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Abstract: (1) Background: Methylation of N6-adenosine (m6A) is the most abundant messenger
RNA (mRNA) modification in eukaryotes. We assessed the expression profiles of m6A regulatory
proteins in renal cell carcinoma (RCC) and their clinical relevance, namely, as potential biomarkers.
(2) Methods: In silico analysis of The Cancer Genome Atlas (TCGA) dataset was use for evaluating
the expression of the m6A regulatory proteins among RCC subtypes and select the most promising
candidates for further validation. ALKBH5 and FTO transcript and protein expression were evaluated
in a series of primary RCC (n = 120) and 40 oncocytomas selected at IPO Porto. (3) Results: In silico
analysis of TCGA dataset disclosed altered expression of the major m6A demethylases among RCC
subtypes, particularly FTO and ALKBH5. Furthermore, decreased FTO mRNA levels associated
with poor prognosis in ccRCC and pRCC. In IPO Porto’s cohort, FTO and ALKBH5 transcript
levels discriminated ccRCC from oncocytomas. Furthermore, FTO and ALKBH5 immunoexpression
differed among RCC subtypes, with higher expression levels found in ccRCC comparatively to
the other RCC subtypes and oncocytomas. (4) Conclusion: We conclude that altered expression of
m6A RNA demethylases is common in RCC and seems to be subtype specific. Specifically, FTO
and ALKBH5 might constitute new candidate biomarkers for RCC patient management, aiding in
differential diagnosis of renal masses and prognostication.
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1. Introduction

Renal cell carcinoma (RCC) is the one of the most prevalent urological cancers in both
genders, with 431,288 new cases and 179,368 deaths according to GLOBOCAN 2020 [1].
RCC is stratified into different subtypes, including clear cell renal cell carcinoma (ccRCC)
(75–85%), papillary RCC (pRCC) (10–15%), chromophobe RCC (chRCC) (5–10%) and
other less common entities, including collecting duct RCC and medullary RCC [2,3]. In
contrast, renal oncocytomas are rather common benign tumors, which simulate RCC, thus
constituting an important differential diagnosis [4].

Approximately 20–30% of RCC cases are diagnosed as disseminated disease, and about
20–40% of organ-confined RCCs will eventually progress to metastatic disease. Survival
rate at 5 years in stage IV disease is only 12%, making RCC one of the deadliest urogenital
neoplasms. Improvements in molecular understanding of RCC and identification of new
biomarkers predictive of survival will refine treatment strategies and will be critical to the
improvement of subtype-specific targeted therapies [5–7].

Epitranscriptomics focuses on RNA modifications, which have been implicated in
many biological and pathological processes. Methylation of N6-adenosine (m6A) is the
most abundant messenger RNA (mRNA) modification in eukaryotes influencing gene
expression [8,9]. The m6A sites are enriched within the conserved motif containing DRACH
sequence (D = A/G/U, R = A/G; H = A/C/U) and is found in the 5′-UTR, near the stop
codon in the 3′-UTR and in long exons.

M6A is regulated by the RNA methyltransferase complex, RNA demethylases, and
m6A readers. The heterodimeric core complex of RNA methylation comprises methyl
transferase-like protein 3 (METTL3) and methyltransferase-like protein 14 (METTL14) and,
additionally, the auxiliary proteins Wilms’ tumor 1-associated protein (WTAP), Virilizer-
like m6A methyltransferase associated protein (VIRMA/KIAA1429) and RNA-binding
protein 15 (RBM15). The family of proteins that acts as m6A demethylases includes fat
mass and obesity-associated protein (FTO) and α-ketoglutarate-dependent dioxygenase
alkB homologue 5 (ALKBH5) [10,11], which remove m6A modification from RNA.

M6A RNA modification is reversible and dynamic, being associated with multiple
diseases including cancer. Specifically, it influences tumor cell proliferation, differentiation,
tumorigenesis, invasion, and metastasis [12–14]. Moreover, this modification was shown
to play a critical role in the progression of several cancers [15–17], including prostate [18],
testis [19] and breast [20], as well as in acute myeloid leukemia [21].

Recently, m6A alterations were reported in RCC, more specifically, in ccRCC. In-
deed, Wang and coworkers showed that decreased METTL14 expression induced tumor
growth and associated with poor prognosis in ccRCC [22]. Furthermore, Li et al. eval-
uated METTL3 in RCC and demonstrated an oncogenic role, promoting tumor cell pro-
liferation, migration and invasion [23]. Nonetheless, most of those studies focused on
components of the methyltransferase complex. Contrarily, the role of erasers has been
seldom explored in RCC. Furthermore, the few works available on m6A modification are
“ccRCC-centric”, focusing mainly on understanding the implications of this modification
in the most common RCC subtype [24–29]. Interestingly, the recent integrated molecular
analyses of The Cancer Genome Atlas (TCGA) emphasized the metabolic deregulation in the
several renal tumors, with erasers FTO and ALKBH5 specifically associated with metabolic
reprogramming [30–32]. Furthermore, both erasers were also implicated in mitochondrial
content regulation in RCC [33,34].

Herein, we aimed to access the expression of key m6A modulator enzymes-four
writers (METTL3, METTL14, VIRMA, and WTAP) and two erasers (FTO and ALKBH5)-in
the most common subtypes of renal cell tumors. Moreover, we conducted a comprehensive
analysis using publicly available data on RCC subtypes from the TCGA dataset. We focused
on erasers and assessed the respective mRNA and protein expression levels among the
various RCC subtypes and oncocytoma, assessing their usefulness for tumor subtyping
and prognostication.
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2. Materials and Methods

We assess the differential expression of m6A erasers FTO and ALKBH5, in a cohort of
RCC patients and oncocytomas, looking for clinical relevance of these findings.

2.1. In Silico Analysis

To evaluate the expression of the m6A regulatory proteins (writers and erasers) among
RCC subtypes and select the most promising candidates for further validation, the on-
line platform cBio-Portal was used [33] with the user-defined entry gene set “METTL3,
METTL14, WTAP, VIRMA, FTO and ALKBH5”. The Cancer Genome Atlas (http://cancerge
nome.nih.gov (accessed on 30 April 2021)) databases for the three subtypes were selected
and retrieved for different analyses.

Overall (OS) and progression-free (PFS) survival considering standard clinical vari-
ables and mRNA expression of FTO and ALKBH5 were analyzed through computation of
Kaplan-Meier curves and compared using log rank test. A Cox regression model (multi-
variable model) was performed to calculate hazard ratios (HR) and 95% CI, comprising
significant clinicopathological variables (pathological stage and age at diagnosis) and cate-
gorized FTO and ALKBH5 expression status. Survival times were calculated from the date
of the diagnosis to the date of last follow-up or death (OS) or to the date of last follow-up
or progression (PFS). For this, all cases were coded based on FTO and ALKBH5 expression
levels using the 25th and 75th percentile as empirical cutoff values, respectively.

2.2. Patients and Samples

All patients presenting with renal cell tumors at the Portuguese Oncology Institute of
Porto (IPO Porto) between 2001 and 2014 were retrospectively queried using the Depart-
ment of Pathology’s database. Thus, a cohort of 120 RCC patients and 40 oncocytomas
was chosen for this study (the first 40 cases of each subtype were selected). Tumor samples
included fresh frozen tissue (for RNA extraction) and formalin-fixed paraffin embedded tis-
sues (for immunohistochemistry) selected by an uropathologist. All samples were derived
from primary renal cell tumors without any prior treatment. All patients were treated at
IPO Porto by the same multidisciplinary team.

Clinical files and pathology reports were reviewed. All histological slides were
reviewed by a dedicated uropathologist and tumors were reclassified considering the most
recent 2016 World Health Organization (WHO) Classification of Tumors of the Urinary
System and Male Genital Organs [35]. Staging was performed according to the 8th edition
of the American Joint Committee on Cancer (AJCC) staging manual [36] (Supplementary
Table S1).

This study was approved by the ethics committee (Comissão de Ética para a Saúde) of
the Portuguese Oncology Institute of Porto (CES-IPO 321/020).

2.3. RNA Extraction, cDNA Synthesis and RT-qPCR

After serial sectioning fresh-frozen tumor samples were suspended in TRIzol® reagent
(InvitrogenTM, Cat. #15596018) and chloroform (Merk Millipore, Cat. #MCX10601) was
added to the lysed cells. Total RNA was purified using the Ambion® PureLink RNA Mini
Kit (InvitrogenTM, Cat. #12183025), according to manufacturer’s recommendations. Nan-
oDrop ND-1000 spectrophotometer (NanoDrop Technologies) was using for determined
RNA concentrations and purity ratios.

cDNA synthesis and whole transcriptome amplification (WTA) was performed on
a series of 160 samples. A total of 300 ng was reversely transcribed and amplified using
TransPlex® Whole Transcriptome Amplification Kit (Sigma-Aldrich® Cat. #WTA1) purified
with QIAquick PCR Purification Kit (QIA-GEN, Cat. #28106). The reaction was performed
using the following conditions: 5 min at 95 ◦C, 30 cycles × (20 sec at 94 ◦C and 5 min at
65 ◦C). Samples were then stored at − 20 ◦C.

Real-time quantitative Polymerase Chain Reaction (RT-qPCR) was performed in 384-
well plates in QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher, Foster, CA,

http://cancergenome.nih.gov
http://cancergenome.nih.gov
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USA) according to manufacturer’s recommendations. Reactions were run at 60 ◦C for
45 cycles. Serial dilutions of cDNA obtained from an RNA pool of multiple cell lines were
used to compute standard curves for each plate, which were used to guarantee interpolate
reaction efficiency. All experiments were run in triplicate, and two no-template controls
were included in each plate.

FTO and ALKBH5 mRNA levels were evaluated using TaqMan® Gene Expression
Assays (Applied Biosystems® Cat. #4351370). As a housekeeping gene for normalization,
the GUSB TaqMan® Gene Expression Assay (Bio-Rad: qHsaCIP0028142) was used. Results
were reported as: Relative levels (target) = Mean quantity (target)/Mean quantity (GUSB)
× 1000, for easier tabulation.

2.4. Immunohistochemical Analysis

Immunohistochemistry (IHC) for m6A modification and erasers ALKBH5 and FTO
was performed using the NovolinkTM Max Polymer Detection System (Leica Biosystems,
Germany). Four micrometer thick sections were cut from formalin-fixed paraffin embedded
samples (matching the frozen sections) and placed on coated slides. The procedure was
performed as previously described in [19]. Incubation with the primary antibody was
performed at RT for 1h (FTO ab92821, dilution 1:500; ALKBH5 16837-1-AP, dilution 1:1000;
m6A ab190886, dilution 1:750). Normal testis parenchyma and normal brain tissue were
used as positive controls for FTO/ALKBH5 and m6A, respectively.

Semi-quantitative immunoexpression analysis was performed by an experienced
uropathologist and categorized according to intensity and percentage of stained cells in the
slide (between 0–100%). The following scores were used for further analysis: nuclear inten-
sity score, consisting of score 0 (absent immunoexpression), score 1+ (immunoexpression
only barely discernible at high power magnification), score 2+ (immunoexpression well
discernible at high power but faint in low power magnification), and score 3+ (strong immu-
noexpression well discernible at low power magnification); and nuclear percentage score,
consisting of score 0 (<1% of immunoreactive cells), score 1+ (<40% of immunoreactive
cells), score 2+ (40–80% of immunoreactive cells) and score 3+ (80–100% of immunoreactive
cells). The final staining score was calculated by multiplying intensity and percentage
scores, resulting in a combined score value ranging from 0 to 9+.

2.5. Statistical Analysis

Statistical analysis was performed using the GraphPad Prim 9.0 software (GraphPad
Software Inc., Chicago IL, USA) and IBM® SPSS® Statistic software version 23 (IBM-SPSS
Inc., La Jolla, CA; USA). Non-parametric Mann-Whitney U-tests or Kruskal-Wallis test
were used to compare the distribution of continuous variables among groups. Bonfer-
roni’s or Dunn’s corrections were employed in case of multiple testing, as appropriate.
Associations between categorical variables were assessed using Chi square and Fisher’s
exact test. Correlation between continuous variables was assessed with the non-parametric
Spearman’s correlation test. ROC curve analyses were performed for assessing the discrim-
ination performance of FTO and ALKBH5 transcript levels among renal tumor subtypes as
described in [19].

The p-values were considered statistically significant when less than 0.05. Significance
is shown and depicted as follows: * p ≤ 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and
ns p > 0.05 (non-significant).

3. Results

3.1. In Silico Analysis of m6A-Related Proteins in TCGA’s RCC Patients

In silico analysis of the publicly available The Cancer Genome Atlas (TCGA) database,
accessible for analysis at cBioPortal, concerning m6A-related proteins (writers and erasers)
was carried out [37]. The TCGA dataset included tumor samples from 352 patients with
ccRCC, 271 patients with pRCC and 65 patients with chRCC.



J. Pers. Med. 2021, 11, 996 5 of 14

Overall, analysis of the genomic regions encoding m6A players disclosed no (FTO)
or less than 1% (METTL3, METLL14, WTAP and ALKBH5) genomic alterations in RCC,
except for VIRMA, which disclosed an amplification frequency of 1.4% (Figure 1A).
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Figure 1. In silico analysis of mRNA expression: (A) alterations frequency of m6A regulatory
proteins in RCC TCGA cohort. (B) Differential mRNA expression of several players. Notice the
high expression of FTO and ALKBH5 compared to other queried genes. Abbreviations: METTL3—
Methyltransferase-like protein 3, METTL14—methyltransferase-like protein 14, WTAP—Wilms’
tumor 1-associated protein, VIRMA—Virilizer-like, FTO—fat mass and obesity-associated protein,
ALKBH5—α-ketoglutarate-dependent dioxygenase alkB homologue 5. * Ratio between patients
presenting alterations and total number of patients included in the study.

We then explored mRNA expression of the several players among different tumor
subtypes and found that erasers, FTO and ALKBH5, were expressed at higher levels,
compared to writers. Additionally, most players (WTAP, VIRMA, FTO and ALKBH5) were
expressed at lower levels in chRCC compared to ccRCC and pRCC, with ccRCC displaying
the highest FTO and ALKBH5 transcript levels among RCC subtypes (Figure 1B).

Interestingly, in univariable analysis, higher FTO expression associated with better
overall and progression free survival both in ccRCC and pRCC patients, whereas no as-
sociations were disclosed concerning ALKBH5 expressions levels (Supplementary Tables
S2–S4 and Supplementary Figure S1). Importantly, in multivariable analysis, higher (>P25)
FTO expression had a protective effect for pRCC patients progression as well as for overall
survival in ccRCC and pRCC patients, whereas more advanced pathological stages asso-
ciated with worse prognoses, as well as age at diagnosis, but only for overall survival in
ccRCC patients (Table 1).

Considering the higher relative expression levels of erasers compared to writers in this
in silico analysis, erasers FTO and ALKBH5 were further investigated in a separate (IPO
Porto’s) RCC patient cohort, to evaluate the potential clinical significance of those findings.
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Table 1. Cox regression analysis assessing the potential of clinical and FTO and ALKBH5 expression in the prediction of
Progression-Free survival and Overall Survival. Abbreviations: HR—Hazard ratio; CI—Confidence interval; ccRCC—clear
cell renal cell carcinoma; pRCC—papillary renal cell carcinoma; Statistically significant p-values (p < 0.05).

Progression-Free
Survival (PFS) HR 95% CI for HR p-Value HR 95% CI for HR p-Value

Variable ccRCC pRCC

FTO expression ≤P25 1.00 - - 1.00 - -
>P25 0.67 0.43–1.05 0.081 0.42 0.24–0.75 0.004

Pathological stage
pT1 1.00 - - 1.00 - -
pT2 3.08 1.59–5.95 <0.001 3.58 1.59–8.04 0.020

pT3/4 5.96 3.54–10.05 <0.001 7.18 3.82–13.50 <0.001

Overall Survival
(OS) HR 95% CI for HR p-Value HR 95% CI for HR p-Value

Variable ccRCC pRCC

FTO expression ≤P25 1.00 - 0.035 1.00 - -
>P25 0.62 0.40–0.97 <0.001 0.48 0.24–0.97 0.040

Age at diagnosis - 1.05 1.03–1.07 <0.001 - - -

Pathological stage
pT1 1.00 - - 1.00 - -
pT2 1.25 0.62–2.53 0.5298 3.34 1.21–9.21 0.020

pT3/4 3.24 2.04–5.13 <0.001 8.25 3.82–17.79 <0.001

3.2. Differential FTO and ALKBH5 Expression among RCC Subtypes and Oncocytoma in
IPOPorto’s Cohort

A total of 120 RCC (ccRCC, pRCC and chRCC, 40 cases per subtype) as well as 40 renal
oncocytomas from patients surgically treated at IPO Porto, were included in this study.
Patients’ age varied from 28 to 86 years old (Supplementary Table S1). For purposes of
validation of our cohort, we demonstrated that patients with higher disease pathological
stage at presentation experienced poorer overall-survival, disease-free survival, and disease-
specific survival (p = 0.002, p = 0.0008 and p = 0.0015, respectively) compared to lower
stage disease (Supplementary Figure S2). These results confirm the representativity of this
independent RCC cohort.

FTO and ALKBH5 transcript levels were significantly higher in ccRCC compared to
oncocytoma (p = 0.0088 and p < 0.0001, respectively). Among RCC subtypes, FTO and
ALBH5 mRNA expression levels were significantly higher in ccRCC compared to pRCC
and chRCC (p < 0.0001), whereas pRCC depicted the lowest expression levels (p < 0.0001)
(Figure 2A,B).

We then assessed whether FTO and ALKBH5 transcript levels discriminated among re-
nal cell tumor subtypes, using ROC curve analysis. Interestingly, ccRCC was discriminated
from oncocytomas with an AUC of 0.79 and 0.90 (Figure 2C,D), but no additional statisti-
cally significant differences were observed for the remaining comparisons (Supplementary
Figures S3 and S4).

Remarkably, when examining all tumor samples, FTO and ALKBH5 mRNA expression
levels were positively correlated (rs = 0.4243, p < 0.001) (Figure 2E).

3.3. Evaluation of FTO, ALKBH5 and m6A Immunoexpression in Primary Tumors

M6A modification, FTO and ALKBH5 differed in cellular distribution between tumor
samples. The m6A immunostaining was predominantly nuclear with cytoplasmic staining
in only 3% of the cases. Regarding m6A regulators, FTO staining was predominantly
nuclear, whereas ALKBH5 exhibited both nuclear and cytoplasmic staining in most cases
(illustrative examples of immunostaining are shown in Figure 3A).
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lower expression in oncocytomas compared to RCC subtypes. Among RCCs, and in contrast with 
transcript information, chRCC disclosed the lowest FTO and ALKBH5 expression, whereas 
immunoexpression scores were remarkably higher in pRCC and ccRCC. Nonetheless, no 

Figure 3. Differential immunoexpression of FTO and ALKBH5: (A) illustrative examples of FTO (upper row), ALKBH5
(middle row) and m6A (lower row) immunoexpression (left to right: ccRCC, pRCC, chRCC and oncocytomas) (B,C) Com-
parison between the immunoexpression of FTO and ALKBH5 in all RCC subtypes and oncocytomas. Detailed p-values for
each comparison: FTO adjusted p-value of 0.0164 (pRCC/ccRCC), 0.0002 (ccRCC/chRCC), <0.0001 (pRCC/chRCC), 0.0001
(pRCC/oncocytomas) and 0.0203 (chRCC/oncocytomas); ALKBH5 adjusted p-value of 0.0017 (pRCC/ccRCC), <0.0001
(ccRCC/chRCC), 0.0002 (ccRCC/oncocytoma), 0.0011 (pRCC/chRCC) and 0.0041 (chRCC/oncocytomas). Immunostaining
based on h-score (ranges from 0, +1, +2, +3, +4, +6, +9). Abbreviations: ccRCC—clear cell renal cell carcinoma; pRCC—
papillary renal cell carcinoma; chRCC—chromophobe renal cell carcinoma; Statistically significant p-value: * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

FTO and ALKBH5 immunostaining significantly differed between RCC subtypes
and oncocytomas (Figure 3B, including detailed statistical analysis). Overall, both erasers
disclosed lower expression in oncocytomas compared to RCC subtypes. Among RCCs, and
in contrast with transcript information, chRCC disclosed the lowest FTO and ALKBH5 ex-
pression, whereas immunoexpression scores were remarkably higher in pRCC and ccRCC.
Nonetheless, no significant differences were apparent regarding m6A immunostaining
among RCC subtypes (Figure 3C).

3.4. Association with Clinicopathological Parameters and Chromosomal Aberrations

In RCCs, no statistically significant associations were disclosed between FTO and
ALKBH5 imunoexpression, neither with nuclear grade nor pathological stage. In RCTs,
imunoexpression of both proteins did not associate with gender, but significantly associated
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with patients’ age (p<0.0001, for both proteins). Moreover, and contrary to disease stage
(Figure 3), no significant associations were found between FTO and ALKBH5 imunoex-
pression and patient survival (Supplementary Figure S5).

Because copy number variation (CNV) might have impacted in the observed expres-
sion changes, we re-analyzed the FISH data previously published for our cohort [38]. FTO
and ALKBH5 are located at chromosomes 16 and 17, respectively. We found the absence
of chromosomal deletions or duplications in patients with low or high expression levels,
respectively. Thus, FTO and ALKBH5 expression alterations found among different RCC
subtypes and oncocytomas do not seem to derive from copy number variations.

4. Discussion

RCC is one of the most common urological cancers worldwide and although most
patients experience a favorable survival outcome, the 5-year survival rate for patients with
metastatic disease does not exceed 12%. The mechanisms associated with advanced disease
are still poorly understood, and novel, more effective, targeted treatments are needed.
Furthermore, the initial diagnosis of patients with renal masses is challenging because a
definitive characterization is only possible upon histological assessment of the nephrectomy
specimen. Thus, new biomarkers may improve RCC diagnosis and subtyping, as well as
prediction of disease progression. Moreover, investigation of new biomarkers may perfect
patient monitoring and identify novel targets for more effective therapies [6,39–41].

RNA modifications, an additional regulatory layer of biology, constitute the “Epitran-
scriptome”. There are currently more than 170 RNA base modifications, the majority of
these already reported on mRNA, lncRNA, tRNA and rRNA. RNA chemical alterations can
directly affect cell biology regulation, RNA stability, localization, splicing and translation
of both coding and non-coding transcripts [42–44]. M6A is the most prevalent modification
in mammals and its deposition is accomplished by a m6A methylome complex [45,46].
An important discovery was the finding of enzymes that can demethylate m6A. The first
identified m6A demethylase was FTO, which is conserved among eukaryotes. ALKBH5 is
another recently acknowledged demethylase, which affects the export of nuclear RNA [47].
Moreover, ALK homologues 1–8 and FTO have been shown to repair several different
DNA and RNA lesions. Thus, beyond the demethylating function, the ALK family and
FTO were shown to have a broader biological function, being also implicated in tumor
chemoresistance [48,49].

FTO overexpression in bladder cancer correlated with poor prognosis indicating a
potential oncogenic function [50]. This player was also found as a regulator of metabolic
diseases, as well as in human obesity [51,52]. Similarly, an oncogenic role has been sug-
gested for ALKBH5, as its knockdown inhibited lung tumorigenesis [53] and gastric cancer
invasion and metastasis [54]. Moreover, ALKBH5 was also demonstrated to regulate
cardiomyocyte proliferation [55]. Importantly, as already described, these players may
constitute potential therapeutic targets, which makes their expression levels potential
predictive biomarkers [56,57].

Considering the role of m6A modification and its erasers in carcinogenesis, we hy-
pothesized that demethylating enzymes, FTO and ALKBH5, might be potential biomarkers
with distinct roles in different RCC subtypes and oncocytomas. In particular, the link of
several RCC subtypes to specific metabolic pathways, and the known influence of erasers
in regulating metabolic players, suggests a relevant and differential role of these erasers in
renal cell tumors.

Firstly, we surveyed the TCGA dataset to screen for the best candidates among all
m6A regulatory proteins. Remarkably, in RCC subtypes, all m6A regulators disclosed very
few copy number alterations or mutations. Thorough evaluation of the global expression of
all regulators demonstrated that erasers (FTO and ALKBH5) are highly expressed in RCC
compared to writers (METTL3/14, WTAP and VIRMA), specifically in ccRCC, prompting
further investigation in an independent patient (IPO Porto) cohort. Furthermore, high
FTO transcript levels revealed a protective effect for PFS in pRCC and OS in ccRCC and
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pRCC, independently of other relevant clinical and pathological variables in TCGA dataset.
Interestingly, ccRCC displayed higher FTO and ALKBH5 mRNA levels compared to other
RCC subtypes, which were able to discriminate ccRCC from oncocytomas.

Importantly, the observed altered expression of both erasers in our cohort was not due
to copy number variations [38], suggesting alternative regulatory mechanisms for gene
expression. Overall, these results were also partially concordant with immunoexpression
analysis, as ccRCC also showed significantly higher FTO and ALKBH5 immunoscores.
Nonetheless, in pRCC, mRNA and protein expression data for both erasers were not
concordant (high protein expression but low transcript levels). We hypothesize that this
might be due to post-transcriptional regulatory mechanisms in pRCC [56–58], requiring
confirmation. It is noteworthy that pRCC are remarkably heterogeneous, with both type
I and II tumors comprising distinct molecular backgrounds, which may further hinder
expression analyses. Importantly, a positive correlation between the transcript levels of the
two erasers was demonstrated, indicating that they possibly cooperate in accomplishing
m6A demethylation.

Interestingly, similar m6A levels were found among the different RCC subtypes and
oncocytomas. These observations may be explained by the fact that immunohistochemistry
only allows for semi-quantitative assessment of m6A at the global level, whereas m6A modi-
fication may affect different transcripts (with distinct implications) among the various renal
cell tumor subtypes. Furthermore, immunoexpression of both erasers was not observed
exclusively in the nucleus, suggesting that demethylation may also occur in the cytoplasm
or that the player may be assuming an alternative function, as previously suggested [25].
Indeed, these players may be involved in other biological/cellular processes, as already
described [50,55].

Curiously, our results on m6A eraser expression are in line with those reported for
other cancers, in which FTO and ALKBH5 were also found to be overexpressed [54,58–61].
Nonetheless, in the same line as Strick and collaborators, no associations were found be-
tween ALKBH5 or FTO expression and standard clinicopathological parameters, including
nuclear grade and pathological stage, and neither ALKBH5 nor FTO protein expression
were independent predictors of patient survival in our cohort. However, the same authors
reported a reduced expression of these players in ccRCC compared to benign and normal
tissue samples [25]. It should be noted, however, that they used tissue micro arrays which
represent only very small portions of the tumor tissue, whereas we assessed immunoex-
pression in whole tissue slides. Moreover, they used “normal” parenchyma adjacent to
tumors for comparisons, that due to the acknowledged phenomenon of “field effect”, may
harbor molecular and epigenetic, as well as epitranscriptomic, alterations [62,63]. Herein,
we did not include normal tissues in the analysis as we focused on the discrimination
among major RCT subtypes. Finally, the analyzed tissue set was smaller than ours, with
scanter representation of the several tumor types. Indeed, in our study there is a larger
representation of the main RCC subtypes as well as oncocytomas (n = 40 for each). Further-
more, although demethylases’ expression heterogeneity was observed within each subtype,
significant differences in FTO and ALKBH5 expression were found among the main tumor
subtypes [25].

Remarkably, our results are in accordance with those of Xiao et al., who reported that
high FTO expression in ccRCC correlated with increased tumor severity and poor patient
survival [64]. Contrarily, Zhuang et al., through FTO knockdown in ccRCC cells, observed
increased proliferation and decreased apoptosis [32]. Nonetheless, the role of FTO in the
pathobiology of renal neoplasia remains elusive. Therefore, dedicated investigations, using
in vitro and in vivo pre-clinical models, and larger well-defined patient cohorts are needed.
The same is valid for ALKBH5, with only one study on RCC suggesting an oncogenic
role for ALKBH5, as patients with high expression endured poor overall survival [31].
Interestingly, in our cohort, we disclosed high transcript and protein expression in ccRCC,
however, there are no significant differences in further survival analysis.
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Although the limited number of RCC-related deaths and progression events in our
cohort impaired survival analysis, this cohort is similar, in many aspects, to TCGA dataset
and it also reflects RCC epidemiology. Importantly, all tissues were evaluated in a single
institution by the same multidisciplinary team entailing homogeneity in pathological scores
assessment as well as therapeutic decisions.

5. Conclusions

In summary, we showed that FTO and ALKBH5 are differentially expressed among
different RCC subtypes and oncocytomas, eventually proving useful for discrimination
between malignant and benign renal cell tumors, as well as for prognostic assessment.
Furthermore, a positive correlation between the two erasers was also observed, suggesting
cooperation at molecular level.

These results emphasize the important role of RNA demethylases in RCC, confirming
the in silico analysis. To the best of our knowledge, this is the first study focusing on the
impact of m6A erasers in the major renal cell tumor subtypes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/1
0.3390/jpm11100996/s1, Table S1: Clinicopathological characteristics of IPO Porto cohort; Table S2:
Univariable analysis in TCGA ccRCC patients; Table S3: Univariable analysis in TCGA pRCC patients.
Table S4: Univariable analysis in TCGA chRCC patients; Figure S1: Survival analysis in TCGA’s
patients for ALKBH5 (A) Overall-survival (left) and Progression free-survival (right) in ccRCC (B)
Overall-survival (left) and Progression free-survival (right) in pRCC (C) Overall-survival (left) and
Progression free-survival (right) in chRCC and FTO (D) Overall-survival (left) and Progression free-
survival (right) in ccRCC (E) Overall-survival (left) and Progression free-survival (right) in pRCC
(F) Overall-survival (left) and Progression free-survival (right) in chRCC; Figure S2: Kaplan-Meier
estimated (A) Disease-specific survival (B) Disease-free survival (C) Overall survival for stage of IPO
Porto’s cohort; Figure S3: ROC curve for discrimination among different subtypes based on FTO
mRNA expression levels in IPOPorto’s cohort. Abbreviations: ccRCC—clear cell renal cell carcinoma;
pRCC—papillary renal cell carcinoma; chRCC—chromophobe renal cell carcinoma; AUC—Area
under the curve; CI—Confidence interval; Figure S4: Transcript levels of ALKBH5: ROC curve for
discrimination among different subtypes based on ALKBH5 mRNA expression levels in IPO Porto’s
cohort. Abbreviations: ccRCC—clear cell renal cell carcinoma; pRCC—papillary renal cell carcinoma;
chRCC—chromophobe renal cell carcinoma; AUC—Area under the curve; CI—Confidence interval.
Figure S5: Kaplan-Meier estimated (A) Overall-survival in ccRCC (B) Overall-survival in chRCC (C)
Overall survival in pRCC for FTO (right) and ALKBH5 (left) immunoexpression in IPO Porto cohort.
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