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ABSTRACT

BACKGROUND AND OBJECTIVE:   Small renal masses (SRMs), defined as enhancing renal lesions ≤4 cm 

(clinical stage T1a), represent a biologically heterogeneous group of tumors. While many SRMs are benign or 

indolent, a subset harbor aggressive potential, and current imaging modalities cannot reliably distinguish these 

subgroups. This narrative review summarizes the current evidence for molecular and genomic biomarkers in 

SRM risk stratification and evaluates their potential clinical role.

METHODS:    A structured search of PubMed/MEDLINE from January 1, 2000 through January 1, 2026 was 

performed using terms related to small renal masses, molecular and genomic biomarkers, and prognostic 

outcomes. Reference lists of relevant studies and clinical guidelines were also reviewed.

RESULTS:    Gene expression signatures, including ClearCode34 and a 16-gene recurrence assay, can distinguish 

indolent from aggressive clear cell renal cell carcinoma and are compatible with formalin-fixed biopsy tissue. 

Somatic alterations in genes such as VHL, PBRM1, BAP1, and SETD2 define biologically distinct tumor subtypes, 

with BAP1 loss detectable by immunohistochemistry on renal mass biopsy specimens. Chromosomal alterations, 

including 9p loss, correlate with higher-grade disease and metastatic potential. Emerging liquid biopsy 

approaches demonstrate promise but remain incompletely validated in SRM populations.

CONCLUSIONS:    Although molecular and genomic biomarkers have substantially advanced understanding 

of renal cell carcinoma biology, none are currently incorporated into routine clinical management of small 

renal masses. Most candidate biomarkers have been developed in nephrectomy cohorts and lack prospective 

validation in renal mass biopsy specimens or active surveillance populations. Future studies integrating molecular 

biomarkers with clinical and radiographic data in SRM-specific cohorts are needed before these tools can 

meaningfully inform patient care.
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INTRODUCTION
Renal cell carcinoma (RCC) accounts for over 80,000 

new diagnoses and 14,500 deaths in the United States 
annually.1 Given the increased use of cross sectional 
imaging, renal tumors are increasingly detected at an 
earlier stage, with small renal masses (SRMs), defined 
as incidentally detected contrast enhancing renal le-
sions ≤4 cm (clinical stage cT1a) comprising 50-65% 
of newly diagnosed cases.2,3 This stage migration, 
while oncologically favorable, has created significant 
challenges in individualized risk stratification. Nota-
bly, despite increased early detection, improvements 
in overall and disease-specific survival have not been 
proportionate, suggesting that earlier detection alone 
is insufficient and that improved biological character-
ization is needed to guide individualized management 
decisions.4,5

The biological spectrum of SRMs is markedly het-
erogeneous.6 The 2022 World Health Organization 
classification now recognizes over 20 RCC subtypes, 
including a new category of molecularly defined en-
tities, reflecting the increasingly appreciated molecu-
lar diversity underlying morphologically similar renal 
tumors.7 Approximately 20-30% of biopsied SRM are 
benign (most commonly oncocytoma and angiomy-
olipoma) while the majority are malignant, predom-
inantly clear cell RCC (ccRCC), papillary or chromo-
phobe histology.8,9 Among malignant SRMs, most 
pursue an indolent clinical course amenable to active 
surveillance, while a clinically significant minori-
ty harbor high-risk features including high nuclear 
grade, aggressive histologic subtypes, or adverse mo-
lecular profiles.5,10,11 Current standard cross-section-
al imaging cannot reliably differentiate indolent from 
aggressive SRMs, contributing to overtreatment in a 
predominantly low-risk disease population.4,9

Figure 1. Molecular and genomic biomarkers for risk stratification in small renal masses (SRMs). This narrative 
review identified four categories of biomarkers with potential relevance to SRM management. Gene expression 
signatures such as ClearCode34 classify clear cell renal cell carcinoma into favorable (ccA) and aggressive (ccB) 
molecular subtypes. Somatic mutation profiling identifies prognostically significant alterations, with PBRM1 
associated with favorable outcomes and BAP1 and SETD2 associated with aggressive biology; VHL mutations are 
near-universal in clear cell RCC and lack independent discriminatory value in isolation. Chromosomal losses at 9p 
and 14q are associated with poor prognosis, with 9p loss demonstrating prognostic significance specifically within 
SRM cohorts. Liquid biopsy approaches including circulating tumor DNA (ctDNA) and cell-free DNA (cfDNA) 
remain limited by low sensitivity (30–50%) in localized disease. While these biomarkers show promise for guiding 
decisions between active surveillance and intervention, none have been prospectively validated for routine clinical 
use in SRM management.
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Renal mass biopsy (RMB) has emerged as a valuable 
adjunct for risk stratification providing histologic di-
agnosis in 80-90% of cases with a low complication 
profile.12,13 However, histology alone provides limit-
ed prognostic information beyond tumor grade and 
subtype. The integration of molecular and genomic 
biomarkers from biopsy specimens—including gene 
expression signatures, somatic mutation profiling, and 
epigenetic markers—represents a compelling strategy 
to augment risk stratification and guide individualized 
management. Current management recommendations 
from the American Urological Association and the Eu-
ropean Association of Urology endorse RMB as a part 
of as part of the evaluation of SRMs but acknowledge 
the absence of validated molecular adjuncts. 

From a clinical perspective, molecular biomarkers in 
SRMs may serve several distinct purposes. First, bio-
markers may help distinguish benign from malignant 
renal masses, potentially reducing overtreatment of 
benign lesions such as oncocytoma. Second, biomark-
ers may aid in histologic subtype classification when 
RMB specimens are limited or indeterminate. Third, 
molecular features may help identify tumors likely to 
demonstrate rapid growth during active surveillance. 
Finally, biomarkers may assist in predicting aggressive 
biology or metastatic potential. Importantly, biomark-
ers developed for these different clinical endpoints are 
not interchangeable, and understanding the specific 
clinical context in which a biomarker is intended to 
operate is essential when evaluating the current liter-
ature.

Study Signature N Platform Endpoint Key Finding SRM Relevance 

Brooks et al. 2014 

[14] 

ClearCode34 

(ccA/ccB) 

380 + 

156 

Microarray 

/ 

NanoString 

RFS, CSS, 

OS 

ccB subtype associated with worse 

RFS, CSS, and OS; prognostic value 

independent of stage and grade; 

compatible with FFPE tissue 

Validation cohort ~50% stage I, 

remainder stage II–III; T1a-specific 

outcomes not separately reported; 

FFPE compatibility suggests biopsy 

feasibility but dedicated SRM validation 

not performed 

Rini et al. 2015 

[15] 

16-gene 

recurrence 

assay 

942 RT-PCR Recurrence Continuous recurrence score 

independently predicted recurrence 

after nephrectomy; 68% stage I; 

identified high-risk within stage I and 

low-risk within stage II–III; minimal 

intratumoural variability in sampling sub-

study 

Molecular reclassification within stage I 

population is SRM-relevant; FFPE 

compatible; prospective biopsy-specific 

validation not performed 

Morgan et al. 

2018 [16] 

Cell cycle 

proliferation 

(CCP) 

signature 

565 RT-PCR 5-yr DSM, 

recurrence 

CCP score improved prediction of 

mortality after radical nephrectomy 

independent of stage and grade; 58% 

T1; median tumor size 5.5 cm; 

evaluated across ccRCC, papillary, and 

chromophobe histologies 

Multi-histology applicability relevant to 

SRMs where subtype may be 

uncertain; majority of cohort had tumors 

larger than 4 cm 

Vaicekauskeitė et 

al. 2025 [17] 

51-gene 

hotspot panel 

52 NGS / 

qPCR 

RCC risk, 

tumor 

growth rate 

Non-synonymous alterations in 75% of 

SRMs across 16 genes; KRAS, VHL, 

HNF1A, TP53, ATM mutations enriched 

in malignant vs benign lesions; 

combined clinical-genomic model AUC 

0.84 for fast-growth prediction 

Only study evaluating a genomic 

classifier specifically in an SRM biopsy 

cohort; pilot study (N=52, single center) 

— requires multicenter validation 

 

Table 1. Gene Expression Signatures with Potential Applicability to Small Renal Mass Risk Stratification. Abbreviations: 
AUC, area under the receiver operating characteristic curve; ccA, clear cell A subtype; ccB, clear cell B subtype; CCP, cell cycle 
proliferation; CSS, cancer-specific survival; DSM, disease-specific mortality; FFPE, formalin-fixed paraffin-embedded; NGS, next-
generation sequencing; OS, overall survival; RFS, recurrence-free survival; RT-PCR, reverse transcription polymerase chain 
reaction; SRM, small renal mass; TCGA, The Cancer Genome Atlas. 
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which molecular profiling technologies applicable to 
renal tumor characterization have become available. 
The search strategy combined Medical Subject Head-
ings (MeSH) terms and free-text keywords organized 
into three concept blocks: (1) the population (small 
renal mass, renal mass, T1a, localized renal cell carci-
noma), (2) the index biomarker (molecular biomarker, 
gene expression, somatic mutation, liquid biopsy, epi-
genetic, microRNA, and specific gene names including 
VHL, PBRM1, BAP1, SETD2, and ClearCode34), and 
(3) the outcome context (risk stratification, progno-
sis, active surveillance, metastasis-free survival, can-
cer-specific survival). Concept blocks were combined 
with the Boolean AND operator and limited to human 
studies in the English language. The complete search 
string is provided in Supplementary Table S1.

In this narrative review, we synthesize the evidence 
for molecular and genomic biomarkers in risk strat-
ification of SRMs, organized by biomarker category: 
gene expression signatures, somatic mutations, chro-
mosomal alterations, and liquid biopsy. We addi-
tionally provide an expert assessment of the clinical 
implications of these data and directions for future 
investigation. 

METHODS

Literature Search
A structured literature search of PubMed/MED-

LINE (National Library of Medicine) was performed 
from 1/1/2000 through 1/1/2026, reflecting the era in 

Alteration Frequency Key Study 
[Ref] 

Detection Clinical Significance Notes / SRM Relevance 

VHL mutation/ 
methylation 

57–91% Gnarra 1994 
[20]; Kaelin 
2002 [21] 

NGS, 
methylation 

Initiating oncogenic event; 
constitutive HIF activation and 
angiogenic signaling; universal in 
ccRCC 

Present in both indolent and aggressive 
tumors — insufficient alone for SRM risk 
stratification 

PBRM1 
mutation 

29–40% Sato 2013 
[19]; Ricketts 
2018 [22] 

NGS, IHC SWI/SNF chromatin remodeling 
(BAF180 subunit); associated 
with lower grade, favorable 
outcomes 

Largely mutually exclusive with BAP1, 
defining two distinct biologic subclasses 
with divergent prognoses (Kapur 2013 
[23]) 

BAP1 mutation 
/ IHC loss 

6–15% Peña-Llopis 
2012 [24]; 
Kapur 2013 
[23]; Joseph 
2016 [26] 

NGS, IHC Worse prognosis; higher nuclear 
grade; elevated metastatic 
potential; early clonal event in 
TRACERx [27,28] 

IHC loss detectable on core biopsy 
specimens — most clinically actionable 
molecular marker for pre-operative SRM 
assessment; no specialized sequencing 
required 

SETD2 
mutation 

8–12% Sato 2013 
[19]; Hakimi 
2013 [25] 

NGS H3K36me3 loss; promotes 
intratumoral heterogeneity and 
clonal diversification [28] 

Co-mutation with BAP1 confers poorest 
prognosis of any combination in ccRCC 
[25] 

3p deletion >90% 
ccRCC 

TCGA 2013 
[18] 

FISH, 
CGH, SNP 
array 

Earliest chromosomal event; 
enables en bloc deletion of VHL, 
PBRM1, BAP1, SETD2 loci 

Nearly universal in ccRCC — insufficient 
alone for distinguishing aggressive from 
indolent SRMs 

9p loss 
(CDKN2A) 

14–44% La Rochelle 
2010 [29]; 
Brunelli 2008 
[30] 

FISH, CGH Higher grade, advanced T stage, 
metastatic risk; 5-yr CSS 43% vs 
88% without 9p loss (Brunelli 
[30]) 

SRM-specific data: In 188 tumors ≤4 cm, 
9p status (not tumor size) independently 
predicted recurrence; HR 6.18 for DSS in 
9p-deleted SRMs (La Rochelle [29]) 

14q loss 11–22% Monzon 2011 
[31] 

FISH, 
CGH, SNP 
array 

Associated with poor prognosis in 
non-metastatic ccRCC (RR 2.78 
for recurrence); reduced HIF1α 
expression observed in 14q-
deleted tumors 

Specific target gene(s) driving prognostic 
association remain under investigation; not 
yet evaluated in SRM-specific cohorts 

 

Table 2. Somatic Mutations and Chromosomal Alterations in Clear Cell RCC: Frequency, Prognostic Significance, and SRM 
Relevance. Abbreviations: CGH, comparative genomic hybridization; CSS, cancer-specific survival; DSS, disease-specific survival; 
FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; NGS, next-generation sequencing; SNP, single nucleotide 
polymorphism; SRM, small renal mass. 



8           K i d n e y  C a n c e r  J o u r n a l  | 24 (1)  MAR  2026                                                                                                      Kidney-Cancer-Journal.com                     

The search was supplemented by manual review of 
reference lists from all included studies, relevant nar-
rative reviews, and current clinical practice guidelines 
from the American Urological Association (AUA) and 
European Association of Urology (EAU) to identify 
additional eligible studies.

Study Selection
Studies were included if they: (1) evaluated at least 

one molecular or genomic biomarker (gene expression 
signature, somatic mutation, chromosomal alteration, 
liquid biopsy analyte) in renal tumors ≤4 cm or clinical 
T1a; (2) reported a prognostic, diagnostic, or predictive 
endpoint; and (3) were published as full-text articles 
in peer-reviewed journals. Studies including broader 
localized RCC cohorts were included if SRM-relevant 
data were reported or extractable. Case reports, con-
ference abstracts, preclinical studies, and studies with 
fewer than 10 patients were excluded. Studies focused 
exclusively on advanced or metastatic RCC without 
SRM-applicable data were excluded.

Data Synthesis 

Results are presented as a narrative synthesis orga-
nized by biomarker category: gene expression signa-
tures, somatic mutation profiling, chromosomal copy 
number alterations, and liquid biopsy markers. Epigen-
etic and microRNA-based biomarkers are discussed 
briefly in the context of future directions but were not 
included as primary evidence categories, as the avail-
able literature is largely confined to metastatic or ne-
phrectomy cohorts without SRM-specific data. Results 
are presented as a narrative synthesis organized by bio-
marker category: gene expression signatures, somatic 
mutation profiling, chromosomal copy number alter-
ations, and liquid biopsy markers. Within each catego-
ry, the available evidence is summarized with emphasis 
on analytical validation status, clinical endpoints, and 
applicability to biopsy-derived specimens. Artificial 
Intelligence tools (Claude, Anthropic, ChatGPT, Ope-
nAI) were used to assist with figure generation and 
proof readingproofreading. All outputs were verified 
by authors. The literature search was executed, and 
study selection was performed by the authors.  

 

RESULTS 
The structured PubMed search identified 1,277 re-

cords. After removal of duplicates, title and abstract 

screening excluded 1,180 records; full-text review of 
97 articles resulted in 38 studies meeting inclusion 
criteria, forming the basis of this reviewAfter title and 
abstract review, full-text assessment, and supplemen-
tary reference list searching, a total of 38 studies form 
the basis of this review, spanning four biomarker cat-
egories: gene expression signatures, somatic mutation 
profiling, chromosomal copy number alterations, and 
liquid biopsy markers. 

Gene Expression Signatures 
Gene expression profiling has yielded several clinical-

ly relevant signatures applicable to SRM stratification 
(Table 1). ClearCode34, a 34-gene expression signa-
ture derived from The Cancer Genome Atlas (TCGA) 
ccRCC data, classifies tumors into two molecular sub-
types: ccA (associated with favorable prognosis) and 
ccB (associated with aggressive biology). In the index 
study, the classifier was applied to 380 non metastatic 
ccRCC samples from TCGA and validated in 156 for-
malin-fixed clinical samples, demonstrating significant 
associations with recurrence-free survival, cancer-spe-
cific survival, and overall survival.14 It is important to 
note that the validation cohort included tumors across 
the full spectrum of localized disease, approximately 
50% stage I with the remainder stage II-III. While cT1a 
specificcT1a-specific outcomes were not separately re-
ported, the signaturessignature’s prognostic value after 
adjustment for tumor size and its compatibility with 
FFPE tissue suggest potential applicability to biopsy 
basedbiopsy-based SRM assessment. 

Rini et al. developed and validated a 16-gene recur-
rence assay for localized ccRCC in a multi-institutional 
study of 942 patients with stage I–III disease.15 The 
assay, based on reverse transcription-polymerase chain 
reaction quantification of genes involved in angiogen-
esis, immune response, and cell proliferation, generat-
ed a continuous recurrence score that independently 
predicted recurrence after nephrectomy. Notably, 68% 
of the development cohort had stage I disease, and the 
recurrence score identified high-risk patients with-
in stage I and low-risk patients within stage II–III, 
demonstrating molecular reclassification beyond con-
ventional staging. The assay was designed for FFPE 
surgical specimens and showed minimal intratumoral 
variability in a sampling sub-study, though prospective 
validation on core needle biopsy material has not been 
performed.

Morgan et al. developed a multigene cell cycle prolif-
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eration (CCP) signature and demonstrated improved 
prediction of 5-year disease-specific mortality after 
radical nephrectomy in a study of 565 patients across 
two independent cohorts (Massachusetts General 
Hospital and University of Michigan).16 Unlike oth-
er gene expression classifiers restricted to ccRCC, the 
CCP score was evaluated across clear cell, papillary, 
and chromophobe histologies, with 58% of patients 
having T1 disease. The CCP score provided prognos-
tic information independent of stage and grade, sug-
gesting potential utility in the SRM population where 
histologic subtype may be uncertain prior to definitive 
intervention.

A 2025 study by Vaicekauskeitė et al. evaluated the 
genomic landscape of SRMs specifically, sequencing 
51 cancer hotspot genes in 52 patients.17 Non-syn-
onymous alterations were identified in 75% of SRMs, 
with KRAS, VHL, HNF1A, TP53, and ATM mutations 
predominantly detected in malignant versus benign 
lesions. A combined clinical-genomic model achieved 
an area under the curve (AUC) of 0.84 for prediction 
of rapid tumor growth, supporting the feasibility of bi-
opsy-based hotspot panel testing in SRM management. 
Notably, this is the only study in the current literature 
to evaluate a genomic classifier specifically in an SRM 
biopsy cohort, though the small sample size and sin-
gle-center design warrant validation in larger multi-
center studies.

Somatic Mutation Profiling 
A 2025 study by Vaicekauskeitė et al. evaluated the 

genomic landscape of SRMs specifically, sequencing 
51 cancer hotspot genes in 52 patients.17 Non-syn-
onymous alterations were identified in 75% of SRMs, 
with KRAS, VHL, HNF1A, TP53, and ATM mutations 
predominantly detected in malignant versus benign 
lesions. A combined clinical-genomic model achieved 
an area under the curve (AUC) of 0.84 for prediction 
of rapid tumor growth, supporting the feasibility of bi-
opsy-based hotspot panel testing in SRM management. 
Notably, this is the only study in the current literature 
to evaluate a genomic classifier specifically in an SRM 
biopsy cohort, though the small sample size and sin-
gle-center design warrant validation in larger multi-
center studies.

The somatic mutation landscape of ccRCC has been 
extensively characterized in surgical nephrectomy co-
horts spanning all stages of localized and advanced 
disease. While SRM-specific mutational profiling data 
remain limited, the biological and prognostic signif-
icance of these mutations provides the rationale for 
their potential application to SRM risk stratification. 
(Table 2)

The genomic landscape of ccRCC is characterized 
by recurrent driver mutations concentrated on chro-
mosome 3p21.18,19 VHL mutations or promoter meth-
ylation are present in 57–91% of sporadic ccRCCs 
and represent the initiating oncogenic event, driving  

 

Marker / 
Platform 

Type Study [Ref] N Key Finding SRM Relevance / Validation Status 

ctDNA detection 

(general) 

Liquid 

biopsy 

Jani et al. 

2024 [32] 

Review Comprehensive synthesis of liquid 

biopsy platforms in RCC; ctDNA 

sensitivity in localized RCC estimated at 

30–50% owing to low tumor burden and 

limited vascular invasion in organ-

confined disease 

Fundamental sensitivity limitation is the 

primary barrier to ctDNA-based 

approaches in SRMs; no single ctDNA 

platform validated for SRM-specific 

monitoring 

cfDNA 

fragmentomics 

(stacked 

ensemble 

model) 

Liquid 

biopsy 

Peng et al. 

2025 [34] 

280 Integrated nucleosome positioning, 

fragment size, and copy number 

features from low-pass WGS; AUC 

0.966 for RCC detection in validation 

cohort; AUC 0.952 distinguishing RCC 

from non-malignant renal disease in 

external validation 

Evaluated RCC detection broadly, not 

SRM risk stratification specifically; high 

discriminatory accuracy for early-stage 

disease suggests potential applicability 

to SRM surveillance but dedicated SRM 

validation not performed 

 

Table 3. Liquid Biopsy Approaches with Potential Applicability to Small Renal Mass Monitoring. Abbreviations: AS, active 
surveillance; AUC, area under the receiver operating characteristic curve; cfDNA, cell-free DNA; ctDNA, circulating tumor DNA; RCC, 
renal cell carcinoma; SRM, small renal mass; WGS, whole-genome sequencing. 
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constitutive HIF activation and downstream angio-
genic signaling.20,21 However, VHL loss is essentially 
universal in ccRCC—including biologically indolent 
tumors—and therefore lacks discriminatory value for 
SRM risk stratification when used in isolation.

PBRM1 mutations, present in approximately 29–40% 
of ccRCCs, encode the BAF180 subunit of the SWI/
SNF chromatin remodeling complex.19,22 PBRM1-mu-
tated tumors tend toward lower grade and stage and 
are associated with more favorable outcomes. Critical-
ly, PBRM1 and BAP1 mutations are largely mutually 
exclusive in ccRCC, defining two distinct biologic sub-
classes with divergent prognoses. 23

BAP1 mutations, occurring in 6–15% of ccRCCs, 
encode a nuclear deubiquitinase regulating chromatin 
compaction and DNA damage repair.24 BAP1-mutat-
ed ccRCCs demonstrate consistently worse outcomes 
across multiple independent cohorts, with higher nu-
clear grade, elevated metastatic potential, and inferi-
or cancer-specific survival. 23,25 Loss of BAP1 protein 
expression is detectable by immunohistochemistry 
(IHC) on core biopsy specimens, providing a clinically 
actionable prognostic marker applicable to pre-oper-
ative SRM assessment.23,26 The landmark TRACERx 
Renal study demonstrated that BAP1 loss is an early 
clonal event correlated with metastatic evolutionary 
trajectories, supporting its association with aggressive 
biology.27,28

SETD2 mutations, encoding the histone methyl-
transferase responsible for H3K36 trimethylation, oc-
cur in 8–12% of ccRCCs.19,25 SETD2 loss promotes in-
tratumoral heterogeneity and clonal diversification.28 

Co-occurrence of BAP1 and SETD2 mutations confers 
the poorest prognosis of any mutational combination 
in ccRCC, reflecting convergent disruption of chroma-
tin remodeling and DNA damage surveillance path-
ways.25

The hierarchical clonal evolution model of ccRCC 
— in which VHL loss represents the trunk mutation 
and subsequent drivers (PBRM1, BAP1, SETD2, KD-
M5C) define branch-level heterogeneity — has direct 
implications for biopsy-based SRM assessment.18,27,28 
The TRACERx Renal study demonstrated that driver 
mutations such as BAP1 loss can be regionally distrib-
uted within a single tumor, implying that single-core 
biopsies may underestimate aggressive subclonal pop-

ulations.27,28 Optimized multicore sampling strategies 
targeting the periphery and solid tumor components 
may be necessary to achieve reliable molecular classifi-
cation from biopsy specimens.

Chromosomal alterations
Chromosomal copy number alterations provide an 

additional layer of prognostic information applicable 
to SRM risk stratification (Table 2).  Loss of chromo-
some 3p, occurring in >90% of ccRCCs, is the defining 
early event enabling deletion of VHL, PBRM1, BAP1, 
and SETD2 en bloc.18 However, as with VHL muta-
tion, 3p loss is essentially universal in ccRCC and lacks 
specificity for distinguishing aggressive from indolent 
SRMs.

Loss of chromosome 9p is among the most SRM-rel-
evant chromosomal biomarkers identified to date. La 
Rochelle et al. analyzed 703 ccRCC tumors, including 
a subgroup analysis of 188 patients with ≤4 cm tumors, 
and found that 9p deletion independently predicted 
worse disease-specific and recurrence-free survival.29 
Critically, among small localized tumors, 9p status, but 
not tumor size, was independently associated with dis-
ease recurrence, raising the possibility of using preop-
erative FISH analysis on biopsy specimens to identify 
aggressive biology within otherwise indolent-appear-
ing SRMs.29 These findings were consistent with ear-
lier work by Brunelli et al., who demonstrated that 9p 
loss was an independent prognostic factor with 5-year 
cancer-specific survival of 43% versus 88% in patients 
without 9p loss.30

Chromosome 14q loss, occurring in approximate-
ly 11–22% of ccRCCs, has been associated with poor 
prognosis in non-metastatic disease, with an increased 
risk of recurrence (RR 2.78) and decreased overall sur-
vival.31 The HIF1A gene resides on 14q, and reduced 
HIF1α expression has been observed in 14q-deleted 
tumors, though the specific target gene(s) driving this 
association remain under investigation. Whether 14q 
status adds incremental value to 9p assessment in the 
SRM population has not been evaluated.

Liquid Biopsy 
Liquid biopsy represents an emerging non-invasive 
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strategy with theoretical applicability to SRM monitor-
ing, though the current evidence base is limited. (Ta-
ble 3) The majority of circulating tumor DNA (ctD-
NA) data in RCC has been generated in the metastatic 
setting, where tumor shedding is substantially higher 
than in localized disease. In localized RCC and SRMs 
specifically, ctDNA detection sensitivity is estimated 
at only 30–50%, reflecting the low tumor burden and 
limited vascular invasion characteristic of small, or-
gan-confined tumors.32,33 This fundamental sensitivi-
ty limitation represents the primary barrier to clinical 
translation of ctDNA-based approaches in the SRM 
population.

Cell-free DNA (cfDNA) fragmentomics, which an-
alyzes nucleosome positioning patterns, fragment size 
distributions, and copy number variations using ma-
chine learning, may offer a path to overcoming this 
sensitivity gap. Peng et al. developed a stacked ensem-
ble model integrating three cfDNA features from low-
pass whole-genome sequencing in 280 participants, 
achieving an AUC of 0.966 for RCC detection and 
0.952 for distinguishing RCC from non-malignant re-
nal disease in external validation.34 While this study 
evaluated RCC detection broadly and did not include 
an SRM-specific subgroup analysis, the high discrimi-
natory accuracy for early-stage disease suggests poten-
tial applicability to the SRM surveillance setting, where 
differentiating indolent from progressive disease with-
out repeat biopsy remains an unmet clinical need.

A 2024 synthesis of liquid biopsy platforms in RCC 
by Jani et al. concluded that no single platform has 
been validated for SRM-specific monitoring, and that 
prospective studies evaluating serial liquid biopsy in 
the active surveillance SRM population represent a 
critical research gap.32

 

DISCUSSION
This narrative review synthesizes the current evi-

dence for molecular and genomic biomarkers across 
four categories: gene expression signatures, somatic 
mutation profiling, chromosomal alterations, and liq-
uid biopsy. While advances in genomic sequencing and 
transcriptomic profiling have substantially improved 
understanding of RCC biology, translating these find-
ings into actionable tools for SRM management re-
mains a significant challenge.

Most studies evaluating genomic alterations and 

transcriptomic classifiers have been conducted in ne-
phrectomy cohorts that include tumors across a wide 
size spectrum, many of which are substantially larger 
than typical SRMs.5,14 Consequently, the applicability 
of these findings to incidentally detected tumors ≤4 
cm remains uncertain. SRMs exhibit a broad biological 
spectrum, with a substantial proportion representing 
benign lesions or indolent malignancies that may be 
safely managed with active surveillance.5  As a result, 
biomarkers developed in cohorts enriched for larger or 
more advanced tumors may not accurately reflect the 
biological heterogeneity present within the SRM pop-
ulation. Prospective validation in cohorts specifically 
composed of SRMs is therefore necessary before mo-
lecular biomarkers can be integrated into routine clin-
ical decision-making.

A major challenge in applying molecular biomark-
ers to SRM management is the issue of intratumoral 
heterogeneity and the limitations inherent to RMB. 
Multi-region sequencing studies have demonstrated 
that individual RCC tumors can contain substantial 
spatial genomic heterogeneity, with distinct tumor re-
gions harboring different mutational profiles.35 Work 
from the TRACERx Renal Consortium further demon-
strated that while some genomic alterations represent 
early truncal events in tumor evolution, many poten-
tially prognostic alterations occur later in tumor evo-
lution and may therefore be regionally restricted.27,28 
RMB samples only a small portion of the tumor and 
these spatial differences raise concern that a single bi-
opsy specimen may not capture the complete molecu-
lar landscape of the tumor. Identifying biomarkers that 
represent early truncal events and are therefore consis-
tently detectable across tumor regions may be critical 
for successful clinical implementation.

From a clinical perspective, the most relevant appli-
cation of molecular biomarkers in SRMs is their po-
tential to improve the decisions clinicians and patients 
must make at presentation, rather than to predict long-
term oncologic outcomes in isolation. In particular, 
biomarkers that help distinguish benign from malig-
nant tumors, or indolent from potentially aggressive 
lesions, could reduce overtreatment in a disease space 
where many masses are either benign or biologically 
low risk.8,10,11 This is especially important in the setting 
of active surveillance, where current decision-making 
relies heavily on tumor size, growth kinetics, and biop-
sy histology, each of which has important limitations. 
9-13 Molecular biomarkers may therefore be most clin-
ically useful not as stand-alone tests, but as adjuncts 
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to existing clinical, radiographic, and pathologic data. 
Early SRM-specific studies, including recent genomic 
analyses linking certain mutational profiles with more 
rapid tumor growth, support the possibility that inte-
grated molecular-clinical models could eventually re-
fine surveillance selection and identify the subset of 
patients most likely to benefit from intervention.17

Future progress in applying molecular biomarkers 
to SRMs will likely depend on improved tissue ac-
quisition strategies and prospective validation within 
SRM-specific cohorts. RMB has become increasingly 
incorporated into clinical decision-making, yet current 
biopsy techniques often yield limited tissue and may 
inadequately capture tumor heterogeneity.12,13 More 
systematic biopsy approaches, including obtaining 
multiple cores from spatially distinct tumor regions, 
may improve molecular characterization and better re-
flect the underlying tumor biology.

At the same time, the inherent limitations of tissue 
sampling highlight the potential value of noninvasive 
biomarker approaches. Liquid biopsy technologies ca-
pable of detecting ctDNA, circulating tumor cells, or 
tumor-derived RNA in blood or urine offer an attrac-
tive complementary strategy for characterizing tumor 
biology and monitoring disease over time. Although 
current studies suggest that ctDNA levels are often low 
in localized RCC, advances in assay sensitivity and de-
tection methods may improve the feasibility of these 
approaches in SRMs.32,36 

Ultimately, the most promising strategy may involve 
integrating molecular data from tissue, liquid biopsy 
platforms, and clinical variables into multimodal pre-
dictive models. Such approaches have already begun 
to transform risk stratification in other cancers and 
may similarly enable more precise and individualized 
management of patients with SRMs. Another promis-
ing avenue is the integration of imaging characteristics 
with molecular data through radiogenomic approach-
es, which aim to identify imaging signatures that cor-
relate with underlying tumor genomic alterations.37 
Epigenetic and microRNA-based biomarkers have also 
demonstrated biologic and prognostic relevance in 
RCC; however, most existing studies have focused on 
metastatic disease or nephrectomy cohorts rather than 
SRMs or RMB specimens.38

This review has several limitations. The literature 
search was restricted to PubMed/MEDLINE and En-
glish-language publications, which may have excluded 

relevant studies indexed in other databases or pub-
lished in other languages. Study selection and data ex-
traction were performed by the authors without formal 
dual-reviewer screening, consistent with the narrative 
review methodology but introducing potential selec-
tion bias. The heterogeneity of study designs, patient 
populations, and endpoints across included studies 
precluded quantitative meta-analysis. 

 
CONCLUSIONS

Molecular and genomic biomarkers have substan-
tially advanced our understanding of RCC biology 
and highlight potential avenues to improve risk strat-
ification for SRMs beyond conventional imaging and 
histopathologic assessment. Gene expression signa-
tures such as ClearCode34 and the 16-gene recurrence 
assay, mutation-based markers including BAP1 and 
PBRM1 loss, chromosomal alterations such as 9p loss, 
and emerging liquid biopsy approaches collectively il-
lustrate the promise of molecular characterization in 
refining SRM management. However, despite these ad-
vances, molecular biomarkers are not ready to be cur-
rently incorporated into routine clinical care for SRMs. 
Most candidate biomarkers have been developed in 
nephrectomy cohorts and have not been prospectively 
validated in RMB specimens or active surveillance pop-
ulations. Consequently, their clinical utility for guiding 
surveillance or treatment decisions remains uncertain. 
Future progress will require prospective multicenter 
studies focused on SRM populations, standardized bi-
opsy protocols optimized for molecular profiling, and 
validation of composite molecular risk models. Until 
such data are available, molecular biomarkers should 
be viewed as promising research tools rather than clin-
ically actionable tests.
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