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inhibition of BRAF and MEK (BRAFi + MEKi). Although BRAFi + MEKi therapy provides clinical efficacy, the response
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confirmed that NR2F1, a dormancy-associated transcription factor, is a key determinant of therapeutic resistance in
melanoma. NR2F1 expression was elevated in transcriptomic datasets from patients with minimal residual disease, and in
murine and human melanoma models, NR2F1 overexpression reduced therapeutic efficacy and suppressed tumor
proliferation and invasion while sustaining mechanistic target of rapamycin complex 1 (mTORC1) transcriptional
regulation of relevant genes. Combining BRAFi + MEKi with the mTORC1 inhibitor rapamycin effectively targeted these
resistant melanoma cells, suggesting a potential path forward for targeting NR2F1 and mTORC1 signaling in patients with
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Challenges in cutaneous 
melanoma treatment
Melanoma represents the most aggressive and 
lethal form of skin cancer. Its global incidence 
is rising, from 325,000 new cases and 57,000 
deaths reported in 2020 to 510,000 cases and 
96,000 deaths projected annually by 2040, and 
reflects marked geographical variation (1, 2). 
Early detection and intervention are critical to 
melanoma outcomes, as prognosis strongly cor-
relates with tumor depth, which progresses over 
time. Current melanoma treatments, including 
immune checkpoint inhibitors and MAPK-tar-

geted therapies, face obstacles and limitations 
due to innate and acquired resistance (3–5). 
Therapy combining BRAF-V600E inhibi-
tors with MAPK kinase inhibitors (BRAFi + 
MEKi) promotes tumor shrinkage in patients 
with BRAF mutation (3). Still, this intervention 
often fails within a 14-month treatment peri-
od due to resistance (6). Moreover, BRAFi + 
MEKi resistance intensifies in an aged tumor 
microenvironment (TME) (7), and this targeted 
approach has reduced efficacy in older mice (8).

BRAF, a serine/threonine kinase, is the 
primary RAF-family activator of MAPK/

ERK signaling. Within the RAF family, 
BRAF is distinguished by its high basal activ-
ity and potent RAS-responsive attributes, 
which likely drive its frequent oncogenic 
mutations (9). In melanoma, approximately 
50% of patients harbor BRAF alterations, 
with more than 90% of these alterations tar-
geting codon 600 (predominantly V600E, a 
T1799A valine-to-glutamate substitution) 
(9). In normal skin cells, growth factors 
activate receptor tyrosine kinases (RTKs), 
triggering RAS-GTP–dependent BRAF acti-
vation and MEK/ERK signaling, thereby 
promoting controlled proliferation (Figure 
1A). In cutaneous melanoma, mutant BRAF 
constitutively activates this pathway, driving 
uncontrolled growth and lymph node metas-
tasis (Figure 1B).

However, treatment strategies that have 
enduring efficacy in patients with melano-
ma remain an unmet clinical need. Many 
patients who initially respond well to BRA-
Fi + MEKi treatment ultimately relapse, an 
outcome driven by a small population of  
residual cancer cells collectively referred to 
as minimal residual disease (MRD). MRD 
consists of  slow-cycling, drug-tolerant per-
sister (DTP) cells (10, 11), some of  which 
are invasive and participate in recurrence 
(12). DTP cells exhibit traits of  dormancy 
(13) driven by mechanisms corresponding 
to AXL overexpression, MITF/SOX10 
loss, and stress pathways including p38 and 
PERK (14–16). Across cancers, disseminat-
ed DTP cells show similar behaviors (17), 
and nuclear receptor subfamily 2 group F 
member 1 (NR2F1) has been reported as a 
dormancy regulator in other cancers (18).

The transient nature of therapeutic 
responses and frequency of relapse highlight 
the prerogative to find targets to confront 
MRD. In this issue of the JCI, Tiago et al. 
identified NR2F1 as being highly expressed 
in invasive DTPs and MRD xenografts fol-
lowing BRAFi + MEKi treatment, shedding 
light on the role of NR2F1 in mediating drug 
tolerance and persistence of invasive residual 
disease in BRAF-mutant melanoma (19).
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Cutaneous melanoma (CM) is known for its aggressive behavior, high 
metastatic potential, and poor prognosis. Mutations in the BRAF gene are 
common in CM, and patients with BRAF-mutant melanoma often respond 
well to combined inhibition of BRAF and MEK (BRAFi + MEKi). Although 
BRAFi + MEKi therapy provides clinical efficacy, the response durability is 
limited by persistent drug-tolerant residual cells, culminating in relapse. 
In this issue of the JCI, Tiago et al. confirmed that NR2F1, a dormancy-
associated transcription factor, is a key determinant of therapeutic 
resistance in melanoma. NR2F1 expression was elevated in transcriptomic 
datasets from patients with minimal residual disease, and in murine and 
human melanoma models, NR2F1 overexpression reduced therapeutic 
efficacy and suppressed tumor proliferation and invasion while sustaining 
mechanistic target of rapamycin complex 1 (mTORC1) transcriptional 
regulation of relevant genes. Combining BRAFi + MEKi with the mTORC1 
inhibitor rapamycin effectively targeted these resistant melanoma cells, 
suggesting a potential path forward for targeting NR2F1 and mTORC1 
signaling in patients with CM.
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A similar elevation of NR2F1 levels in mela-
noma cells conditioned with skin fibroblasts 
from older, healthy donors suggested that the 
aged TME contributed to NR2F1 expres-
sion. NR2F1 knockdown in aged melanoma 
models improved drug efficacy and delayed 
disease progression. Combining BRAFi + 
MEKi with mTOR inhibitors (e.g., rapamy-
cin) suppressed NR2F1-driven MRD and 
delayed relapse, suggesting that targeting 
NR2F1 or downstream pathways in DTP 
cells is a potentially viable strategy to over-
come dormancy-like resistance to melanoma 
therapy. Therapeutic inhibition of mTORC1 
by rapamycin and blockade of BRAF/MEK 
signaling constitute a targeted intervention 
to suppress tumor progression (Figure 1C). 

get of  rapamycin complex 1 (mTORC1) 
signaling. These findings revealed that 
NR2F1 promotes a dormant yet invasive 
phenotype, enabling tumor cells to evade 
targeted therapy and cultivating acquired 
resistance (19). These genotypic and phe-
notypic changes provide a mechanism by 
which a subset of  therapy-treated melano-
ma (and potentially other tumor cell types) 
can avoid elimination by targeted therapies 
and fuel tumor latency and MRD (19).

Notably, Tiago and colleagues also 
reported that melanomas in aged mice 
exhibited elevated NR2F1 levels (19), align-
ing with prior observations that aged mice 
showed a poorer response to BRAFi + MEKi 
than did their younger counterparts (8, 19). 

NR2F1 overexpression links 
melanoma dormancy to relapse
Tiago and colleagues’ analysis of  pub-
lished single-cell and bulk transcriptomics 
datasets confirmed that NR2F1 was high-
ly expressed in BRAFi + MEKi–treated 
patients with melanoma and BRAF-mu-
tant melanoma patient–derived xenografts, 
particularly in invasive MRD, as well as 
in preclinical cell models. Overexpression 
of  NR2F1 in the BRAF-V600E 1205Lu, 
WM793, and A375 melanoma cell lines 
reduced the tumor growth–inhibiting 
effects of  BRAFi + MEKi by enhancing 
proliferation, survival, and invasion in vitro 
while accelerating tumor relapse in vivo, 
partly through sustained mechanistic tar-

Figure 1. Progression from normal skin to 
cutaneous melanoma and the molecular mech-
anisms underlying the effects of targeted ther-
apy demonstrated by Tiago et al. (A) Normal 
skin: A cross-section shows epidermis, dermis, 
and underlying tissues. In healthy melanocytes, 
the RAS/RAF pathway is initiated by growth 
factor binding to its receptor, RTK, which acti-
vates RAS-GTP, which in turn activates BRAF. 
Activated BRAF phosphorylates MEK, which 
then phosphorylates ERK, leading to normal cell 
proliferation and survival. (B) Cutaneous mel-
anoma: The cross-section shows development 
of melanoma, with abnormal melanocyte pro-
liferation invading deeper layers and metastatic 
spread to lymph nodes. In melanoma cells, 
mutant, constitutively active BRAF (commonly 
the BRAF-V600E mutation depicted here) leads 
to persistent phosphorylation and activation 
of MEK and ERK, resulting in uncontrolled cell 
proliferation and survival (oncogenesis). (C) 
After treatment: In post-treatment skin, despite 
reduced tumor presence and normal lymph 
nodes, slow-cycling, drug-resistant cells can 
persist (collectively referred to as MRD). Tiago 
and colleagues identified upregulation of NR2F1 
in these cells (19). Targeted inhibition of mutant 
BRAF using BRAFi disrupts the pathway, 
halting MEK and ERK phosphorylation, thus 
reducing cell proliferation and survival. Tiago et 
al.’s findings revealed that additional inhibition 
of mTORC1 by rapamycin (an mTOR inhibitor), 
which binds selectively to mTORC1, further 
impaired cell growth and proliferation.
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er NR2F1 levels could guide treatment deci-
sions, such as initiating triplet therapy earli-
er in patients with high NR2F1 expression 
and whether liquid biopsies could detect 
NR2F1-expressing CTCs to monitor MRD. 
Additional key factors in restraining tumor 
progression and in developing and escaping 
from tumor dormancy may involve inter-
actions (via direct contact or secreted fac-
tors) between tumor cells and cells in the 
TME (20). Potentially, targeting NR2F1 
and mTOR in both compartments, i.e., the 
tumor and TME, may amplify the therapeu-
tic effect of  future targeted inhibitors.

Conclusions
Tiago et al.’s findings bridge the gap between 
tumor dormancy and drug resistance, empha-
sizing NR2F1 as a linchpin in melanoma per-
sistence, particularly in older patients. Their 
work aligns with growing evidence that resid-
ual disease is not merely passive but actively 
adapts to therapy. The study also emphasizes 
the effect of aging on treatment efficacy, a 
critical consideration given melanoma’s prev-
alence in older adults. The insights from this 
and future work in this area offer the potential 
to not only further understand the underpin-
nings of cancer progression and latency, but 
also the role of therapy in galvanizing a link 
between therapy resistance, development, 
and maintenance of latent disease and the 
process of aging.

In addition to identifying NR2F1 as 
a key molecular driver of  drug tolerance 
in melanoma, Tiago and colleagues have 
highlighted mTOR inhibition as a promis-
ing strategy to delay relapse and provided 
strong evidence supporting NR2F1 as both 
a marker and mediator of  residual disease 
in BRAF-mutant melanoma. Their findings 
emphasize the importance of  targeting the 
persistent cells responsible for recurrence, 
moving beyond initial tumor response met-
rics. As our understanding of  tumor hetero-
geneity and the microenvironment deepens 
(19), disrupting the NR2F1 axis may offer 
a path to more durable remissions. Howev-
er, critical questions remain about NR2F1’s 
regulatory mechanisms, its role in therapy 
resistance across cancer types, and how best 
to target it therapeutically. Future research 
should focus on three priorities: (a) defining 
NR2F1’s molecular signaling pathways, (b) 
advancing clinical trials of  mTOR/BRAF/
MEK combination therapies, and (c) devel-
oping biomarkers to identify patients who 

or via intermediate regulators, and whether 
NR2F1 relies on cofactors to exert its pro-
survival effects. What drives NR2F1 upreg-
ulation in the aged TME is also unknown, 
but may include contributions from fibro-
blast-derived factors (e.g., Wnt5A, SFRP2), 
epigenetic changes, and/or retinoic acid 
signaling. Additionally, NR2F1’s relation-
ship with other resistance mechanisms 
such as AXL-, SOX9-, or MITF-low states  
and its potential cooperation with epigene-
tic reprogramming to maintain dormancy 
require further investigation. Considering 
the potential importance of  NR2F1 in reg-
ulating tumor latency and melanoma MRD, 
diving even deeper into mechanism(s) of  
action will provide additional opportunities 
to develop creative and potentially effective 
therapies in treating residual and therapy-re-
fractive disease. The “holy grail” would be 
the conversion of  transient clinical responses 
into stable clinical outcomes.

Therapeutically, it remains to be deter-
mined whether NR2F1 can be directly tar-
geted in melanoma with small-molecule 
inhibitors or degraders. Notably, NR2F1 
agonists have been investigated in other can-
cer types (e.g., breast and prostate cancer 
models) to induce tumor cell dormancy, but 
their effectiveness and translational potential 
in melanoma models are currently unex-
plored (19). Future studies are warranted 
to clarify whether strategies that modulate 
NR2F1 activity, either through inhibition or 
agonism, could confer clinical benefit in the 
context of BRAF-mutant melanoma.

Optimization of  mTOR inhibitor reg-
imens is another key area for exploration, 
including determining whether intermit-
tent dosing schedules (such as with rapa-
mycin) can offer advantages over continu-
ous administration and evaluating whether 
selective mTORC1 inhibition (e.g., rapa-
mycin) or dual mTORC1/2 inhibitors (e.g., 
AZD2014) provide superior efficacy or tol-
erability in melanoma models.

The role of  NR2F1 in modulating 
immunotherapy responses also warrants 
investigation, including whether NR2F1-
high melanomas are more responsive to 
PD-1 or CTLA-4 blockade, or if  NR2F1 
influences T cell infiltration (5). Clinically, 
it is unknown whether NR2F1 plays a role 
in resistance in other BRAF-mutant cancers 
(e.g., colorectal, thyroid) or dormancy in 
solid tumors like breast or prostate cancer. 
Finally, future studies should assess wheth-

The key to the intervention’s efficacy will be 
to either directly or indirectly destroy these 
latent DTP tumor cells in MRD or prevent 
them from crossing the bridge from latency 
to relapse into an active disease state with 
pathogenic consequences.

Clinical implications
The findings of Tiago et al. imply that, clinical-
ly, NR2F1 marks invasive, drug-tolerant mel-
anoma cells that persist after therapy, driving 
relapse, and that cotargeting mTORC1 and 
MAPK pathways may improve outcomes, 
especially in older patients with resistant dis-
ease. This work also links aged microenviron-
ments to NR2F1 upregulation, providing a 
plausible explanation for poorer responses in 
aging populations and uncovering potentially 
new therapeutic opportunities.

NR2F1 expression could serve as a bio-
marker to identify patients with melanoma at 
higher risk of relapse after BRAFi + MEKi 
therapy, particularly those with invasive or 
drug-tolerant disease. Additionally, monitor-
ing its levels in circulating tumor cells (CTCs) 
or biopsies during treatment may help predict 
therapeutic resistance. Older patients, who 
often respond poorly to BRAF and MEK 
inhibitors and have higher NR2F1 levels, may 
benefit from early intervention with mTOR 
inhibitors to delay resistance, and clinical tri-
als could test triplet therapy (BRAFi + MEKi 
+ mTOR inhibitor) in this population or in a 
broader population with high NR2F1 expres-
sion. Additionally, NR2F1-driven MRD 
represents a reservoir for relapse, suggesting 
that combining BRAFi + MEKi with dor-
mancy-disrupting agents like mTOR inhib-
itors may improve progression-free survival, 
with intermittent dosing of mTOR inhibitors 
explored to reduce toxicity while maintaining 
long-term disease control. Finally, strategies 
to modulate fibroblast-secreted factors (e.g., 
SFRP2, RARRES2) in older patients may 
help suppress NR2F1 and enhance BRAFi 
+ MEKi efficacy by overcoming the effect of  
the aged TME.

Unanswered questions and 
future directions
Several key unanswered questions and 
future directions emerge from the study of  
NR2F1 in melanoma therapy resistance 
(19). Mechanistically, it remains unclear 
whether NR2F1 sustains mTORC1 signal-
ing through direct binding to mTOR path-
way gene promoters (e.g., PDK1, HSPD1) 
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