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Abstract

Background Post-transplant malignancies are one of the leading causes of morbidity, mortality and graft failure
in kidney transplant recipients (KTRs). While viral infections and immunosuppressive drugs have historically been
considered primary causes, the mechanisms underlying post-transplant cancer occurrence remain incompletely
understood. Furthermore, predictive cancer biomarkers have yet to be identified in KTRs.

Methods COMETA study is an observational study involving 138 KTRs, and it aims to elucidate the interplay between
the immune system and cancer by integrating comprehensive clinical data with high-throughput small-RNA
sequencing on the serum of patients with post-kidney transplant malignancies.

Results Our results identified three distinct serum miRNA profiles, respectively, associated with kidney
transplantation, pro-oncogenic and onco-protective factors in this unique population. These profiles were also used
to create miRNA classifiers, which demonstrated promising predictive performance, especially for tumor-promoting
signatures. Notably, miR-210-3p up-regulation, within the cancer-related profile was first found to be associated with
non-melanoma skin cancer.

Conclusion These findings could serve as a basis for future research, paving the way for the development of
advanced tools for early cancer diagnosis, precise prognosis formulation, and the creation of targeted therapies for
KTRs with neoplastic complications.
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Background

Over the last two decades, the outcomes of renal trans-
plantation have improved significantly, largely due to
advancements in immunosuppressive drugs and proto-
cols [1]. It remains the renal replacement therapy asso-
ciated with the best health-related quality of life [2, 3].
Therapeutic developments have made acute rejection a
rare and frequently manageable cause of graft loss [4].
However, chronic graft rejection and death with a func-
tioning graft have emerged as leading causes of kidney
transplant failure globally [5]. Although immunosup-
pressive therapies have improved short-term graft sur-
vival, they also pose long-term challenges, such as
increased susceptibility to infections and malignancies,
making ongoing monitoring and management essential
for improving long-term outcomes in kidney transplant
recipients (KTRs) [6, 7]. KTRs represent a population
at high risk of developing cancer due to chronic phar-
macological immunosuppression, which compromises
immune surveillance and promotes oncogenesis. Chronic
suppression of T-cell-mediated immunity compromises
the body’s natural immune surveillance mechanisms,
reducing its ability to detect and eliminate emerging
malignant cells. This immunosuppressive state creates
a permissive environment for oncogenesis, particularly
for cancers driven by viral infections and those requir-
ing intact immune responses for control. This condition
is further aggravated by the higher prevalence of onco-
genic viral infections (such as EBV, HPV, and polyoma-
virus) and cumulative exposure to genotoxic agents,
including immunosuppressive drugs themselves. Several
epidemiological studies have demonstrated a two- to
four-fold increased risk of cancer in transplant recipients
compared to the general population, with particularly
elevated incidence rates for non-melanoma skin cancers,
post-transplant lymphoproliferative disorders (PTLD),
endocrine malignancies and virus-related malignancies
(8, 9].

The effectiveness of immune checkpoint inhibitors
in several neoplastic diseases, including melanoma,
breast, colon, prostate and lung cancers, has reinforced
the potential of immunotherapy [10-13]. Recent reports
also highlight the use of these drugs to treat malignan-
cies in KTRs contexts [14]. Based on these observations,
the understanding of molecular mechanisms that sustain
the development of cancer, especially non-melanoma
skin cancers, in KTRs is relevant for the prevention, early
detection, and timely and personalized treatment.

In recent years, microRNAs (miRNAs) have gained
attention as promising non-invasive biomarkers for can-
cer diagnosis and monitoring [15]. These small RNA mol-
ecules regulate gene expression and have been found to
reflect not only the presence of cancer, but also its malig-
nant potential and drug resistance [16]. Serum miRNA
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profiles in cancer patients have been used to identify
new biomarkers for various neoplastic conditions [17].
Tumor-derived circulating miRNAs are thought to influ-
ence the interaction between cancer cells and the tumor
microenvironment, including tumor-specific immune
responses. On the other hand, immunosuppressive drugs
may regulate the levels of these miRNAs by affecting
tumor cells [18]. We conducted the multicentric obser-
vational COMETA study. It is based on a large Italian
cohort of KTRs and aims to investigate differences in cir-
culating miRNA expression related to the occurrence of
post-kidney transplant cancer, considering the duration
of exposure to grafts and immunosuppressive regimens.
By identifying specific oncogenic and onco-protective
miRNA signatures, we aim to clarify the molecular
mechanisms that may underlie increased cancer suscep-
tibility in this unique clinical population.

Experimental procedures

Patient recruitment and serum sample collection
COMETA is a retrospective, multicenter and observa-
tional study. Participants were enrolled in four University
Italian Hospitals: IRCCS Agostino Gemelli in Rome, Fon-
dazione IRRCS Ca’ Granda Ospedale Maggiore Policlin-
ico, in Milan, IRCCS Sant’'Orsola in Boulogne, and AOU
“Luigi Vanvitelli” in Naples. The cohort included pre-
kidney transplant (pre-tx) patients, post-kidney trans-
plant (post-tx) patients with cancer and post-tx patients
without cancer. Patients under 18 years of age, diagnosed
with malignancy within 3 months after kidney transplan-
tation, with prior cancer history and positive for Hepati-
tis C virus (HCV) and/or Hepatitis B virus (HBV) were
excluded.

The study was conducted according to the Declaration
of Helsinki and was approved by all local Ethics Commit-
tees of the participating centers (Approval nr 0029851/1
-2023 by the Ethical Committee of the Coordinating
Centre at University of Campania “Luigi Vanvitelli”).
All centers followed shared standard operating proce-
dures for blood collection, serum processing, and stor-
age. These protocols were agreed upon prior to patient
recruitment and uniformly applied across sites. Clini-
cal and demographic data were collected using a unified
database with standardized clinical definitions, ensuring
the harmonization of data acquisition across centers. For
post-transplant patients with cancer, serum samples were
collected during routine follow-up with a cancer diag-
nosis. Cancer treatment and surgical or dermatological
excision had occurred after the sample collection. After
obtaining written informed consent from all participants,
demographic and clinical data (Table 1; Fig. 1) were col-
lected and catalogued in a dedicated database.

Serum samples were obtained by collecting whole
blood from KTRs, and then standard centrifugation at
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Table 1 Demographic and clinical characteristics of the studied cohort of ktrs
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Patients characteristics (n=138)

Post-Tx without cancer (n=77)

Post-Tx with cancer (n=30)

Pre-tx (n=31)

Age (years+SD) 56.01+12.69
Gender

F(n=41) 27 (35.06%)
M (n=97) 50 (64.94%)
Race/ethnicity

Caucasian (n=136) 75 (97.40%)
Asian (n=2) 2 (2.60%)
Cancer type

Solid (h=30)

Single kidney trasplant event 71(92.21%)
Multiple kidney transplant events 6 (7.79%)
Stage

Stage | -

Stage ll -

CDK etiology

APDK 13 (16.88%)
CN 1(1.30%)
DM 2 (2.60%)
DMT1-NS -

ESKD 3(3.90%)
ESKD/Alport -

GE 10 (12.99%)
GN 17 (22.08%)
IgAN 2 (2.60%)
MN -

NAS 6 (7.79%)
CAKUT 4(5.19%)
P/l 3(3.90%)
PDK 3(3.90%)
PN -

SD 3(3.90%)
SG -

TIN -

U 10 (12.99%)
CNI

CsA 21 (27.27%)
FK506 53 (68.83%)
CsA /FK506 3(3.90%)

mTORi -

624+957

7 (23.33%)
23 (76.67%)

30 (100%)

CSCC

12 (40.0%)
BCC

8 (26.7%)
BC
3(10.0%)
RCC
2(6.7%)
SCC

2 (6.7%)
CRC
1(3.3%)
PCa
1(3.3%)
PTC
1(3.3%)
26 (86.67%)
4(13.33%)

23 (76.67%)
7(23.33%)

6 (20%)

1(3.33%)
5(16.67%)
1(3.33%)
4(13.33%)
1(3.33%)
1(3.33%)
3 (10%)

1(3.33%)
1(3.33%)
3 (10%)

1(3.33%)

1(3.33%)
1(3.33%)

7 (23.33%)
20 (66.67%)
3 (10%)

55.26+10.74

7 (22.58%)
24 (77.42%)

31 (100%)
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Table 1 (continued)
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Patients characteristics (n=138) Post-Tx without cancer (n=77) Post-Tx with cancer (n=30) Pre-tx (n=31)
Everolimus 10 (12.99%) 3 (10%) 7 (22.58%)
Rapamycin/Everolimus 5 (6.49%) 2 (6.67%) 1(3.23%)
MMF

Mycophenolate 42 (54.55%) 22 (73.33%)

Everolimus/Mycophenolate - 1(3.33%)

Graft rejection

Yes 10 (12.99%) 4(13.33%)

No 67 (87.01%) 26 (86.67%)

ADPKD: Autosomal dominant PKD, BC: Breast cancer, BCC: Basal cell carcinoma, CAKUT: Congenital anomalies of the kidney and urinary tract., CDK: Cyclin-
dependent kinases, CN: Collagenosic nephropathy, CNI: Calcineurin inhibitors, CsA: Cyclosporin A, CRC: Colon adenocarcinoma, CSCC: Cutaneous squamous sell
sarcinoma, DM: diabetes mellitus, DMT1-NS: Nephrotic syndrome in diabetes mellitus type 1, ESKD: End-stage kidney disease, FK506: Tacrolimus, GE: genetic, GN:
Glomerulonephritis, IgAN: IgA nephropathy, MN: Membranous nephropathy, MMF: Micophenolate mofetil, mTORi: mTOR inhibitor NAS: Nephoangiosclerosis, NAS:
Nephroangiosclerosis, PCa: Prostate cancer, PDK: Polycystic kidney disease, P/I: pyelonephritis-interstitial nephritis, PN: partial nephrectomY, PTC: Papillary thyroid
carcinoma, RCC: Renal cell carcinoma, SCC: Spinocellular carcinoma, SD: Symptomatic dialysis, SG: Segmental glomerulosclerosis, TIN: Tubulointerstitial nephritis,

U: uncertain.

o
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Fig. 1 Patient cohort. The circos plot shows the analyzed KTRs population. The samples were annotated according to the belonging group (I track), the
originating centre (Il track), the sampling time after the kidney transplant (Il and IV track) and the cancer type for the samples belonging to the group of

post-tx patients with cancer (V track)
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room temperature. Aliquots of 500 ul serum samples
were stored at — 80 °C in each recruiting center within the
COMETA network, and later transported on dry ice to
the biobank of Biogem Research Institute (Ariano Irpino,
Italy) for miRNA extraction and sequencing.

RNA extraction and sequencing

Total RNA extraction was performed according to the
protocol provided by Plasma/Serum RNA Purification
Midi Kit (Cat. 56100- Norgene). Purified RNA samples
were collected and quantified using RNA 6000 Nano
Bioanalyzer (Agilent Technologies, Inc.) and by Qubit
Fluorometer (RNA HS Assay Kit - Invitrogen) accord-
ing to the manufacturer’s instructions. miRNA-Seq
libraries were prepared using 4 ug of total RNA and Illu-
mina’s TruSeq small RNA Library Prep Kit. Single-end
reads 1x75 bp, equal to 10.000.000 reads/sample, were
sequenced on Illumina NOVASeq 6000.

Processing of miRNA-seq data

The nf-core/smrnaseq pipeline version 2.2.1 [19] was
used to align sequencing data and build the miRNA
count matrix used for differential expression analyses
among in-study groups: pre-tx patients, post-tx patients
with cancer and post-tx patients without cancer. The
sequencing data were aligned using Bowtiel to mature
miRNA entries from the miRbase database and selecting
the reference genome hg38.

Identification of differentially expressed miRNAs and
miRNA expression profiles

Differential expression analyses were assessed using the
functionalities of the R package edgeR [20-22] by fit-
ting a negative binomial generalized log-linear model to
the read counts for each miRNA. Then, miRNAs with
an absolute log2 fold-change (FC) value greater than or
equal to 1 and p—value less than 0.01 were selected as
differentially expressed miRNAs (DEM) for each paired
comparison. Three specific miRNA profiles were identi-
fied by intersecting the results of the differential analyses.

Enrichment analysis of validated miRNA targets

The validated target genes of the miRNAs identified for
each profile were retrieved with the functionalities of
multiMiR [23] (https://github.com/KechrisLab/multiM
iR) and used to perform a gene set enrichment analysis
with DAVID [24]. The biological processes (BPs) with
a p-value less than 0.05 were selected for downstream
analysis.

Expression of cancer-related miRNAs in the TCGA cohort

Expression data of cancer-related miRNAs (miR-1-3p,
miR-10b-5p, miR-210-3p and miR-30a-3p) from seven
studies of The Cancer Genome Atlas (TCGA) [https://
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www.cancer.gov/ccg/research/genome-sequencing/tcg
a] were retrieved using FireBrowse [https://gdac.broadi
nstiture.org/]. The studies were selected based on the d
istribution of cancer types among post-tx patients with
cancer. The studies included data of tumor and normal
solid tissue samples from patients with skin cancer mel-
anoma (TCGA-SKCM), breast cancer (TCGA-BRCA),
kidney renal clear cell carcinoma (TCGA-KIRC), kidney
renal papillary cell carcinoma (TCGA-KIRP), thyroid
carcinoma (TCGA-THCA) and prostate cancer (TCGA-
PRAD). The studies for colorectal cancer (TCGA-COAD
and TCGA-READ) were not selected because data on
healthy tissues were unavailable. TCGA-SKCM was
selected as the reference study for skin cancer, even if
only two samples of healthy tissue were present in the
cohort and most of the patients in our cohort had non-
skin melanoma cancer. A student’s t-test was performed
to assess the differences in the expression of cancer-
related miRNAs between the primary tumors and normal
solid tissues.

Classification of the samples according to the miRNA
expression profile

The miRNAs identified for each profile were used to set
up two different classifiers: one based on the generalized
linear (GLMnet) model and the other on the random for-
est model. The performance of the models was evaluated
using the Leave-One-Out Cross-Validation (LOOCYV)
approach. Caret [25] was used for sample classification,
while ROCR [26] was used to compute the Area Under
the Curve (AUC). The optimal cut-off point for each clas-
sifier was estimated using the Youden Index (J) method
[27].

Statistical analyses

All the statistical analyses were performed using R Sta-
tistical Software (v4.1.1, R Core Team 2021). Statisti-
cal analyses were conducted to evaluate the differential
expression of circulating miRNAs across patient groups
and to develop predictive models.

The likelihood ratio test implemented in the edgeR
(v3.36.0) R package was applied to perform differential
analysis. Serum miRNAs with an absolute log2 fold-
change (FC) value greater than or equal to 1 and p—value
less than 0.01 were selected as differentially expressed for
all the analyses.

Fisher’s Exact test adopted in the DAVID web server
was used for gene set enrichment analysis. Biological
processes with a p-value<0.05 were selected for down-
stream analyses.

Student’s t-test was used to compare the expression
levels of cancer-related miRNAs in primary tumors and
normal solid tissues of the TCGA datasets.
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*R Core Team (2021) R: A Language and Environment
for Statistical Computing. R Foundation for Statistical
Computing, Vienna.https://www.R-project.org.

Results

Characteristics of the cohort

We explored the serum miRNA profile of 138 patients,
shown in the circos plot in Fig. 1, recruited from 4 Ital-
ian University Hospitals. Demographic and clinical data
are summarized in Table 1. In particular, we collected the
serum of 31 pre-tx patients, 30 post-tx patients with can-
cer, and 77 post-tx patients without evidence of cancer
at the sampling time. The samples of the post-tx patients
were collected at different time points after the kid-
ney transplant. Among the post-tx patients with cancer,
serum samples were obtained after cancer diagnosis and
before the beginning of any cancer-specific treatment.
Samples collected during remission or long after treat-
ment were not considered. Therefore, the miRNA profiles
observed likely represent long-term molecular alterations
rather than acute tumor-associated changes. Most of the
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post-tx patients with cancer were affected by skin cancer,
mainly basal and squamous cell carcinoma.

Identification of differentially expressed circulating
miRNAs

We examined the serum miRNA profiles of pre-tx
patients and post-tx patients with and without cancer to
investigate the variations associated with kidney trans-
plant and to identify potential biomarkers for early cancer
detection and risk assessment. We performed three pair-
wise comparisons: (1) post-tx with cancer versus pre-tx;
(2) post-tx without cancer versus pre-tx; and (3) post-tx
with cancer versus post-tx without cancer. We identi-
fied 67 DEMs (46 up-regulated and 21 down-regulated)
in the first comparison, 146 DEMs (87 up-regulated and
59 down-regulated) in the second one, and 38 DEMs (4
up-regulated and 34 down-regulated) in the third one as
shown in supplementary Tables 1 and 2 and in Fig. 2. In
addition, we repeated the comparative analyses described
above for samples collected 5 and 8 years after transplan-
tation, considering these post-transplant time-points
associated with a low kidney-transplant-related risk of
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Fig. 2 Identification of differentially expressed serum miRNAs. The volcano plots show the differentially expressed serum miRNAs identified by com-
paring post-tx patients with cancer versus pre-tx patients (I column), post-tx patients without cancer versus the pre-tx patients (Il column), and post-tx
patients with cancer versus post-tx patients without cancer (Il column). Each comparison was performed by selecting all post-tx patients (I row), post-tx
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represent the down-regulated miRNAs. The miRNAs with |log2FC| >= 1 and p-value <0.01 were selected as differentially expressed
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cancer development according to available epidemio-
logical reports [28] (Supplementary Tables 2 and 3, and
Fig. 2).

Identification of miRNA expression profiles related to
kidney transplant and cancer development

The up-regulated (Fig. 3A top panel) and down-regulated
miRNAs (Fig. 3A bottom panel) identified through the
previous nine pairwise differential analyses were inter-
sected separately to determine common serum miRNA
profiles across the samples. Based on these analyses, we
identified three miRNA profiles (Fig. 1B) supposed to be
transplant-related (TR-profile), cancer-related (CR-pro-
file), and cancer-protective (CP-profile).

The TR-profile (Fig. 3B top panel) was composed
of 21 up-regulated miRNAs (miR-24-3p, miR-93-5p,
miR-16-5p, miR-223-3p, miR-425-5p, miR-25-3p,
miR-451a, miR-20a-5p, miR-148a-3p, miR-3074-5p,
miR-27a-3p, miR-221-3p, miR-22-3p, let-7d-5p, miR-
29¢-3p, miR-199a-3p, miR-199b-3p, miR-30e-5p, miR-
191-5p, miR-29a-3p, miR-146a-5p, miR-146a-5p) and
3 down-regulated miRNAs (miR-3916, miR-6873-3p,
miR-1207-5p). This signature was observed every time
we compared post-tx to pre-tx patients. Based on this
observation, we hypothesized that the changes in the
expression levels of these circulating miRNAs could be a
consequence of kidney transplant procedures and/or the
immunosuppressive treatment.

The CR-profile (Fig. 3B middle panel) was composed
of 1 up-regulated miRNA (miR-210-3p) and 3 down-
regulated miRNAs (miR-30a-3p, miR-1-3p, miR-10b-5p).
All the miRNAs of the CR-profile were identified when
post-tx patients with cancer were compared to post-tx
patients without cancer. The miR-10b-5p was also down-
regulated when post-tx patients were compared to pre-tx
patients.

The CP-profile (Fig. 3B bottom panel) was composed
of 18 up-regulated miRNAs (miR-20b-5p, miR-454-3p,
miR-194-5p, miR-32-5p, miR-192-5p, miR-17-5p,
miR-424-5p, miR-532-5p, miR-182-5p, miR-363-3p,
miR-26b-5p, miR-222-3p, miR-98-5p, miR-660-5p, miR-
193a-5p, miR-92a-3p, miR-21-5p, miR-30a-5p) and 4
down-regulated miRNAs (miR-6746-3p, miR-765, miR-
5193, miR-12116). This profile was identified when a
group of post-tx patients without cancer was compared
to the pre-tx patients; for this reason, we hypothesized
that this signature could have a protective effect against
cancer.

Identification of biological processes (BPs) regulated by
the MiRNAs of each profile

We explored the BPs modulated by the up- and down-
regulated miRNAs belonging to each profile to fig-
ure out their role in cancer development and kidney
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transplantation. To this aim, the validated target genes of
the up- and down-regulated miRNAs of each profile were
retrieved and used to perform a gene set enrichment
analysis (Supplementary Table 3) with DAVID. We iden-
tified the BPs modulated by each set of target genes using
a Fisher-Exact p-value <0.05. Based on this criterion, we
found that 911, 228 and 930 BPs were modulated by the
target genes of up-regulated miRNAs of TR-profile, CR-
profile and CP-profile, respectively. In contrast, 150, 585
and 128 BPs were regulated by the down-regulated miR-
NAs in the TR-profile, CR-profile and CP-profile, respec-
tively. Among the top 20 BPs enriched by the target
genes of up-regulated miRNAs belonging to CR-profile,
we found the positive regulation of NLRP3 inflamma-
some, whose role in cancer initiation and development
is emerging [29]. We also observed that the up-regulated
miRNAs of each profile were involved in the regulation of
signaling pathways associated with interleukins (ILs). 27
has been identified as a potential marker for the onset of
post-transplant malignancies.

More specifically, the up-regulated miRNAs of the TR-
and CR-profile regulated IL-6 production. Additionally,
the up-regulated miRNAs of the CR- and CP-profile reg-
ulated IL-2 production, IL-6 signaling pathway and the
cellular response to IL-4 and IL-1. The targets of up-regu-
lated miRNAs in the TR-profile were also involved in the
positive regulation of IL-10, IL-12, IL-8, IL-13, and IL-1
production. Furthermore, the targets of up-regulated
miRNAs in the CP- and CR-profile were involved in the
IL-15 and IL-27 signaling pathways, respectively. Inter-
estingly, IL-27 has been identified as a potential marker
for the onset of post-transplant malignancies [30].

In addition, we focused on the biological processes
(BPs) involved in immune system functions, which
relate to anti-rejection immunosuppressive therapy, and
pigmentation-related pathways, linked to the high inci-
dence of non-melanoma skin cancer in kidney transplant
recipients (KTRs) In addition, we focused our attention
on the BPs involved in immune system processes, which
relate to anti-rejection therapy, and in pigmentation-
related pathways, linked to the high incidence of non-
melanoma skin cancer in kidney transplant recipients
(KTRs) (Fig. 4). We found that the up-regulated miRNAs
in the CP-profile were involved in T-helper 17 cell lineage
commitment [31], while the down-regulated miRNAs
were associated with B cell activation. Additionally, we
observed that down-regulated miRNAs in the CR-pro-
file and up-regulated miRNAs in the TR- and CP-profile
played a role in the regulation of melanosome assembly.
Furthermore, the up-regulated miRNAs in the CR-profile
were involved in the regulation of melanosome transport
and localization, whereas the up-regulated miRNAs in
the CP-profile were associated with melanosome organi-
zation and endosome to melanosome transport.
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Validation of cancer-related miRNAs

We evaluated the expression levels of cancer-related
miRNAs (miR-210-3p, miR-1-3p, miR-30a-3p and miR-
10b-5p) across different tumor and healthy samples avail-
able in the TCGA Data Portal to validate their potential
role in cancer diagnosis.

By analyzing the distribution of expression levels for
each miRNA across tumor and healthy tissue samples
in various TCGA cohorts (Fig. 5), we observed several
notable patterns. MiR-210-3p was up-regulated in tumor
tissue samples compared to the normal ones for all the
cohorts except the TCGA-THCA ones, where it was
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down-regulated. Conversely, in the TCGA-SKCM cohort
no significant difference was found. MiR-1-3p consis-
tently showed down-regulation in all tumor samples
compared to healthy ones. MiR-30a-3p was generally
down-regulated in tumor samples compared tohealthy
ones, except in the TCGA-PRAD and TCGA-SKCM
cohorts, where no significant difference was observed.
Lastly, MiR-10b-5p was down-regulated in all tumor
samples, except for the TCGA-PRAD cohort, where
it was up-regulated, and in the TCGA-SKCM cohort,
where no significant difference was noted.

Development of binary classifiers for kidney transplant
and cancer detection

The expression levels of miRNAs belonging to the TR-,
CR-, and CP-profile were used to design multiple clas-
sifiers based on two different models: logistic regression
(GLMnet) and random forest (rf). A first classifier was
trained on the TR-miRNAs to evaluate whether this sig-
nature was able to classify pre-tx and post-tx samples,
while a second and a third one were trained on the CR-
and CP-miRNAs, respectively, to assess their capability
to discriminate the samples of post-tx patients with can-
cer from those of post-tx patients without cancer. The
performances of each binary classifier are illustrated in
the ROC curves in Fig. 6, where the area under the ROC
curve, the optimal cutoff (Youden Index), the specificity,
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and sensitivity are also reported for each classifier. We
observed that the rf classifier based on the TR-miRNAs
had a better performance compared to the one based
on the GLMnet model (AUC: rf 0.877, AUC GLMnet:
0.807), while the classifier based on the GLMnet model
and CR-miRNAs had a better performance compared to
the rf classifier (AUC rf: 0.689, AUC GLMnet: 0.781). The
classifiers based on the TP-miRNAs showed similar per-
formances (AUC rf: 0.711, AUC GLMnet: 0.701).

Discussion

De novo cancers occurring in KTRs represent a poten-
tially fatal complication, generally showing more aggres-
sive behaviour than in the general population. Data from
the Israel Penn International Transplant Tumours’ Reg-
istry in the United States revealed that KTRs with colon
cancer, non-small cell lung cancer, breast, prostate, blad-
der cancer, and kidney cancer had worse disease-specific
survival compared to non-transplant patients with the

same cancer types [32]. Since the interaction between
immunosuppressive protocols and anti-neoplastic drugs
strongly influences the outcome of both transplant and
cancer treatment, it represents a significant limiting fac-
tor in managing malignancies that occur in KTRs [33].
Early diagnosis has a pivotal role in oncology, especially
in the post-transplant setting [34]. Developing specific,
reliable immunological markers (soluble mediators, cir-
culating miRNAs or specific circulating immune cell
phenotypes) could significantly improve early diagnosis,
potentially enhancing patients’ survival while reducing
morbidity and mortality. Additionally, understanding the
immunological mechanisms undelying an increased neo-
plastic risk and the role of different immunosuppressive
protocols may help clinicians in adjust immunosuppres-
sion strategies to prevent the development of post-trans-
plant malignancies or to introduce specific treatments to
preserve the anti-neoplastic immune response.
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COMETA study aimed to identify miRNA profiles
associated with cancer in an Italian KTRs population
from different national kidney transplant centres. We
also aimed to validate our data and explore available liter-
ature on biological processes and molecular mechanisms
associated with differentially expressed miRNAs identi-
fied in our analysis. The presence of a control group of
KTRs that did not develop cancer, despite several years of
exposure to transplantation, has introduced an important

chance for identifying miRNA profiles associated with
protection or an increased risk for cancer in the presence
of kidney transplant-related factors. Using an advanced
high-throughput analysis, we were able to identify three
relevant miRNA signatures in our population, despite the
small sample size.

The TR-profile is particularly important, since it high-
lights the differential miRNA expression in relation to
the exposure to the graft, its procedures and therapies
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by comparing post-tx patients to pre-tx patients. This
profile was characterized by the up-regulation or down-
regulation of miRNAs relevant to the kidney transplant
setting. Notably, miR-24-3p, miR-25-3p, miR-20a-5p and
miR-27a-3p were up-regulated, and have been linked to
oxidative stress-related ischemia-reperfusion injury [35—
38]. Their upregulation may reflect the cold storage phase
of kidney grafts before implantation, which could explain
their increased levels NMSC in KTRs.

Additionally, the increased expression of miR-223-3p
and miR-93-5p found in the TR-signature is in agreement
with findings from other studies, supporting their rel-
evance in transplant-related conditions [39].

MiR-146a-5p, also found up-regulated in the TR-
profile, has been previously linked to graft rejection
[40]. Similarly, up-regulated miR-29¢-3p, miR-29a-3p,
miR-30e-5p and miR-let-7d-5p have been associated to
antibody-mediated graft rejection [41, 42], while miR-
199a-3p and miR-199b-3p have been associated with
T cell-mediated graft rejection [43]. The upregulation
of miR-3074-5p, related to macrophage apoptosis, fur-
ther supports immune response involvement [44]. MiR-
148a-3p, miR-22-3p, and miR-191-5p are associated with
acute kidney injury (AKI), and miR-16-5p might be an
early biomarker for AKI or IgA nephropathy relapse in
kidney transplants [45-51].

The CR-profile resulted from the comparison of post-
tx patients with cancer with post-tx patients who did
not develop cancer despite a long exposure to the kidney
transplantation. The up-regulation of miR-210-3p was
the distinctive finding of this signature, introducing a new
insight on this interesting miRNA. To our knowledge,
this is the first time that it has been found up-regulated
in association with non-melanoma skin cancers (NMSC).
Interestingly, many reports highlight its up-regulation in
various other solid tumors, and its involvement in several
pro-oncogenic pathways [52]. Recent studies showed that
miR-210-3p is induced by hypoxia and HIF-1a, promot-
ing epithelial-mesenchymal transition and increasing
cell invasiveness by upregulating tumor growth factor
(TGF)-P. This miRNA is also linked to chemoresistance,
particularly to temozolomide in glioma cells. In lung
adenocarcinoma, miR-210-3p serves as a potential non-
invasive biomarker for diagnosis, and its silencing may
reverse cancer progression. Additionally, miR-210-3p is
elevated in prostate cancer bone metastasis and clear cell
renal carcinoma, suggesting its role in tumor progression
[53-56].

In 2021, Nashtahosseini et al. [57] reported signifi-
cantly higher serum levels of miR-210-3p in breast can-
cer patients compared to healthy controls, although the
exact mechanism remains unclear. A review by Maryam
et al. linked miR-210 upregulation to increased VEGE,
hypoxia, angiogenesis, and cell proliferation, migration,
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and invasion in both Estrogen receptor (ER)-negative
and ER-positive breast cancer, including triple-negative
breast cancer [58]. Additionally, miR-210-3p expres-
sion was elevated in the serum of patient with pancre-
atic ductal adenocarcinoma (PDAC) compared to those
with chronic pancreatitis and controls. Moreover, the
three downregulated miRNAs in the CR-profile, miR-
1-3p, miR-30a-3p and miR-10b-5p, are known to be
tumor suppressors in several cancers [59-63]. MiR-1-3p
exerts its tumor-suppressive function by different mecha-
nisms in different neoplasms. Moreover, miR-30a-3p,
also down-regulated in renal cell carcinoma tissues [64],
PDAC [65], bladder cancer [66] and hepatocellular car-
cinoma [67], suppresses the tumor growth [68]. On the
other hand, miR-10b-5p expression is reported to be
lower in several uterine sarcomas and leiomyosarcomas
compared to its expression in benign uterine tissues [69,
70]. However, unlike miR-1-3p and miR-30a-3p, which
act as tumor suppressors and are downregulated in can-
cer, miR-10-5p seems to be up-regulated in other types of
neoplasms, such as in glioblastoma [71] and in early stage
hepatocellular carcinoma [72].

In the CP-profile, we compared miRNA expression in
post-tx patients with cancer with post-tx patients with-
out cancer. Among the up-regulated miRNAs in this
signature, miR-424-5p has been well-studied in cancers
like lung adenocarcinoma, breast, and hepatocellular
carcinoma, where it regulates cell proliferation and the
cell cycle, influencing tumor growth and survival [73,
74]. In liver transplantation, miR-424-5p has been linked
to the recurrence of hepatocellular carcinoma [75]. On
the other hand, miR-193a-5p is recognized as a tumor
suppressor, with increased expression associated with
reduced tumor proliferation and metastasis in several
types of cancer [76]. Although its role in transplantation
is not well-established, miR-193a-5p could be explored
in the future as both a diagnostic marker and therapeutic
target [77]. Our analysis also identified a downregulation
of certain miRNAs in patients without cancer including,
miR-12,116, miR-5193, miR-6476-3p, and miR-765 which
were all downregulated. The most interesting data are
related to miR-5193, which is involved in regulating of
critical protective mechanisms for growth and immune
evasion [78]. The increased incidence and aggressive-
ness of cancers in KTRs is not only a consequence of
chronic immunosuppression but also the result of com-
plex molecular and immunological alterations. Circulat-
ing miRNAs play a central role in modulating immune
responses, controlling inflammation, and regulating both
oncogenic and tumor-suppressor pathways. In the con-
text of transplantation, miRNA dysregulation may reflect
both immune activation against the graft and immuno-
suppression-induced escape of neoplastic clones [79].
Circulating microRNA profiles represent a promising



Simeoni et al. Journal of Translational Medicine (2025) 23:1053

non invasive tool for improving the oncological manage-
ment of KTRs. In the clinical setting, they could be used
at several key points: for early diagnosis, thanks to their
ability to detect tumor signals before clinical or radiologi-
cal evidence; for risk stratification, identifying patients
more susceptible to developing cancer in the pre- or early
post-transplant phase and enabling personalized follow-
up; and finally, for post-transplant monitoring, support-
ing longitudinal surveillance and the early detection of
recurrence or new tumors. Integrating these biomark-
ers into clinical practice could, therefore, significantly
improve timely diagnosis, personalized follow-up, and
ultimately, patient outcomes. This study first supports
the identification of three key miRNA signatures related
to kidney transplant, including pro-oncogenic and onco-
protective processes in a multicenter population for early
diagnosis and personalized cancer treatments in KTRs.
Moreover, there is currently no data available on the up-
regulation of miR-210-3p in NSCM, which was a main
finding of.
COMETA study.

Conclusion

Considering that the majority of patients with cancer
in our study were affected by NMSC, and given its up-
regulation found in all patients with cancer, we can firstly
state that miR-210-3p is also up-regulated in patients
with NMSC. Although our study is limited by its retro-
spective design and the inclusion of diverse cancer types
within the studied population, the statistical significance
of the identified miRNA signatures underscores their
potential clinical importance. These findings provide a
robust foundation for future prospective studies focused
on KTRs, stratified by specific cancer types, as well as for
rigorous validation studies to further confirm the utility
of these miRNA signatures.
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