012
https://doi.org/10.1007/s10552-021-01527-w
https://www.ncbi.nlm.nih.gov/pubmed/34921656
https://doi.org/10.1186/s12935-023-03080-9
https://www.ncbi.nlm.nih.gov/pubmed/37891636
https://doi.org/10.1007/s11934-023-01160-x
https://doi.org/10.1016/j.clgc.2024.102256

Biomolecules 2025, 15, 387 16 of 17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Tsuboi, I.; Matsukawa, A.; Kardoust Parizi, M.; Miszczyk, M.; Fazekas, T.; Schulz, R.J.; Mancon, S.; Litterio, G.; Laukhtina, E.;
Kawada, T; et al. The impact of concomitant medications on the overall survival of patients treated with systemic therapy for
advanced or metastatic renal cell carcinoma: A systematic review and meta-analysis. Clin. Genitourin. Cancer 2024, 22, 102237.
[CrossRef] [PubMed]

Giani, J.F,; Veiras, L.C.; Shen, J.Z.Y.; Bernstein, E.A.; Cao, D.; Okwan-Duodu, D.; Khan, Z.; Gonzalez-Villalobos, R.A.; Bernstein,
K.E. Novel roles of the renal angiotensin-converting enzyme. Mol. Cell Endocrinol. 2021, 529, 111257. [CrossRef]

Rao, A.; Bhat, S.A.; Shibata, T.; Giani, ].F; Rader, E; Bernstein, K.E.; Khan, Z. Diverse biological functions of the renin-angiotensin
system. Med. Res. Rev. 2024, 44, 587-605. [CrossRef] [PubMed]

Bader, M.; Steckelings, U.M.; Alenina, N.; Santos, R.A.S.; Ferrario, C.M. Alternative Renin-Angiotensin System. Hypertension 2024,
81, 964-976. [CrossRef]

Dolley-Hitze, T.; Jouan, F.; Martin, B.; Mottier, S.; Edeline, J.; Moranne, O.; Le Pogamp, P.; Belaud-Rotureau, M.A.; Patard, ].J.;
Rioux-Leclercq, N.; et al. Angiotensin-2 receptors (AT1-R and AT2-R), new prognostic factors for renal clear-cell carcinoma? Br. J.
Cancer 2010, 103, 1698-1705. [CrossRef]

Larrinaga, G.; Pérez, I.; Sanz, B.; Blanco, L.; Lopez, ].I.; Candenas, M.L.; Pinto, EM.;; Gil, ].; Irazusta, J.; Varona, A. Angiotensin-
converting enzymes (ACE and ACE2) are downregulated in renal tumors. Regul. Pept. 2010, 165, 218-223.

Errarte, P.; Beitia, M.; Perez, I.; Manterola, L.; Lawrie, C.H.; Solano-Iturri, ].D.; Calvete-Candenas, J.; Unda, M.; Lépez, J.L;
Larrinaga, G. Expression and activity of angiotensin-regulating enzymes is associated with prognostic outcome in clear cell renal
cell carcinoma patients. PLoS ONE 2017, 12, e0181711. [CrossRef] [PubMed]

Zheng, S.; Yang, Y.; Song, R.; Yang, X.; Liu, H.; Ma, Q.; Yang, L.; Meng, R; Tao, T.; Wang, S.; et al. 5 Ang-(1-7) promotes the
migration and invasion of human renal cell carcinoma cells via Mas-mediated AKT signaling pathway. Biochem. Biophys. Res.
Commun. 2015, 460, 333-340. [CrossRef] [PubMed]

Khanna, P; Soh, H.J.; Chen, C.H.; Saxena, R.; Amin, S.; Naughton, M.; Joslin, PN.; Moore, A.; Bakouny, Z.; O’Callaghan, C.; et al.
ACE2 abrogates tumor resistance to VEGFR inhibitors suggesting angiotensin-(1-7) as a therapy for clear cell renal cell carcinoma.
Sci. Transl. Med. 2021, 13, eabc0170. [CrossRef] [PubMed]

Sobczuk, P; Trzcinska-Danielewicz, J.; Koperski, L.; Girstun, A.; Cudnoch-Jedrzejewska, A. Angiotensin-(1-7) can promote cell
migration and tumor growth of clear cell renal cell carcinoma. J. Physiol. Pharmacol. 2022, 73, 715-724.

Lautner, R.Q.; Villela, D.C.; Fraga-Silva, R.A ; Silva, N.; Verano-Braga, T.; Costa-Fraga, F.; Jankowski, J.; Jankowski, V.; Sousa, F,;
Alzamora, A.; et al. Discovery and characterization of alamandine: A novel component of the renin-angiotensin system. Circ. Res.
2013, 112,1104-1111. [CrossRef]

Schleifenbaum, J. Alamandine and its receptor MrgD pair up to join the protective arm of the renin-angiotensin system. Front.
Med. 2019, 6, 107. [CrossRef]

Wang, W.; Zhang, Y.; Huang, W.; Yuan, Y.; Hong, Q.; Xie, Z.; Li, L.; Chen, Y.; Li, X.; Meng, Y. Alamandine/MrgD axis prevents
TGF-p1-mediated fibroblast activation via regulation of aerobic glycolysis and mitophagy. J. Transl. Med. 2023, 21, 24. [CrossRef]
Nishimura, S.; Uno, M.; Kaneta, Y.; Fukuchi, K.; Nishigohri, H.; Hasegawa, J.; Komori, H.; Takeda, S.; Enomoto, K.; Nara, F; et al.
MRGD, a MAS-related G-protein coupled receptor, promotes tumorigenesis and is highly expressed in lung cancer. PLoS ONE
2012, 7, e38618. [CrossRef]

Li, Z.; Xie, Y.; Zhong, T.; Zhang, X.; Dang, Y.; Gan, T.; Chen, G. Expression and clinical contribution of MRGD mRNA in non-small
cell lung cancers. J. Balk. Union Oncol. 2015, 20, 1101-1106.

da Silva, F.A.; Rodrigues-Ribeiro, L.; Melo-Braga, M.N.; Passos-Silva, D.G.; Sampaio, W.O.; Gorshkov, V.; Kjeldsen, F.; Verano-
Braga, T.; Santos, R.A.S. Phosphoproteomic studies of alamandine signaling in CHO-MrgD and human pancreatic carcinoma
cells: An antiproliferative effect is unveiled. Proteomics 2022, 22, €2100255. [CrossRef]

Larrinaga, G.; Valdivia, A.; Arrieta-Aguirre, I.; Solano-Iturri, J.D.; Ugalde-Olano, A.; Loizaga-Iriarte, A.; Santos-Martin, A.;
Pérez-Ferndndez, A.; Angulo, J.C.; Lépez, J.I. The Expression of alamandine receptor MrgD in clear cell renal cell carcinoma is
associated with a worse prognosis and unfavorable response to antiangiogenic therapy. Int. J. Mol. Sci. 2024, 25, 1499. [CrossRef]
Angulo, J.C; Larrinaga, G.; Lecumberri, D.; Iturregui, A.M.; Solano-Iturri, ].D.; Lawrie, C.H.; Armesto, M.; Dorado, ].F.; Nunes-
Xavier, C.E.; Pulido, R.; et al. Predicting survival of metastatic clear cell renal cell cancer treated with VEGFR-TKI-based sequential
therapy. Cancers 2024, 16, 2786. [CrossRef]

Edge, S.B.; Byrd, D.R.; Compton, C.C.; Fritz, A.G.; Greene, FL.; Trotti, A. AJCC Cancer Staging Manual, 7th ed.; Springer:
Berlin/Heidelberg, Germany, 2010.

Assayag, J.; Kim, C.; Chu, H.; Webster, J. The prognostic value of Eastern Cooperative Oncology Group performance status on
overall survival among patients with metastatic prostate cancer: A systematic review and meta-analysis. Front. Oncol. 2023, 13,
1194718. [CrossRef] [PubMed]

Krajewski, K.M.; Nishino, M.; Ramaiya, N.H.; Choueiri, TK. RECIST 1.1 compared with RECIST 1.0 in patients with ad-vanced
renal cell carcinoma receiving vascular endothelial growth factor-targeted therapy. AJR Am. . Roentgenol. 2015, 204, W282-W288.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.clgc.2024.102237
https://www.ncbi.nlm.nih.gov/pubmed/39546952
https://doi.org/10.1016/j.mce.2021.111257
https://doi.org/10.1002/med.21996
https://www.ncbi.nlm.nih.gov/pubmed/37947345
https://doi.org/10.1161/HYPERTENSIONAHA.123.21364
https://doi.org/10.1038/sj.bjc.6605866
https://doi.org/10.1371/journal.pone.0181711
https://www.ncbi.nlm.nih.gov/pubmed/28809959
https://doi.org/10.1016/j.bbrc.2015.03.035
https://www.ncbi.nlm.nih.gov/pubmed/25783053
https://doi.org/10.1126/scitranslmed.abc0170
https://www.ncbi.nlm.nih.gov/pubmed/33472951
https://doi.org/10.1161/CIRCRESAHA.113.301077
https://doi.org/10.3389/fmed.2019.00107
https://doi.org/10.1186/s12967-022-03837-2
https://doi.org/10.1371/journal.pone.0038618
https://doi.org/10.1002/pmic.202100255
https://doi.org/10.3390/ijms25031499
https://doi.org/10.3390/cancers16162786
https://doi.org/10.3389/fonc.2023.1194718
https://www.ncbi.nlm.nih.gov/pubmed/38162494
https://doi.org/10.2214/AJR.14.13236
https://www.ncbi.nlm.nih.gov/pubmed/25714313

Biomolecules 2025, 15, 387 17 of 17

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Smith, A.D.; Shah, S.N.; Rini, B.I,; Lieber, M.L.; Remer, E.M. Morphology, Attenuation, Size, and Structure (MASS) criteria:
Assessing response and predicting clinical outcome in metastatic renal cell carcinoma on antiangiogenic targeted therapy. AJR
Am. ]. Roentgenol. 2010, 194, 1470-1478. [CrossRef] [PubMed]

The Human Protein Atlas. Available online: https://www.proteinatlas.org/ENSG00000172938-MRGPRD/ cancer/renal+cancer#
THC (accessed on 31 December 2024).

Fedchenko, N.; Reifenrath, . Different approaches for interpretation and reporting of immunohistochemistry analysis results in
the bone tissue—A review. Diagn. Pathol. 2014, 9, 221. [CrossRef]

Armesto, M.; Nemours, S.; Arestin, M.; Bernal, I.; Solano-Iturri, ].D.; Manrique, M.; Basterretxea, L.; Larrinaga, G.; Angulo, J.C,;
Lecumberri, D.; et al. Identification of miRNAs and Their Target Genes Associated with Sunitinib Resistance in Clear Cell Renal
Cell Carcinoma Patients. Int. ]. Mol. Sci. 2024, 5, 6881. [CrossRef] [PubMed]

Zhang, Y,; Chen, B.; Wang, L.; Wang, R.; Yang, X. Systemic immune-inflammation index is a promising noninvasive marker to
predict survival of lung cancer: A meta-analysis. Medicine 2019, 98, €13788. [CrossRef]

Robinson, A.G.; Booth, C.M.; Eisenhauer, E.A. Disease-free survival as an end-point in the treatment of solid tumours -perspectives
from clinical trials and clinical practice. Eur. J. Cancer 2014, 50, 2298-2302. [CrossRef]

Manini, C; Laruelle, A.; Rocha, A.; Lopez, J.I. Convergent insights into intratumor heterogeneity. Trends Cancer 2024, 10, 12-14.
[CrossRef]

Solano-Iturri, ].D.; Echevarria, E.; Unda, M.; Loizaga-Iriarte, A.; Pérez-Fernandez, A.; Angulo, J.C.; Lépez, ].I.; Larrinaga, G.
Clinical implications of (Pro)renin Receptor (PRR) expression in renal tumours. Diagnostics 2021, 11, 272. [CrossRef] [PubMed]
Rahma, O.E.; Hodi, ES. The Intersection between Tumor Angiogenesis and Immune Suppression. Clin. Cancer Res. 2019, 25,
5449-5457. [CrossRef] [PubMed]

Pinter, M.; Jain, R.K. Targeting the renin-angiotensin system to improve cancer treatment: Implications for immunotherapy. Sci.
Transl. Med. 2017, 9, eaan5616. [CrossRef]

Nakamura, K.; Okuyama, R.; Kawakami, Y. Renin-angiotensin system in the tumor microenvironment. Adv. Exp. Med. Biol. 2020,
1277,105-114.

Hu, W.; Gao, W.; Miao, J.; Xu, Z; Sun, L. Alamandine, a derivative of angiotensin-(1-7), alleviates sepsis-associated renal
inflammation and apoptosis by inhibiting the PI3K/Ak and MAPK pathways. Peptides 2021, 146, 170627. [CrossRef] [PubMed]
Wysocki, J.; Ye, M.; Soler, M.].; Gurley, S.B.; Xiao, H.D.; Bernstein, K.E.; Coffman, T.M.; Chen, S.; Batlle, D. ACE and ACE2 activity
in diabetic mice. Diabetes 2006, 55, 2132-2139. [CrossRef]

Rukavina Mikusic, N.L.; Silva, M.G.; Erra Diaz, F.A,; Pineda, A.M.; Ferragut, F.; Gémez, K.A.; Mazzitelli, L.; Gonzalez Maglio,
D.H.; Nufiez, M,; Santos, R.A.S,; et al. Alamandine, a protective component of the renin-angiotensin system, reduces cellular
proliferation and interleukin-6 secretion in human macrophages through MasR-MrgDR heteromerization. Biochem. Pharmacol.
2024, 229, 116480. [CrossRef]

Uno, M.; Nishimura, S.; Fukuchi, K.; Kaneta, Y.; Oda, Y.; Komori, H.; Takeda, S.; Haga, T.; Agatsuma, T.; Nara, F. Identification of
physiologically active substances as novel ligands for MRGPRD. |. Biomed. Biotechnol. 2012, 2012, 816159. [CrossRef]

Arora, R.; Van Theemsche, K.M.; Van Remoortel, S.; Snyders, D.J.; Labro, A.J.; Timmermans, ].P. Constitutive, basal, and (3-alanine-
mediated activation of the human Mas-related G protein-coupled receptor D induces release of the inflammatory cytokine IL-6
and is dependent on NF-«B signaling. Int. J. Mol. Sci. 2021, 22, 13254. [CrossRef]

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/10.2214/AJR.09.3456
https://www.ncbi.nlm.nih.gov/pubmed/20489085
https://www.proteinatlas.org/ENSG00000172938-MRGPRD/cancer/renal+cancer#IHC
https://www.proteinatlas.org/ENSG00000172938-MRGPRD/cancer/renal+cancer#IHC
https://doi.org/10.1186/s13000-014-0221-9
https://doi.org/10.3390/ijms25136881
https://www.ncbi.nlm.nih.gov/pubmed/38999991
https://doi.org/10.1097/MD.0000000000013788
https://doi.org/10.1016/j.ejca.2014.05.016
https://doi.org/10.1016/j.trecan.2023.08.009
https://doi.org/10.3390/diagnostics11020272
https://www.ncbi.nlm.nih.gov/pubmed/33578778
https://doi.org/10.1158/1078-0432.CCR-18-1543
https://www.ncbi.nlm.nih.gov/pubmed/30944124
https://doi.org/10.1126/scitranslmed.aan5616
https://doi.org/10.1016/j.peptides.2021.170627
https://www.ncbi.nlm.nih.gov/pubmed/34400214
https://doi.org/10.2337/db06-0033
https://doi.org/10.1016/j.bcp.2024.116480
https://doi.org/10.1155/2012/816159
https://doi.org/10.3390/ijms222413254

	Introduction 
	Materials and Methods 
	Patients 
	Immunohistochemistry 
	Statistical Analysis 

	Results 
	Patients Clinical and Pathological Characteristics 
	MrgD Expression in Primary Tumor According to Clinical and Pathological Variables 
	MrgD Expression Does Not Change Depending on Patients’ Ages or Sex 
	MrgD Expression Is Higher in High-Grade Primary mccRCCs 
	MrgD Expression Is Higher in Larger and Non-Organ-Confined Tumors 
	MrgD Staining Is More Intense in Higher-Stage Tumors 
	MrgD Expression Does Not Change Depending on ECOG Performance Status and IMDC Risk Classification 

	MrgD Expression in Primary Tumor According to Treatment Response 
	MrgD Expression Associated with Unfavorable Response to TKIs in First-Line Therapy 
	MrgD Expression Was Lower in Tumors with Unfavorable Responses to mTORC1 Inhibitors in Second-Line Therapy 

	MrgD Expression in mccRCC According to Patients’ Survival 
	MrgD Expression Is Associated with Worse Overall Survival (OS) for mccRCC Patients 
	MrgD Expression Is Associated with Worse Disease-Free Survival (DFS) for Patients with Metachronous Metastases 


	Discussion 
	Conclusions 
	References

