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The progression from benign to malignant tumors requires 
tumor cells to sustain their renewal capacity, impair their 
differentiation and remodel the extracellular matrix (ECM), 

allowing invasion. Genetic and nongenetic mechanisms have been 
proposed to regulate malignant transition. However, the nongenetic 
mechanisms that regulate the malignant tumor state remain poorly 
understood.

SCCs are very frequent cancers that arise in different body loca-
tions such as skin, oral cavity, head and neck, esophagus and lung; 
some are associated with poor clinical prognosis1,2. Mouse skin 
SCCs present the same histology and a very similar mutational 
landscape as their human counterpart, providing an ideal model 
to study tumor initiation and progression3,4. Carcinogen-induced 
skin SCCs are among the most extensively used mouse models 
for the study of tumorigenesis. In this model, topical application 
of 9,10-dimethyl-1,2-benzanthracene (DMBA), a potent muta-
gen, is followed by 12-O-tetradecanoylphorbol-13-acetate (TPA) 
treatment, which stimulates proliferation and inflammation. This 
treatment leads to the appearance of benign tumors called papil-
lomas that keep the normal differentiation of the skin epidermis, 
with a proliferative layer of basal tumor cells and several layers 
of terminally differentiated, nonproliferative cells expressing K1/
K10. Following TPA administration, a fraction (about 10–20%) 
of benign papillomas progress to invasive carcinomas, which lose 
K1/K10 expression, disrupt the basal lamina and can invade the 

underlying mesenchyme giving rise to distant lymph node and 
lung metastases5,6.

Cancer stem cells (CSCs) are a subpopulation of cells presenting 
long-term self-renewing capacities that can sustain tumor growth7. 
The most common assay to study CSCs consists in the transplanta-
tion of limiting dilutions of FACS-isolated tumor cells into immu-
nodeficient mice. CSCs present a greater tumor-propagating cell 
capacity, leading to formation of secondary tumors upon trans-
plantation of limiting dilutions of tumor cells and greater long-term 
self-renewal capacity, as assessed by serial transplantation8. In skin 
SCC, CSCs have been identified on the basis of their high level of 
basal integrin and CD34 expression9–12. Molecular characterization 
of these CSCs has uncovered different transcription factors (TFs) 
such as SOX2, TWIST1 and PITX1 that regulate the renewal of 
CSCs in both benign papillomas and malignant SCC13–16. The mech-
anisms specifically regulating malignant CSCs remain unknown.

To identify the mechanisms that regulate malignant CSCs in 
skin squamous tumors, we compared the transcriptional profile of 
CD34+Epcam+ tumor cells in well-differentiated papillomas and 
malignant SCC14. Among the TFs that were differentially regulated 
between these two populations, we found that at the protein level 
the nuclear receptor NR2F2 was exclusively expressed in malignant 
tumor cells, in contrast to other TFs such as SOX2, TWIST1 and 
PITX1, which were expressed in both benign and malignant skin 
tumors13–16 (Fig. 1a and Extended Data Fig. 1a,b). NR2F2, a TF of 
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Fig. 1 | NR2F2 loss of function prevents malignant transition. a,b, Expression of NR2F2 in DMBA/TPA-induced tumors. Immunostaining for K14 (epithelial 
cells), CD31 (endothelial cells) and NR2F2 in interfollicular epidermis (IFE), benign tumors (papillomas) and malignant SCC (a). Representative images of 
at least ten independent biological replicates. qRT–PCR for Nr2f2 in tumor cells from benign papillomas and malignant carcinomas (b). Messenger RNA 
expression is normalized to normal IFE (n = 10 papillomas and 20 carcinomas). c,d, Expression of NR2F2 in Lgr5CreER/KRasG12D/p53flox/RosaYFP-derived 
SCCs. GFP+/Epcam+ population represents epithelial tumor cells, whereas GFP+/Epcam− population represents tumor cells that underwent EMT 
in genetically induced skin SCCs. Immunostaining for NR2F2 and YFP in differentiated, mixed (arrowheads indicate Epcam+ and arrows indicate 
Epcam− tumor cells) and mesenchymal SCCs (c). Representative images of at least five independent biological replicates. qRT–PCR for NR2F2 in tumor 
cells isolated from differentiated, mixed (Epcam+ and Epcam− subpopulations isolated from the same tumor) and mesenchymal genetic tumors (d). 
Expression is normalized to normal HF cells (n = 5 differentiated, 8 mixed and 9 mesenchymal tumors). Ep, Epcam. e–g, Effect of Nr2f2 deletion in DMBA/
TPA-induced tumors. Percentage of mice bearing tumors over time after DMBA/TPA treatment in wild-type (WT) and NR2F2 KO mice (e). Number of 
benign tumors (papillomas) per mouse in Ctrl and NR2F2 KO (f). Number of malignant SCCs per mouse in Ctrl and NR2F2 KO (n = 12 Ctrl and 11 NR2F2 
KO mice) (g). h–j, Effect of Nr2f2 deletion in Lgr5CreER/KRasG12D/p53flox/RosaYFP-derived SCCs. Percentage of mice bearing tumors over time after KRasG12D 
expression and p53 deletion (h). Number of benign tumors (papillomas) per mouse in Ctrl and NR2F2 KO (i). Number of malignant SCC per mouse in Ctrl 
and NR2F2 KO (n = 20 Ctrl and 11 NR2F2 KO mice) (j). Scale bar, 50 μm. Data in b,d,f,g,i,j are represented as mean ± s.e.m. P values are calculated using a 
two-tailed Mann–Whitney U-test. In e and h, a log-rank Mantel–Cox test was used.
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an orphan nuclear receptor family, is expressed during embryonic 
development in the mesenchymal part of various organs17,18. As 
embryonic development proceeds, NR2F2 expression is restricted 
in adult tissues to some endothelial cells and the uterine mesen-
chyme18. In cancer, NR2F2 was initially reported to regulate tumori-
genesis in a non-cell autonomous manner by regulating the tumor 
microenvironment, in particular neoangiogenesis. Conditional 
ablation of Nr2f2 in all tissues using Rosa-CreER decreases neoan-
giogenesis and tumor growth upon transplantation of mouse tumor 
cell lines and in spontaneous mammary and pancreatic tumors19–21. 
In addition to its expression in the tumor microenvironment, 
NR2F2 is expressed in various human cancers, including breast, 
prostate, colorectal, pancreatic and ovarian cancers22–24. Conflicting 
studies show that NR2F2 expression in tumors can be associated 
with either good or poor prognosis23–29. In a prostate mouse cancer 
model, conditional deletion of Nr2f2 and PTEN in prostate epithe-
lial cells delayed progression toward high-grade tumors; conversely 
Nr2f2 overexpression in the same model accelerated tumor pro-
gression30. However, the role and the mechanisms by which NR2F2 
regulates malignant tumor states, tumor stemness and maintenance 
are currently unknown.

Here, using genetic gain of function (GOF) and loss of function 
in mice and human SCC, we uncover an essential role of NR2F2 in 
promoting a malignant tumor state and regulating tumor differen-
tiation. Molecular profiling and in situ characterization following 
gain and loss of NR2F2 reveal that NR2F2 regulates different key 
tumor functions, promoting tumor proliferation, epithelial–mesen-
chymal transition (EMT), migration and stemness, while restrain-
ing differentiation and immune cell infiltration. Altogether, our 
study uncovers an essential role for NR2F2 in promoting the malig-
nant tumor state and tumor stemness in SCC by regulating the bal-
ance between CSC renewal and differentiation.

Results
NR2F2 loss of function prevents malignant transition. To identify 
the intrinsic factors that regulate the balance between self-renewal 
and differentiation during the transition from benign to malig-
nant skin squamous tumors, we performed transcriptional profil-
ing of FACS-isolated CD34+ CSCs from benign and malignant 
carcinogen-induced skin tumors (Extended Data Fig. 1a)14. We 
identified Sox2, Twist1, Pitx1, Hoxa9 and the orphan nuclear recep-
tor Nr2f2 among the most-upregulated TFs in malignant CD34+ 
CSCs compared to papilloma CD34+ CSCs (Extended Data Fig. 1b). 
SOX2, TWIST1 and PITX1, although expressed at higher levels in 
malignant SCCs, are also expressed in benign tumors and regulate 
benign tumor formation13–16. To validate the results of our micro-
array analysis, we analyzed Nr2f2 expression by quantitative PCR 
with reverse transcription (RT–qPCR) and immunofluorescence 
during the different stages of carcinogenesis in two different SCC 
models. In chemically induced (DMBA/TPA) skin SCC, we found 
that NR2F2 expression was absent in normal skin and benign pap-
illomas and began to be expressed in malignant SCCs (Fig. 1a,b). 

NR2F2 was preferentially expressed by CD34+ CSC and proliferative 
basal cells in DMBA/TPA SCC (Extended Data Fig. 1b–d). We then 
assessed NR2F2 expression in a genetic model where skin SCCs are 
induced by expression of KRasG12D and p53 deletion in hair follicle 
(HF) lineages using Lgr5CreER, which leads to the formation of 
skin SCC characterized by different degrees of EMT ranging from 
well-differentiated epithelial tumors, mixed (containing epithelial 
and mesenchymal tumor cells) tumors, to fully EMT tumors31. In 
these tumors, NR2F2 expression was higher and broader in SCCs 
that presented EMT (Fig. 1c,d and Extended Data Fig. 1f). The 
increase of expression of NR2F2 in invasive SCCs could be related 
to different factors. The somatic mutations, including those activat-
ing the Ras pathway, are found in both papillomas and SCCs32. The 
main genetic difference between papillomas and carcinomas is the 
presence of aneuploidy in SCCs, whereas no chromosomal amplifi-
cations or deletions are found in papillomas. It is thus possible that 
aneuploidy contributes to the expression of NR2F2. Also, differ-
ences in the tumor microenvironment may contribute to the expres-
sion of NR2F2 in malignant tumors. Consistent with this notion, 
NR2F2 is expressed at higher levels in tumor cells in direct contact 
with the stroma (Fig. 1a,c and Extended Data Fig. 1c).

To define the role of NR2F2 in malignant SCC, we first per-
formed conditional deletion of Nr2f2 in the skin epidermis and 
assessed the impact of NR2F2 loss of function in skin tumor initia-
tion and progression. Mice homozygous for Nr2f2 floxed alleles and 
carrying a K14Cre (referred to as NR2F2 knockout (KO)), which 
leads to the deletion of Nr2f2 in all the cells of the epidermis start-
ing during embryonic development, were born at a Mendelian ratio 
and did not present pathological phenotypes. Following DMBA/
TPA administration, tumorigenesis developed at the same rate in 
NR2F2 KO and control mice, giving rise to comparable numbers of 
benign papillomas (Fig. 1e,f), which presented the same histology, 
expression of markers of differentiation (K10) and tumor angiogen-
esis (CD31) (Extended Data Fig. 1e). Notably, while around 20% 
of benign papillomas eventually progressed to malignant SCCs 
in control mice, the benign tumors did not progress to malignant 
tumors in NR2F2 KO mice even 1 year after tumor onset (Fig. 1g), 
demonstrating the essential role of NR2F2 in promoting malig-
nant transition in skin SCCs. Conditional deletion of Nr2f2 in two 
distinct genetic models of skin SCCs (Lgr5CreER/KRasG12D/p53flox/
Nr2f2flox and K14CreER/KRasG12D/p53flox/Nr2f2flox), which give rise to 
skin tumors that invariably progress to malignant carcinomas33,34, 
did not significantly alter tumor initiation, as the number of tumors 
per mice (papillomas and carcinomas) and the tumor latency were 
not affected by NR2F2 deletion. However, upon Nr2f2 deletion, all 
tumors consisted of benign papillomas even after 12–14 weeks fol-
lowing tumor appearance, whereas in the absence of Nr2f2 deletion, 
all tumors consisted of malignant carcinomas, showing that Nr2f2 
deletion completely prevents malignant progression (Fig. 1h–j and 
Extended Data Fig. 1g). Altogether, these data indicate that NR2F2 
is essential for malignant progression in different mouse models of 
skin SCCs.

Fig. 2 | NR2F2 gain of function promotes a malignant tumor state. a, Strategy used to overexpress NR2F2 in papillomas after grafting in immunodeficient 
mice. b, Representative pictures of the evolution of control (Ctrl) and NR2F2 overexpression (OE) papillomas upon doxycycline administration, from day 0 
(start of doxycycline treatment) until 4 weeks of treatment. Representative images of at least five independent biological replicates each in Ctrl and NR2F2 
OE. c, Immunostaining for K14 (epithelial tumor cells), NR2F2, K8 (progression marker), Lam5 (basal lamina) at 3 d, 1 week and 2 weeks after beginning 
of doxycycline induction in Ctrl papillomas. Representative images of at least five independent biological replicates per condition. d, Immunostaining for 
K14 (epithelial tumor cells), NR2F2, K8 (progression marker), Lam5 (basal lamina) at 3 d, 1 week and 2 weeks after beginning of doxycycline induction 
in NR2F2 OE papillomas. Representative images of at least five independent biological replicates per condition. e, Hematoxylin and eosin (H&E) and 
immunostaining for K14 (tumor cells), NR2F2, Flag (ectopic NR2F2), Lam5 (basal lamina), K8 (malignant progression) in control and NR2F2 GOF 
papillomas 4 weeks after beginning of doxycycline induction, showing that NR2F2 OE in papillomas induces malignant progression. Representative 
images of at least five independent biological replicates per condition. f, Quantification of K8-positive tumor cells in NR2F2 OE papillomas (n = 6 Ctrl and 
12 NR2F2 OE tumors). g, Quantification of basal lamina discontinuity based on laminin-5 staining in NR2F2 OE papillomas (n = 5 Ctrl and 5 NR2F2 OE 
papillomas). Scale bar, 50 μm. Data in f and g are represented as mean ± s.e.m. P values are calculated using a two-tailed Mann–Whitney U-test.
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NR2F2 gain of function promotes a malignant tumor state. 
As NR2F2 is required for progression of benign papillomas to 
malignant SCCs in vivo, we then assessed whether NR2F2 ectopic  

expression in benign tumors is sufficient to alter tumor differ-
entiation and promote malignant transition. For this purpose, 
we generated K14rtTA/TRE-Nr2f2-IRES-GFP mice allowing 
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doxycycline-inducible overexpression of NR2F2 in all squamous 
epithelia. Ectopic expression of NR2F2 in adult squamous epithelia 
induced epidermal hypertrophy and dyskeratosis that ultimately 

led to the death of the animals, presumably due to dehydration 
secondary to barrier dysfunction (Extended Data Fig. 2a–f). 
To circumvent this problem, we grafted a fragment of skin from 
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Fig. 3 | NR2F2 promotes tumor stemness in mouse and human SCC. a, Immunostaining for K14 (tumor cells) and CD34 (CSC marker) in control and 
NR2F2 GOF papillomas showing that NR2F2 overexpression in papillomas induces CD34 expression. Representative images of at least five independent 
biological replicates each for Ctrl and NR2F2 OE. b, qRT–PCR for CD34 in tumor cells from control and NR2F2 OE papillomas. The mRNA expression is 
normalized to non-induced controls (n = 7 Ctrl and NR2F2 OE tumors). c, immunostaining for K14 (tumor cells), NR2F2, CD34 (CSC marker) in Ctrl and 
NR2F2 KO SCC, showing that Nr2f2 deletion in carcinomas decreases CD34 expression. Representative images of at least five independent biological 
replicates each for Ctrl and NR2F2 KO. d, qRT–PCR for CD34 in tumor cells from control and NR2F2 KO SCC. The mRNA expression is normalized 
to controls (n = 8 Ctrl and 10 NR2F2 KO tumors). e, Scheme of the experimental strategy and the proportion of secondary tumors following the 
transplantation of 104 WT and NR2F2 KO mouse tumor cells, expressed as a fraction of growing secondary tumors/total of grafted points (n = 3 primary 
tumors per genotype used for the FACS isolation of tumor cells for grafting; n = 6–23 tumor grafts per condition as specified). f, Tumor-propagating cell 
(TPC) frequency calculated using the extreme-limiting dilution analysis (ELDA) for A431 (skin SCC), SK-MES-1 (lung SCC) and Kyse-70 (esophagus SCC) 
WT and NR2F2 KO human SCC cell lines. The graph shows TPC calculated based on the ELDA exact value using n = 3–5 mice per cell line and condition 
and two grafts per mouse. P value is calculated using chi-squared test. g, Proportion of secondary tumor formation and TPC frequency calculated by using 
the ELDA for A431, SK-MES-1 and Kyse-70 parental SCC cell lines and NR2F2 KO rescue clones carrying the NR2F2-3HA transgene (NR2F2 OE). P value is 
calculated using chi-squared test. The graph shows TPC calculated based on the ELDA exact value using n = 3–5 mice per cell line and condition and two 
grafts per mouse. h, Western blot (WB) for NR2F2, HA tag and β-actin in parental A431 cells, NR2F2 KO or NR2F2 rescue by OE. i, WB for NR2F2, HA tag 
and β-actin in parental SK-MES-1 cells, NR2F2 KO or NR2F2 rescue by OE. j, WB for NR2F2, HA tag and β-actin in parental Kyse-70 cells, NR2F2 KO or 
NR2F2 rescue by OE. Scale bar, 50 μm (a,c). Data in b and d are represented as mean ± s.e.m. P values in b and d are calculated using a one-tailed t-test. 
Western blots are representative of two independent experiments with similar results in h and three independent experiments with similar results in i and j.

Nature Cancer | VOL 2 | November 2021 | 1152–1169 | www.nature.com/natcancer1156

http://www.nature.com/natcancer


ArticlesNATURE CAncER

K19CreER/KRasG12D/K14rtTA/TRE-Nr2f2-IRES-GFP mice onto 
the back of immunodeficient mice, where the formation of benign 
papillomas is induced after tamoxifen administration33,34 (Fig. 2a). 
KRasG12D expression without p53 deletion in this mouse model 
induces formation of benign papillomas that do not progress spon-
taneously to malignant SCC10,33,34. When papillomas started devel-
oping, we induced NR2F2 ectopic expression in papilloma and 
its adjacent skin by administrating doxycycline (Fig. 2a). NR2F2 

overexpression in papillomas led progressively to the disruption of 
normal differentiation and the induction of features of malignant 
progression, characterized by changes in the shape and adhesion 
of tumor cells, the expression of K8, a marker of malignant pro-
gression in skin SCC35 and ultimately the discontinuation of the 
basal lamina, a key feature of malignant progression (Fig. 2b–g). 
At 30–40 days following NR2F2 overexpression, the grafted tumors 
had increased in size and presented macroscopic features of SCC, 
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Ki67+ cells mm−2 (n = 8 Ctrl and 7 NR2F2 KO tumors). d, FACS plot of tumor cells stained with annexin V and propidium iodide (PI). e, Quantification of 
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and 16 NR2F2 KO tumors). Scale bar, 50 μm. Data in a–c,e are represented as mean ± s.e.m. P values are calculated using a two-tailed Mann–Whitney 
U-test. For h, we used a two-tailed Mann–Whitney U-test for the mitotic index and two-tailed Fisher’s exact test in all other cases.
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sometimes with ulceration of tumors (Fig. 2b), which required ter-
minating the experiments.

NR2F2 promotes tumor stemness in mouse and human SCC. 
As NR2F2 is preferentially expressed by malignant CD34+ CSCs, 
we assessed the impact of NR2F2 GOF and loss of function on 
CD34+ CSCs. Overexpression of NR2F2 in papillomas caused 
expansion of CD34-expressing tumor cells and CD34 levels of 
expression in tumor cells (Fig. 3a,b). Conversely, conditional dele-
tion of NR2F2 in malignant SCC drastically reduced expression 
of CD34 in tumor cells (Fig. 3c,d). Because CD34+ CSCs pres-
ent increased tumor-propagating cell frequency and long-term 
self-renewal capacities upon serial transplantation into immuno-
deficient mice (functional properties referred to as tumor stem-
ness10,11), we tested whether Nr2f2 deletion in malignant SCC 
impacts mouse and human tumor-propagating capacity. To evaluate 
the role of NR2F2 in mouse tumor stemness, we isolated tumor cells 
from chemically induced primary SCCs from K5CreER/Nr2f2flox or 
K14CreER/Nr2f2flox mice and transplanted 104 cells subcutaneously 
into NOD/SCID immunodeficient mice, a number of cells that 
gives rise to secondary tumors in almost 100% of cases10. Two days 
after transplantation, we administered tamoxifen to recipient mice 
to induce NR2F2 deletion and examined the impact on frequency of 
secondary tumor formation (Fig. 3e). Tamoxifen treatment of mice 
carrying Nr2f2 floxed alleles and inducible CreER completely abro-
gated the ability of tumor cells to form secondary tumors, whereas 
tumor-propagating capacity was unaffected in control mice, dem-
onstrating the essential role of NR2F2 in controlling tumor propa-
gation of malignant mouse SCC.

To assess whether NR2F2 is also essential for tumor stemness in 
human cancers, we used the CRISPR-Cas9 system to induce NR2F2 
deletion in human SCC cell lines of various origins including 
skin (A431), lung (SK-MES-1) and esophagus (Kyse-70) SCC and 
assessed their tumor-propagating capacity upon grafting of limiting 
dilutions of tumor cells into immunodeficient mice. The validation 
of KO clones was assessed by PCR, sequencing and western blot 
(Fig. 3h–j). The tumor-propagating capacity of human SCC cells 
was strongly reduced (A431) or completely abolished (SK-MES-1 
and Kyse-70) upon NR2F2 KO (Fig. 3f and Extended Data Fig. 3a). 
Hemagglutinin (HA)-tagged NR2F2 re-expression using lentiviral 
transduction of SK-MES-1, A431 and Kyse-70 NR2F2 KO clones 
rescued tumor-propagating capacity to the same levels as parental 
cell lines (Fig. 3g–j and Extended Data Fig. 3b).

Overall, these data demonstrate that NR2F2 is essential for 
tumor propagation/stemness in mouse and human SCC from dif-
ferent origins.

NR2F2 is essential for the maintenance of malignant SCCs. To 
define the role of NR2F2 in the maintenance of the malignant tumor 
state, we assessed the impact of Nr2f2 acute deletion in pre-existing 
mouse skin SCC. For this purpose, we generated K5CreER/Nr2f2flox 

(NR2F2 inducible KO) mice and treated them with DMBA/TPA 
to induce SCC formation. Once macroscopic malignant tumors 
appeared, we administered tamoxifen to induce acute Nr2f2 deletion 
in skin SCC. Tamoxifen administration in mice that did not express 
CreER had no effect on tumor growth. However, upon Nr2f2 dele-
tion in K5CreER/Nr2f2flox mice, tumors rapidly shrunk, disappear-
ing completely and permanently (Fig. 4a). The rare tumors that did 
not completely disappear were formed almost exclusively of keratin-
ized or fibrotic tissue, with no residual tumor cells (Extended Data 
Fig. 4a,b). In the few cases where tumors relapsed after tamoxifen 
induction, NR2F2 was expressed in tumor cells (Extended Data Fig. 
4c,d), showing that tumor relapse was mediated by tumor cells that 
escaped Nr2f2 deletion.

To determine the cellular mechanisms by which NR2F2 con-
trols the maintenance of malignant tumor states, we assessed cell 
proliferation, cell death and tumor histology 5 days (5 d) after 
tamoxifen administration in mice presenting SCC. Upon Nr2f2 
deletion, proliferation of tumor cells was decreased as shown by 
the reduction of phosphohistone H3 (PHH3) and Ki67-positive 
cells (Fig. 4b,c). In addition, Nr2f2 deletion in malignant SCC pro-
moted cell death as shown by the increase of annexin V-positive/
propidium iodide-negative cells after tamoxifen administration 
(Fig. 4d,e). Histological analysis of these tumors revealed the 
presence of necrotic areas and immune cell infiltration mostly 
composed of neutrophils (Fig. 4f,g). A detailed histopathologi-
cal analysis confirmed the presence of extensive cell vacuoliza-
tion, necrosis, keratinization and reduction of the mitotic index in 
NR2F2 KO tumors (Fig. 4h).

Altogether, these data reveal that NR2F2 controls tumor mainte-
nance by promoting tumor cell proliferation, restricting tumor cell 
death and immune cell infiltration.

Nr2f2 deletion promotes tumor differentiation. The progression 
of benign papillomas to malignant carcinomas is associated with 
a block of differentiation and the disappearance of differentiation 
markers such as K1/K10. As Nr2f2 deletion blocks malignant transi-
tion (Fig. 1e–j), while its ectopic expression in benign papillomas 
promotes malignant features (Fig. 2b–g), we assessed whether 
NR2F2 controls tumor differentiation. To this end, we examined 
the impact of NR2F2 overexpression on the differentiation of skin 
papillomas. NR2F2 overexpression in papillomas induced a reduc-
tion of E-cadherin and K10 expression (Fig. 5a–c and Extended 
Data Fig. 4e,f), indicating that NR2F2 blocks the differentiation of 
benign tumor cells. We then determined whether NR2F2 prevents 
tumor differentiation in malignant SCC. At 5 d after Nr2f2 deletion 
in malignant SCCs, NR2F2 KO tumors already presented a strong 
increase in E-cadherin and K10 expression (Fig. 5d–f). The increase 
in tumor differentiation was also apparent by the extended presence 
of keratinized areas in the center of tumors 5 d after Nr2f2 deletion 
(Fig. 5g,h). These data show that NR2F2 restricts tumor differentia-
tion in malignant SCC.

Fig. 5 | Nr2f2 deletion promotes CSC differentiation. a–c, Evaluation of the impact of NR2F2 ectopic expression on papilloma differentiation. 
Immunostaining for K14 (tumor cells), E-Cad and K10 in Ctrl and NR2F2 OE in papilloma (a). Representative images of minimum four independent 
biological replicates each for Ctrl and NR2F2 OE. Quantification of E-Cad signal in Ctrl and NR2F2 OE papillomas (n = 4 Ctrl and 5 NR2F2 OE papillomas) (b).  
Quantification of K10 expression in Ctrl and NR2F2 OE papillomas (n = 7 Ctrl and 10 NR2F2 OE papillomas) (c). d–f, Consequences of Nr2f2 deletion on 
carcinoma differentiation. Immunostaining for K14 (tumor cells), E-Cad and K10 in Ctrl and NR2F2 KO SCC (d). Representative images of a minimum 
of seven independent biological replicates. Quantification of E-Cad signal in Ctrl and NR2F2 KO carcinomas (n = 7 Ctrl and 7 NR2F2 KO SCC) (e). 
Quantification of K10 expression in Ctrl and NR2F2 KO carcinomas (n = 14 Ctrl and 15 NR2F2 KO SCC) (f). g, H&E staining showing the extensive 
keratinization of NR2F2 KO tumors compared to Ctrl. T, tumor cells; S, stroma; KP, Keratin Pearl. Representative images of a minimum of 16 independent 
biological replicates each for NR2F2 KO and Ctrl tumors. h, Quantification of keratinized areas within tumors (n = 38 Ctrl and 16 NR2F2 KO areas).  
i, Scheme of BrdU pulse–chase experiment following Nr2f2 deletion. j, Representative images of immunostaining for BrdU-labeled cells, K14 (tumor cells)  
and Loricrin (terminally differentiated area) after 4 h (left) and 36 h (right) of chase in control and NR2F2 KO tumors. Asterisk indicates terminally 
differentiated area. k, Quantification of BrdU+ tumor cells within the terminally differentiated area (n = 9 Ctrl and 10 NR2F2 KO tumors). Scale bars, 50 μm; 
1 mm (g, left), 250 μm (g, right). Data in b,c,e,f,h,k are represented as mean ± s.e.m. P values are calculated using a two-tailed Mann–Whitney U-test.
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To substantiate the notion that NR2F2 restricts tumor dif-
ferentiation, we performed short-term lineage tracing using 
5-bromodeoxyuridine (BrdU) pulse–chase experiments to trace 
the fate of proliferating tumor cells in this model. A pulse of BrdU 

administration labeled proliferative cells and was followed by a 
chase of 36 h, allowing differentiating tumor cells to move toward 
the differentiated keratin pearls (Loricrin positive, Fig. 5i). NR2F2  
KO tumors displayed a significant increase in the proportion  
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of BrdU/Loricrin double-positive differentiated tumor cells  
(Fig. 5j,k), showing that Nr2f2 deletion dramatically accelerated 
tumor differentiation.

NR2F2 target genes regulate distinct tumor functions. To gain 
further insights into the molecular mechanism by which NR2F2 
regulates tumor maintenance in SCC, we performed transcrip-
tional profiling of FACS-isolated tumor cells 7 d after NR2F2 
overexpression in benign papillomas, when phenotypic changes 
become fully penetrant and 5 d after Nr2f2 deletion in malignant 
SCC, when NR2F2 protein is completely lost (Fig. 2c,d). Unbiased 
Gene Ontology analysis of genes downregulated following Nr2f2 
deletion in malignant mouse skin tumors and upregulated in 
benign papillomas upon NR2F2 overexpression showed that these 
genes are enriched for factors involved in ECM remodeling, col-
lagen fiber organization, cell migration, EMT and angiogenesis 
(Fig. 6a). Genes upregulated following Nr2f2 deletion in malignant 
tumors showed significant enrichment for genes controlling DNA 
replication and repair, differentiation and immune cell chemotaxis 
(Extended Data Fig. 5a,b). The common genes that were downreg-
ulated upon Nr2f2 deletion in malignant tumor cells and upregu-
lated upon NR2F2 overexpression in benign papillomas included 
many ECM components and ECM remodeling factors (for exam-
ple Mmp19, Nid1 and Loxl1/2), adhesion molecules (for example 
Itgβ3 and Vcam1), coagulation factors and cytokines (for example 
Plat1, Il1b and Il6), EMT markers (for example Pdfrb, Vim, Krt8, 
Zeb1/2 and Prrx1), signaling molecules (for example Wnt5a, Fstl1)  
and CSC markers (for example Aldh1a3, Nrp1 and Flt1)9,36,37  
(Fig. 6b,c). In addition to the common molecular signature 
between papillomas and SCCs, other genes were regulated only in 
SCCs, including EMT associated factors (for example TGF-β2/3 
and Runx1/2), ECM factors (for example Mmp2 and Fn1), secreted 
factors involved in the regulation of lymphangiogenesis, angiogen-
esis and tumor progression (for example Vegfc, Angptl1 and Spp1) 
and surface molecules expressed during tumor progression (for 
example Alcam) (Fig. 6c).

To validate our transcriptional analysis, we assessed expression 
of differentially regulated genes at the protein level following Nr2f2 
deletion in skin SCC. Integrinβ3/CD61 (which has been implicated 
as a CSC marker in breast cancer and identified as one of the mark-
ers expressed during EMT transition states in skin SCC38,39), the 
adhesion molecule Alcam (which has been proposed as a marker of 
tumor progression and CSC40,41) and the noncanonical Wnt ligand 
Wnt5a (which promotes tumor aggressiveness42) were all strongly 
decreased following Nr2f2 deletion in SCC (Fig. 6d).

Nr2f2 overexpression in papillomas led to upregulation of 
several EMT genes such as Zeb1/2, Twist1, Vim, Fn1 and Col3a1  
(Fig. 6e–g) and expression of K8, a marker of carcinoma pro-
gression43 (Fig. 2c–f). Conversely, Nr2f2 deletion in carcinomas 
decreased expression of K8 (Extended Data Fig. 5c,d). These data 
suggest that NR2F2 acts upstream of canonical EMT TFs to promote 
tumor invasion. During cancer progression, tumor cells need to 
remodel the ECM allowing tumor invasion. In accordance with our 
transcriptional profiling, Nr2f2 deletion in SCC decreased collagen 
fiber deposition, as shown by Masson’s staining (Fig. 6h). Expression 
of Fibronectin 1 and MMP19, which promotes ECM degradation, 
were both substantially decreased after NR2F2 deletion (Fig. 6h). 
Overall, these data show that NR2F2 acts upstream of key EMT 
regulators and promotes tumor progression by regulating ECM 
remodeling. To assess the functional relevance of these findings, we 
assessed whether Nr2f2 deletion decreased metastasis. To this end, 
we performed tail vein injection of mouse and human tumor cells 
after Nr2f2 deletion. Notably, Nr2f2 deletion dramatically decreased 
lung metastasis in both mouse and human SCCs (Fig. 6i,j).

Altogether, our molecular profiling and in situ characteriza-
tion following NR2F2 GOF and loss of function show that NR2F2 
controls a transcriptional program that regulates different tumor 
functions, including tumor stemness, EMT and ECM remodeling, 
promoting a malignant tumor state and metastasis.

NR2F2 functions in human SCCs. To assess the human relevance 
of our findings, we assessed NR2F2 expression in human SCC 
(hSCC) from different anatomical locations. Similar to what we 
found in mouse SCC, NR2F2 was not expressed in normal human 
skin and pre-malignant lesions such as actinic keratosis and was 
expressed in a heterogeneous manner in skin, head and neck, lung 
and esophageal SCC (Fig. 7a).

To determine whether the level of NR2F2 expression was asso-
ciated with clinical outcome in human cancers, we analyzed the 
correlation between NR2F2 expression and disease-free survival in 
human SCC. In cervix SCC, NR2F2 expression was very heteroge-
neous across the different patients and the level of NR2F2 expres-
sion correlated with poor disease-free survival (Fig. 7b,c). To further 
assess the clinical relevance of our findings, we evaluated the effect 
of administration of a small-molecule inhibitor targeting NR2F2 on 
A431, a human skin SCC cell line, in vitro and in vivo. Very recently, 
a small-molecule inhibitor targeting NR2F2 and its effect in inhibit-
ing the growth of prostate cancer cell lines was described44. Similarly 
to what has been reported in that study44, CIA1 inhibited the growth 
of human A431 human skin SCC cells in vitro, but did not inhibit 

Fig. 6 | NR2F2 target genes regulate distinct tumor functions. a, Gene Ontology analysis of genes that are downregulated in NR2F2 KO carcinomas and 
upregulated in NR2F2 GOF papillomas, showing categories that are significantly enriched (dotted line P = 0,05). P value is calculated according to the 
Benjamini–Hochberg method for multiple hypothesis testing. b, Venn diagram showing the overlap between genes upregulated in NR2F2 OE papillomas 
and downregulated in NR2F2 KO carcinomas (fold change >2 OE/Ctrl in papillomas; Ctrl/KO in carcinomas; P value is calculated using two-sided 
hypergeometric test). c, Bar graph representation of selected genes that are upregulated in NR2F2 OE papillomas and downregulated in NR2F2 KO tumors, 
grouped by their respective function (fold change OE/Ctrl in papillomas; Ctrl/KO in carcinomas; n = 2 Ctrl and NR2F2 OE papillomas; n = 2 Ctrl and NR2F2 
KO carcinomas; independent biological replicates). d, Immunostaining validation of selected genes from the microarray analysis in SCC following Nr2f2 
deletion. Immunostaining for Itgβ3, K14 (tumor cells) and Alcam and IHC for Wnt5a in WT and NR2F2 KO tumors. Representative images of minimum five 
independent biological replicates each per condition. KP, Keratin Pearls. e, qRT–PCR for selected EMT markers in tumor cells from NR2F2 OE papillomas. 
The mRNA expression is normalized to non-induced controls (n = 5 Ctrl and NR2F2 OE papillomas). f,g, Upregulation of Zeb1 and Zeb2 in NR2F2 OE 
papillomas. Immunohistochemistry of Zeb1 and quantification of expression in Ctrl and NR2F2 OE (n = 3 and 4 papillomas, respectively) (f). IHC of 
Zeb2 and quantification of expression in Ctrl and NR2F2 OE (n = 3 and 4 papillomas, respectively) (g). h, Staining for collagen fibers (Masson staining), 
immunofluorescence for K14 (tumor cells) and Fibronectin 1 and immunohistochemistry for MMP19 in Ctrl and NR2F2 KO SCC. Representative images of 
minimum five independent biological replicates each per condition. i, Quantification of the number of lung metastasis 1 month after intravenous injection 
of 5 × 104 K5CreER Nr2f2flox cells and subsequent administration of tamoxifen (KO) or no treatment (Ctrl); n = 3 matched replicates of KO/Ctrl with cells 
isolated from three primary tumors independently. j, Quantification of the number of lung metastasis 1 month after intravenous injection of SK-MES-1 cells 
(Ctrl), NR2F2 KO cells (KO) and the respective NR2F2 rescue cell line (Rescue); n = 4 independent experiments for SK-MES-1, 3 for NR2F2 KO and Rescue. 
Scale bar, 50 μm. Data in e–g,i j are represented as mean ± s.e.m. P values are calculated using a two-tailed Welch’s t-test for e–g, two-way analysis of 
variance (ANOVA) for i and unpaired t-test for j.
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the growth of other human cancer cell lines that do not express 
NR2F2 (Extended Data Fig. 6a,b). In addition, CIA1 treatment 
inhibited the tumor-propagating capacity of human A431 (Fig. 7d 

and Extended Data Fig. 6c), as well as the growth of established 
human A431 tumors grafted into immunodeficient mice (Fig. 7e). 
Histological analysis of treated tumors showed that administration 
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of the NR2F2 antagonist inhibited tumor cell proliferation, ECM 
deposition and tumor neoangiogenesis and promoted tumor cell 
death, tumor differentiation and immune cell infiltration, mimick-
ing the functional consequences of NR2F2 deletion in mouse skin 
SCC (Fig. 7f–k and Extended Data Fig. 6d). These data provide the 
proof of principle demonstrating that targeting NR2F2 efficiently 
inhibits growth of human SCCs.

To assess whether NR2F2 controls similar functions across 
different human tumors, we generated two independent 
doxycycline-inducible short-hairpin (sh)RNA lines against NR2F2 
in A431 hSCC cells (NR2F2 KD1 and KD2; Extended Data Fig. 
7a), allowing us to perform an acute knockdown (KD) of NR2F2 
in tumor cells similarly as in mouse experiments. Acute shRNA 
KD of NR2F2 decreased proliferation of A431 cells as well as their 
ability to grow as a tumor sphere, consistent with the importance 
of NR2F2 in regulating proliferation and stemness (Fig. 8a and 
Extended Data Fig. 7b). Assays measuring aldehyde dehydrogenase 
(ALDH) activity such as AldeRed or AldeFluor, have been widely 
used to characterize CSC-like cells in different tumor models45,46. 
NR2F2 shRNA KD decreased the proportion of AldeRed-positive 
cells in both NR2F2 KD cell lines, supporting the notion that NR2F2 
controls tumor stemness in mouse and human SCCs (Fig. 8b).  
NR2F2 shRNA KD decreased cell migration in wound scratch 
assays in both NR2F2 KD A431 cell lines (Fig. 8c and Extended 
Data Fig. 7c,d). Finally, we tested whether NR2F2 loss of function 
promotes tumor differentiation in the A431 cell line. To this end, 
we cultured these cells in high calcium, which stimulates differen-
tiation of squamous epithelial cells47,48 and induced NR2F2 shRNA 
KD by administrating doxycycline. NR2F2 shRNA KD stimulated 
squamous differentiation as shown by upregulation of terminal dif-
ferentiation markers such as KRT10 and IVL, as well as TFs medi-
ating squamous differentiation such as HES1, OVOL1 and GRHL1 
(Fig. 8d). Altogether these data show that acute NR2F2 shRNA KD 
in human SCC cell lines recapitulates key features of the phenotype 
found upon NR2F2 deletion in mouse SCC, including decrease in 
proliferation, stemness, migration and increase in differentiation.

To assess the transcriptional program controlled by NR2F2 in 
human skin SCC tumors, we performed RNA-seq of wild-type and 
NR2F2 shRNA KD1 and KD2 cells 72 h following doxycycline addi-
tion, which allows the complete disappearance of NR2F2 at the pro-
tein level (Extended Data Fig. 7a). We analyzed genes expressed at 
more than 5 reads per million that were up- and downregulated by 
>1.5-fold in biological duplicates. NR2F2 KD induced downregula-
tion of a similar transcriptional program between the two NR2F2 
KD cell lines (45% overlap among downregulated genes and 24% 

overlap among upregulated genes). The slight difference in strength 
of phenotype and gene expression observed between the two dif-
ferent SCC cell lines is likely to come from the distinct puromy-
cin selection history that these two cell lines had experienced and 
the basal level and fold change of NR2F2 downregulation following 
shRNA KD (higher in cell line KD1).

A lower but nevertheless highly significant fraction of these down-
regulated and upregulated genes was commonly deregulated in mouse 
SCCs following acute NR2F2 deletion, with a greater overlap between 
mouse skin SCC and NR2F2 KD2 cell line (12% of downregulated 
mouse genes) than between mouse skin SCC and NR2F2 KD1 cell line 
(7% of downregulated mouse genes) (Fig. 8e,f). The common dereg-
ulated genes between mouse SCC and human skin SCC comprised 
many ECM molecules (COL3A1, COL5A1, COL5A2, COL8A2, LOX 
and MATN2), stemness markers (ALDH3A1), adhesion molecules 
(CLDN1 and MUC1), TFs (ELF3, FOSL2, NR2F2, NPAS2, HOXD9 
and POU6F1), long-noncoding RNA (MALAT1), regulators of metab-
olism (H6PD), signaling molecules (TGFβ2, S100A9, ARHGEF25 
and NEBL) promoting tumor progression, migration and invasion 
(Fig. 8g). Similarly, upregulated genes between mouse and human 
SCC comprised genes involving recruitment of immune/inflamma-
tory cells (CXCL11) and squamous differentiation (GRHL3) (Fig. 8h 
and Extended Data Fig. 7e). Altogether, these data demonstrate that 
NR2F2 controls a common and tumor-specific transcriptional pro-
gram, which is conserved between mouse and human skin SCCs.

To identify direct versus indirect NR2F2 target genes, we per-
formed NR2F2 ChIP-seq in vitro in duplicate biological samples with 
NR2F2 GOF A431 cells bearing an N-terminal 3HA tag (Extended 
Data Fig. 7f). This ChIP-seq uncovered about 2,635 NR2F2 bind-
ing sites found in duplicate samples (Fig. 8i). Motif discovery analy-
sis retrieved NR2F2 canonical binding sites (AAAGGTCA) as the 
most highly significant enriched TF motifs present in more than 
80% of the peaks (P = 10 × 10−193) (Fig. 8j). In addition, the enhanc-
ers bound by NR2F2 presented enrichment for AP1 and RUNX TF 
motifs, which are TFs that are well known to regulate skin cancer 
development and cancer49,50, suggesting that NR2F2 regulates gene 
expression together with AP1 and RUNX (Fig. 8j). About 10% of 
the genes downregulated and upregulated following acute KD of 
NR2F2 in the A431 human skin SCC cell line NR2F2 KD1 but also 
in the KD2 were directly overlapping with the ChIP-seq identified 
peaks, demonstrating that NR2F2 is directly regulating a significant 
fraction of transcriptional targets identified upon loss of function  
(Fig. 8k and Extended Data Fig. 7g,h). Notably, NR2F2 directly reg-
ulated expression of key TFs that promote tumorigenesis in different 
cancers, including FOSL2, a member of AP1, NPAS2, ZBTB20 (in all 

Fig. 7 | Targeting NR2F2 function in human SCCs. a, IHC for NR2F2 in human skin, benign lesions (actinic keratosis) and various SCC types. Above each 
panel the fraction of positive samples is indicated. Scale bar, 50 μm. Representative images from independent replicates as indicated above each panel 
(n = 4 skin, 10 actinic keratosis, 25 skin SCC, 13 HN SCC, 10 lung SCC and 9 esophagus SCC). HN, Head and Neck. b, Box plot of NR2F2 mRNA expression 
measured in transcripts per million in biopsies of human cervical SCC. Boundaries of the box indicate the first and third quartiles of the NR2F2 mRNA 
expression value. The bold black horizontal line indicates the median, the two external horizontal black lines show minimum and maximum values and 
the bold dotted red line represents the top tertile. The dots represent all data points (n = 304 biologically independent samples). c, Disease Free Survival 
(DFS) of patients with cervical SCC stratified by the level of NR2F2 expression (top-tertile cutoff point) (P = log-rank Mantel–Cox test); n = 304 biologically 
independent samples described in b. d,e, Targeting NR2F2 with small-molecule inhibitor in hSCC. TPC frequency calculated by ELDA of human skin A431 
cells following CIA1 treatment (d). P value is calculated using chi-squared test. The graph shows TPC calculated based on the ELDA exact value using per 
condition; n = 4–6 mice for the dimethylsulfoxide (DMSO) treatment and n = 5–6 mice for the CIA1 treatment and two grafts per mouse. Increase in grafted 
A431 tumor volume compared to initial volume at the beginning of CIA1 treatment (e). P value is calculated using mixed-effect ANOVA (n = 7 tumors for 
DMSO control; 10 for CIA1 treatment). f–k, Histology of CIA1 treated xenograft tumors. H&E of Ctrl and CIA1-treated tumors displaying increased presence 
of Keratin Pearls (KP) and quantification of KP per tumor area (n = 4 DMSO control and 5 CIA1-treated tumors) (f). Immunostaining (left) for Ki67 
(proliferating cells) and K14 (tumor cells) and quantification (right) of Ki67+ cells/mm2 (n = 4 Ctrl and 5 CIA1 treated tumors) (g). Immunostaining (left) 
for cleaved caspase 3 (apoptotic cells, arrowheads) and K14 (tumor cells) and quantification (right) of Casp3+ cells mm−2 (n = 4 Ctrl and 5 CIA1-treated 
tumors) (h). Immunostaining of Ctrl and CIA1-treated tumors for K14 (tumor cells) and CD45 (immune cells), Fibronectin 1 (FN1) and CD31 (endothelial 
cells) (i). Quantification of CD45+ cells/tumor area (n = 4 Ctrl and 6 CIA1-treated tumors) (j). Quantification of percentage of CD31+ cells/tumor area 
(n = 5 Ctrl and 5 CIA1-treated tumors) (k). All images are representative of a minimum of four independent biological replicates each per condition. Scale 
bar, 50 μm. Data are represented as mean ± s.e.m. P value is calculated using a two-tailed Mann–Whitney U-test.
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experimental conditions), RUNX2 and ELF3 (Fig. 8g,i). In addition, 
NR2F2 directly regulated expression of genes regulating key tumor 
functions, including metabolism (H6GP), ECM (MATN2) or angio-
genesis (VEGFA) (Fig. 8g,i).

Discussion
In this study, we identified NR2F2 as an essential regulator of 
malignant tumor state through promotion of tumor self-renewal,  
invasion and restriction of tumor differentiation.
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In contrast with other TFs regulating skin tumor stemness such 
as SOX2, TWIST1 and PITX1, which are important for the main-
tenance of benign and malignant squamous skin tumors, NR2F2 is 

only expressed by and controls malignant tumor cells13–16. Whereas 
NR2F2 knockdown has been shown to decrease cancer cell line pro-
liferation in vitro23,30,51,52, no study has assessed the impact of NR2F2 
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acute deletion in established tumors in vivo, mimicking the impact 
that administration of NR2F2 inhibitors might have in a therapeutic 
setting. Our results revealed that acute inhibition of NR2F2 leads 
to complete regression of established SCC. These results demon-
strate the essential role of NR2F2 in sustaining malignant tumor  
state maintenance.

The disappearance of SCCs following Nr2f2 deletion is accom-
panied by histological signs of tumor differentiation, necro-
sis and immune infiltration. Our molecular profiling following 
NR2F2 GOF and loss of function uncovered the gene signature 
controlled by NR2F2, which regulates essential tumor functions, 
including EMT, ECM remodeling, immune cell infiltration and  
tumor differentiation.

NR2F2 regulates expression of several components of the ECM 
associated with malignant tumor states, such as Fibronectin 1 (Fn1), 
Nidogen 1 (Nid1), several collagens and lysyl oxidases responsible 
for collagen fiber crosslinking, which contribute to tumor invasion, 
EMT and metastasis53–56. Our in vivo study also shows that NR2F2 
acts upstream of Zeb1/2 and Prrx1, all key TFs that promote EMT 
and metastasis57–59.

Tumor regression following acute Nr2f2 deletion is associated 
with increased differentiation and expression of K1/K10 in nonpro-
liferative terminally differentiated tumor cells, mirroring the differ-
entiation pattern observed in normal skin and benign papillomas. 
Notably, our experiments in hSCC cells using a NR2F2 inhibitor or 
inducible shRNA confirmed that a similar function is conserved in 
human tumors. In particular, we showed that NR2F2 directly regu-
lates a transcriptional program regulating tumor progression and 
microenvironment remodeling as well as repressing tumor differ-
entiation. Drug-induced tumor differentiation has been shown to 
be a very efficient treatment with little side effects for some types 
of leukemia60. Retinoic acid, which induces differentiation of leuke-
mic cells into terminally differentiated granulocytes without much 
side effects, is now a first-line therapy in combination with arsenic 
trioxide, leading very frequently to complete remission of this pre-
viously incurable disease60,61. While this demonstrated that induc-
ing tumor differentiation could be a safe and very efficient way to 
treat cancer, very few other examples have been provided in the last 
decades, in particular in solid tumors. Only recently, thanks to a 
better understanding of the mechanisms promoting tumor stem-
ness, has the proof of principle that pharmacological induction of 
tumor differentiation can be used in solid tumors been provided. 
In a fraction of colorectal cancers presenting PTPRK–RSPO3 
gene fusion, administration of a RSPO3-blocking antibody pro-
motes tumor regression by inducing the differentiation of CSCs 
into terminally differentiated goblet cells62. More recently, it has 
also been shown that anti-Smoothened inhibitor promotes basal 
cell carcinoma regression through tumor cell differentiation63,64. 
Many small-molecule inhibitors and activators targeting nuclear 
receptors such as NR2F2 are used routinely in clinics in different 
therapeutic indications, such as anti-estrogen for breast cancer.  

The development of NR2F2 inhibitors for anticancer therapy seems 
to be a very promising strategy, as NR2F2 is expressed in a wide 
range of aggressive human cancers for which there is an unmet clin-
ical need. Moreover, NR2F2 inhibition in vivo has no apparent side 
effects on normal adult tissues20 and promotes tumor differentia-
tion, inhibits neoangiogenesis19, invasion and tumor stemness, all 
essential hallmarks of cancer functions, demonstrating the promise 
of targeting NR2F2 in cancer.

Methods
Compliance with ethical regulations. Mouse colonies were maintained 
in a certified animal facility in accordance with European guidelines. 
All experiments were approved by the corresponding ethical committee 
(Commission d´Ethique et du Bien être Animal, Faculty of Medicine,  
Université Libre de Bruxelles (ULB)), which follows the European Convention 
for the Protection of Vertebrate Animals used for Experimental and other 
Scientific Purposes (ETS no.123). The project proposal was submitted to the 
Ethical Committee for Animal Experimentation for evaluation and approval. 
The committee consists of internal and external members with expertise 
regarding ethics, alternative methods to animal experiments, animal health 
and welfare as well as research techniques, experimental design and statistical 
analysis. The ULB ERASME Ethical Committee for Animal Experimentation 
is responsible for evaluating and approving or rejecting all projects involving 
animal experiments, as an independent body under Belgian legislation (Royal 
Decree regarding the protection of laboratory animals of 29 May 2013) and 
European Union Directive 2010/63/EU. For every project proposal, the Ethical 
Committee for Animal Experimentation takes the so-called 3R principle 
(replacing, reducing, refining) as its guiding principle and in accordance with 
European guidelines. Project authorization was approved under no. 665N from 
the ULB ERASME Ethical Committee for Animal Experimentation. Mice were 
checked every day and were killed when tumors reached end-point size  
(1 cm in diameter for all experiments except for 2 cm in diameter for 
experiments described in Fig. 7e) or if the tumor was ulcerated independently  
of its size, if the mouse lost >20% of the initial weight or any other sign of 
distress appeared (based on the general health status and spontaneous activity). 
None of the experiments performed in this study surpassed the size limit of  
the tumors. All experiments strictly complied with the protocols approved by 
the ethical committee.

Mouse strains. K14Cre, K14CreER, Lgr5CreER, K5CreER, KRasLSL-G12D and 
p53fl/fl mice were imported from the National Cancer Institute mouse repository 
and The Jackson Laboratory. NOD/SCID, NOD/SCID IL2 and Swiss nude 
mice were purchased from Charles River. K14rtta-Nr2f2-IRES-GFP mice were 
generated in house. Nr2f2f/f mice were a generous gift from S. Tsai (Baylor College 
of Medicine). All mice used in this study were males and females with mixed 
genetic background. Sex-specific differences were minimized by including similar 
numbers of male and female animals in all cases.

DMBA/TPA-induced skin tumors. Mice were treated with DMBA and TPA 
according to standard protocols5,10.

KRasLSL-G12Dp53fl/fl-driven skin tumors. Tamoxifen was diluted at 25 mg ml−1 in 
sunflower seed oil (Sigma). A daily intraperitoneal (i.p.) injection of 2.5 mg of 
tamoxifen was administered 4 d in a row starting at P28 as previously described 
to Lgr5CreER/KrasLSLG12D/p53fl/fl/Nr2f2fl/fl mice and two i.p. injections of 2.5 mg 
of tamoxifen were administrated to K14CreER/KrasLSL-G12D/p53fl/fl/Nr2f2fl/fl mice. 
Tumor appearance and size were followed up by daily observation and palpation. 
Mice were killed when tumor size reached a maximum size of 1 cm, or when mice 
presented signs of distress.

Fig. 8 | Conservation of NR2F2 function in human SCCs. a, Quantification of cell number in A431 Ctrl and NR2F2 shRNA KD1 (n = 4 biological 
replicates). b, ALDH activity in A431 Ctrl and NR2F2 shRNA KD1 and KD2 cell lines (n = 3 biological replicates). c, Wound-healing assay in A431 Ctrl 
and NR2F2 shRNA KD1 and KD2 cell lines (n = 3 biological replicates, 3–4 pictures per well). d, mRNA (qPCR) expression of differentiation genes in 
calcium-switch-induced A431 cells Ctrl and NR2F2 shRNA KD (n = 4 for KRT10 and IVL, n = 3 for GRHL1, OVOL1, HES-1). e,f, Venn diagram of the genes 
downregulated (e) and upregulated (f) upon NR2F2 KD in human SCC cell lines (A431 control and NR2F2 shRNA KD1 and KD2 cell lines) and in NR2F2 
KO mouse SCC (P values are calculated using two-sided hypergeometric test). g,h, mRNA expression (RNA-seq) of downregulated (g) and upregulated 
(h) genes following NR2F2 KD in human SCC cell lines. IncRNA, long-noncoding RNA. ChIP-identified NR2F2 direct targets are highlighted with an asterisk 
(n = 2 biological replicates). i, A431 NR2F2 ChIP-seq profiles at selected gene loci, including input on top. j, TF motifs enriched in ChIP-seq for NR2F2 
peaks that were enriched in A431 cells overexpressing NR2F2 compared to input as determined by Homer analysis using known motif search. k, Overlap 
of A431 NR2F2 ChIP-seq peaks with downregulated and upregulated genes in the NR2F2 KD1 human cell line (P values are calculated using two-sided 
hypergeometric test). Data in a–d,g,h are represented as mean ± s.e.m. (a-d). P values are calculated using Mann–Whitney U-test in c and two-tailed t-test 
in other cases.
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Collection of human samples. The samples were provided by Erasme Biobank 
and originate from adult patients who developed head and neck, lung, skin or 
esophagus SCC or actinic keratosis, as well as corresponding normal skin controls. 
There was no restriction of age (except that only adult patients were included) or 
sex and no pre-treated tumors were included. The analyzed samples were collected 
from surgically removed material, not directly from patients. All samples belong 
to the Erasme Biobank (B406201525681). The goal of the study was to examine 
expression and localization of NR2F2 in different contexts. There was no intention 
of correlation with histopathology tumor grade or tumor aggressiveness. The 
human collection study was approved by the Erasme Ethical Committee (ref. no. 
P2015/330/B406201525681).

Immunostaining. Staining was performed on frozen sections or in 
paraffin-embedded sections according to standardized procedures65. Briefly, 
for immunostaining on frozen sections, tumor tissues were embedded in OCT 
(Tissue Tek) for cryopreservation. Blocks were sectioned in 4–5-µm sections 
using CM3050S cryostat (Leica Microsystems). Fixation was performed using 4% 
paraformaldehyde. Nonspecific antibody binding was blocked with 5% horse serum, 
1% BSA and 0.2% Triton X-100 for 1 h at room temperature. Primary antibodies 
were incubated overnight at 4 °C in blocking buffer. Secondary antibodies were 
diluted in blocking buffer at 1:400 for 1 h at room temperature. Nuclei were stained 
with Hoechst (4 mM) and slides were mounted using SafeMount (Labonord). 
For staining paraffin sections, 4-µm paraffin sections were deparaffinized and 
rehydrated. Antigen unmasking was performed in citrate buffer (pH 6) or EDTA 
buffer (pH 9) at 98 °C during 20 min using the PT module. Endogenous peroxidase 
was blocked using 3% H2O2 (Merck) in methanol (VWR) during 20 min at room 
temperature. Endogenous avidin and biotin were blocked using the Endogenous 
Blocking kit (Invitrogen) during 20 min at room temperature. Primary antibodies 
were incubated overnight at 4 °C. Anti-rabbit biotinylated secondary antibodies were 
used, as well as Standard ABC kit and ImmPACT DAB (Vector Laboratories) for the 
detection of HRP activity. Slides were mounted using SafeMount (Labonord).

The complete list of antibodies used in this study is included in the  
Reporting Summary.

Image acquisition. Image acquisition was performed on a Zeiss Axio Imager M1 
(Thornwood) fluorescence microscope with a Zeiss Axiocam MR3 camera using 
the Axiovision software release 4.6. Brightness, contrast and picture size were 
adjusted using Adobe Photoshop CS6 without altering any information.

Quantification of IF and H&E sections. The quantification of K10+ tumor 
cells and laminin-5 gaps in NR2F2 OE papillomas, K8, E-Cad, PHH3, ki67 and 
BrdU-positive tumor cells was performed on at least four different fields per tumor 
using ImageJ software (https://imagej.nih.gov/ij/).

For quantification of the Zeb1 and Zeb2 content in IHC of tumor sections, we 
selected at random a minimum of four representative fields from scans of complete 
cross-sections of the tumor, used NDP.view2 software to visualize them (https://
www.hamamatsu.com/eu/en/product/type/U12388-01/index.html) and counted 
the number of Zeb1+ and Zeb2+ epithelial tumor cells versus all epithelial cells.

The quantification of K10+ tumor areas in NR2F2 KO tumors and respective 
controls and of the percentage of keratin content in Figs. 5 and 7 was performed 
using mosaic images of a whole tumor section. In all cases, areas were quantified 
using ImageJ software. For quantification of keratin content in tumor sections, we 
used scans of complete cross-sections of the tumor and NDP.view2 software.

Histopathological analysis on NR2F2 KO tumors. In Fig. 4h, the mitotic index 
was quantified on ten fields at ×400 and divided by ten to obtain the value per 
high-power field, which was used to calculate the mean of the Ctrl and NR2F2 
KO groups. The results of the other parameters (spongiosis, necrosis and 
keratinization) are based on a semi-quantitative analysis that took into account 
the stratification of samples into negative (presence of the morphological feature 
in <20% of the tumor area) or positive (presence of the morphological feature in 
>20% of the tumor area). To calculate P values, we used the Mann–Whitney U-test 
for the mitotic index and Fisher’s exact test in all other cases.

Tumor digestion and FACS staining. Tumors were dissected mechanically, 
digested with collagenase and stained for cell surface markers according to 
standard protocols65. Cell sorting was performed with a FACS Aria cell sorter (BD 
Biosciences). The complete list of antibodies used in this study is included in the 
Reporting Summary.

Annexin V staining. We used the FITC annexin V Apoptosis Detection kit I (BD 
Pharmingen, cat. no. 556547). Briefly, after tumor digestion, cells were stained 
with Epcam/CD326 APC/Cy7 (BioLegend, 118218 Clone G8.8) to identify Tumor 
Epithelial Cells. Subsequently, cells were counted using a Neubauer cell counting 
chamber. As recommended by the manufacturer, 100,000 cells were used for FITC 
annexin V/PI staining according to the standard protocol.

Western blot. SDS–PAGE and western blot were performed according to standard 
protocols. Five percent milk was used as a blocking agent. The complete list of 

antibodies used in this study is included in the Reporting Summary. Western 
Lightning Plus ECL (PerkinElmer) was used a a substrate.

Cell culture. SK-MES-1 (human lung SCC) and A431 (human skin SCC) 
cells were maintained in EMEM supplemented with 2 mM glutamine and 10% 
FBS. Kyse-70 (human esophagus SCC) cells were maintained in RPMI 1640 
supplemented with 2 mM glutamine and 10% FBS. The 293T cells were maintained 
in DMEM (Gibco) supplemented with 10% FBS, 2 mM glutamine, 100 U ml−1 Pen/
Strep solution, MEM Non-Essential Amino Acids Solution and pyruvate. All cell 
lines were acquired from the DSMZ-German Collection of Microorganisms and 
Cell Cultures.

Generation of NR2F2 OE lines and inducible shRNA lines. The NR2F2 rescue 
experiments described in Fig. 3 and Extended Data Fig. 3 were performed by 
cloning the coding sequence of NR2F2 fused to a C-terminal 3HA tag in the 
pLX302-EF1a vector (constitutive expression). The ChIP experiments described 
in Fig. 8 and Extended Data Fig. 7 were performed by cloning the coding sequence 
of NR2F2 fused to an N-terminal 3HA tag in the pLVX-TetOne-Puro Vector 
(doxycycline inducible; Clontech, cat. no. 631849). The shRNA experiments 
described in Fig. 8 and Extended Data Fig. 7 were performed using the 
SMARTvector Inducible Human NR2F2 PGK-TurboGFP shRNA construct 
(doxycycline inducible; Horizon Discovery Biosciences, cat. no. V3SH11252-
225716276; sequence included in Extended Data Table 1). For the generation of 
cell lines with stable integration of the constructs, VSVg pseudotyped lentivirus 
was produced by Lipofectamine 2000 transfection (Invitrogen) of HEK293T cells 
with the vector encoding for full-length NR2F2 or the inducible NR2F2 shRNA 
vector and the helper plasmids pMD2-VSVg and pPAX2 (Addgene plasmid 
12259 and 12260, respectively). At 48 h after transfection, we collected the viral 
supernatant and infected the target cell lines using standard methods. After 1 week 
of puromycin selection, cells were tested for NR2F2 expression by western blot. For 
the inducible constructs, 1 μM doxycycline was used.

Generation of NR2F2 CRISPR/CAS9 knockout in hSCC cells. We generated 
the NR2F2 KO cell lines by designing four guide RNAs targeting exon 2. The 
most efficient gRNAs were predicted using the MIT CRISPR design tool (Zhang 
Laboratory, MIT 2015, now discontinued). The gRNA sequences were cloned 
as double-stranded oligonucleotides in the pSpCas9n (BB)-2A-GFP (PX461) 
plasmid (Addgene plasmid 48140), expressing the Cas9 D10A mutant and EGFP 
simultaneously. We designed the guides to generate a deletion of about 400 bp. 
The sequence of the single-guide RNAs is provided in Extended Data Table 1. We 
used transient transfection and FACS to establish single-cell clones. As soon as 
single-cell clones were visible, we amplified them, extracted genomic DNA and 
probed them by PCR with a combination of primers detecting the presence or 
absence of the deletion. We further validated the deleted clones by sequencing the 
deletion site using PCR primers flanking the position of the gRNAs, ensuring that 
the occurring deletion generated a frame shift in the coding sequence. We also 
validated the NR2F2 KO clones by western blot.

Tumor transplantation assays. Tumor cells were collected in 4 °C medium after 
FACS or counted after tumor digestion and collected in PBS plus 2% FBS. For the 
calculation of TPC, cells at known dilutions were resuspended in Matrigel (E1270, 
970 mg ml−1; Sigma) and injected subcutaneously into NOD/SCID mice. Secondary 
tumors were detected by palpation every week and their size was monitored until 
tumor reached 1 cm or when mice presented signs of distress. The mice were 
subsequently killed and the number of secondary tumors was quantified.

Calcium-switch assay. To promote cell differentiation of confluent A431 
cells, cells were first incubated overnight in low-calcium medium containing 
10% calcium-free FBS. Next, the calcium medium level was raised to the final 
concentration of Ca2+ of 1.5 mM for 48 h66.

ALDH activity. To evaluate ALDH activity, cells cultured in ultra-low adherent 
plates (n = 500,000 cells per test) were collected and processed according to the 
manufacturer’s instruction (Aldered 588-A, SCR150, Merck).

Wound-healing assay. Wound-healing assays were performed to evaluate the 
impact of NR2F2 knockdown on the migration of A431 NR2F2 shRNA 1 and 
2 SCC cell lines. The assay was performed in 24-well plates (n = 3 wells per 
condition)67. At confluency, cells were serum starved (1% FBS medium) for 24 h 
before manually creating a wound with a 200-µl tip. Next, cells were washed 
twice with PBS and re-incubated in 1% FBS medium. To evaluate wound closure, 
pictures were processed using ImageJ software.

CIA1 treatment. CIA1 was obtained from MolPort (molport-002-661-412). All 
treatments were performed as previously described44. For cell viability assay, cells 
were seeded in a 96-well plate with transparent bottom at 3,000 cells per well, 
adding the inhibitor the following day. After 72 h of incubation, cell viability was 
assessed using CellTiter-Glo Luminescent Cell Viability Assay (G7570, Promega) 
according to manufacturer’s instructions.
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For the in vivo TPC assay, A431 cells were pre-treated with 4 μM CIA1 for 12 h 
before the graft. After grafting, mice were treated for 2 weeks daily with 2.6 mg kg−1 
CIA1 dissolved in 10% (2-hydroxypropyl)-β-cyclodextrin (332593, Sigma-Aldrich) 
in sterile saline solution and administered by i.p. injection. The end point of the 
experiment was at 10 weeks after grafting, unless tumor size reached the limit 
point before. For the experiments of CIA1 treatment in established tumors, we 
grafted 105 A431 cells into immunodeficient mice. Once tumor size reached a 
palpable size (diameter of about 0.2–0.3 cm), we started daily treatment with CIA1 
as previously described. Tumor size was measured weekly with a caliper during the 
entire experimental process. Tumor volume was calculated with the formula: V = π 
x (d2 × D) / 6, where d is the minor tumor axis and D is the major tumor axis. At the 
end of the experiment, mice were killed and tumor tissue was removed for further 
examination. DMSO injection was used as control condition.

Metastasis assay. The different FACS-isolated tumor cell subpopulations or 
cultured cell lines were collected in 4 °C medium. Cells were resuspended in PBS 
in 50 μl PBS and injected into the tail vein of NOD/SCID/Il2Rγ null mice (50,000 
cells per injection for mouse primary SCC cells; 100,000 cells for SK-MES-1 and 
corresponding KO and rescue lines). Mice were killed at 30 d (for mouse SCC 
cells; Fig. 6j) and 60 d (for lung hSCC cells; Fig. 6k) and lungs were analyzed to 
detect the presence of metastases. The number of metastases was quantified on 
ten cryosections per lung (separated by 100 μm) and presented as number of 
metastases per lung. The metastases were characterized by K14 and vimentin 
expression (mouse SCC cells) or pancytokeratin and Ku80 expression (hSCC cells) 
by immunofluorescence.

RNA extraction and real-time PCR. RNA extraction from FACS-isolated cells 
was performed using RNeasy micro kit (QIAGEN) according to the manufacturer’s 
recommendations. qRT–PCR analysis was performed under standard conditions. 
All primer sequences are provided in Extended Data Table 1.

Microarray analysis. Total RNA was analyzed using the Mouse Genome 430 PM 
strip arrays from Affymetrix at the Functional Genomics Core of IRB Barcelona 
microarray facility (transcriptional profiling of NR2F2 OE papillomas and NR2F2 
KO carcinomas) or at the VIB MicroArray Facility in Leuven (transcriptional 
profiling of CD34+ cells from SCC and papilloma). To normalize the data, 
the robust multi-array average expression method from the affy package was 
used68. Two different biological replicates from Ctrl SCC and NR2F2 KO SCC 
tumor epithelial cells and for Pap Ctrl and Pap GOF were analyzed. Genes with 
a fold change in linear scale of expression ≥2 were considered as upregulated/
downregulated. The analysis yielded a total of 1,029 downregulated genes and 
991 upregulated genes in loss of function SCCs; 632 upregulated and 1,559 
downregulated genes in the papilloma GOF models, respectively. For the 
CD34+ array, we analyzed four different biological replicates for SCC and three 
for papillomas. Genes with a fold change in linear scale of expression ≥2 were 
considered as regulated. The analysis yielded a total of 184 upregulated genes and 
143 downregulated genes in CD34+ cells from SCC compared to papilloma.

RNA-sequencing. RNA extraction from FACS-isolated cells was performed using 
RNeasy micro kit (QIAGEN) according to the manufacturer’s recommendations. 
Before sequencing, the quality of RNA was evaluated by Bioanalyzer 2100 
(Agilent). Indexed complementary DNA libraries were obtained using the Ovation 
Solo RNA-seq Systems (NuGen) following manufacturer’s recommendations.

The multiplexed libraries were loaded on flow cells and sequences were 
produced using a NovaSeq 6000 S2 Reagent kit (200 cycles from a NovaSeq 
6000 System, Illumina). Approximately 19 million paired-end reads per sample 
were generated and quality checks were performed with FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). The adaptor sequences and 
low-quality regions were trimmed by Trimmomatic69. Trimmed reads were mapped 
against the mouse reference genome (GRCh38/hg38) using STAR software70 to 
generate read alignments for each sample. Annotations for GRCh38.87 were 
obtained from ftp.Ensembl.org. After transcript assembling, gene-level counts 
were obtained using HTseq (v.0.11.1)71 and normalized to 20 million of aligned 
reads. Average expression for each gene for the different tumor cell populations 
was computed based on at least two biological replicates and fold changes were 
calculated between the subpopulations. For the experiments described in Fig. 8, 
genes with a fold change of expression ≥1.5 were considered as upregulated and 
those having a fold change of expression ≤0.66 were considered downregulated.

ChIP-sequencing. For ChIP-seq, cells were collected after induction of doxycycline 
(1 µg ml−1). Cells were fixed with fresh 200 mM solution of Di(N-succinimidyl) 
glutarate for 20 min and 37% formaldehyde for 8 min. Fixed cells were quenched 
with 100 µl of Glycine Stop solution (10X) (Active Motif) for 5 min. Chromatin 
shearing was performed using the ChIP-IT Express kit (Active Motif) according 
to the manufacturer’s recommendations. ChIP was performed using Dynabeads 
Protein G (Invitrogen) and HA-tag antibody (Abcam, ab9110). Purification 
was performed using the iPure kit v2 (Diagenode). The sequencing library was 
constructed using NEB Next Ultra II DNA library Prep kit for Illumina (Biolabs) 

according to manufacturer’s instructions and subsequently sequenced on a 
Novaseq 6000 platform (Illumina).

ChIP-sequencing analysis. Before starting the alignment and downstream 
analysis, quality checking was performed by FastQC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). The alignment and peak calling were managed 
by Consortium des Équipements de Calcul Intensif. Adaptor sequences and 
low-quality regions were removed with Trimmomatic69 (v.1.11) paired-end mode 
using options ‘HEADCROP:10 CROP:65 ILLUMINACLIP:adaptor.file:2:30:10 
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:50’. Trimmed 
reads were then aligned to human reference genome hg38 using Bowtie2 (ref. 72) 
(v.2.3.4.2) using options ‘-X 2000 -q -p 6 -t –fr –very-sensitive –no-discordant 
–no-unal –no-mixed’. Mitochondrial reads, reads from unmapped and random 
contigs, reads without unique alignment, reads with a mapping quality <20 and 
reads which were not properly mapped were removed using SAMtools73 (v.1.11). 
Duplicate reads were removed by Picard Mark Duplicates (http://broadinstitute.
github.io/picard/). Peak calling was performed by macs2 (ref. 74) (v.2.2.5) using 
options ‘-f BAMPE -g hs -p 0.01 –nomodel’. Blacklisted regions were filtered out by 
BEDtools75 intersect (v.2.27.1).

The raw count was globally normalized into count per 1 million. Peaks 
were associated with genes with GREAT76 software (v.4.0.4) with the following 
parameters: 5.0 kb in proximal upstream, 1.0 kb in proximal downstream and up to 
100.0 kb in distal.

De novo motif prediction was performed using findMotifsGenome.pl program 
in HOMER77 (v.4.10) software using parameters ‘-size −250,250 -S 15 -len 
6,8,10,12.’

Gene Ontology analysis. Gene Ontology analysis based on the datasets from the 
transcriptional profiling of mouse SCC was performed using the Enrichr online 
software (https://maayanlab.cloud/Enrichr/)78,79.

TCGA data acquisition and analysis. The Cervical SCC dataset, disclosed by 
The Cancer Genome Atlas (TCGA), was downloaded from the National Cancer 
Institute portal at https://portal.gdc.cancer.gov. It contains RNA-seq raw count 
data as well as clinical information. Raw count expression data were normalized by 
computing the log2 transcripts per million method.

For statistical analysis, gene expression data were stratified into two groups 
on the basis of NR2F2 expression. The top-tertile cutoff point was defined as the 
third tertile value of NR2F2 distribution. Samples with an expression level higher 
or lower than the selected cutoff-point threshold were classified as ‘high’ and ‘low’, 
respectively. Statistical significance of the difference in survival was computed 
using the Cox proportional hazard model and the log-rank test P value reported on 
Kaplan–Meier survival curves80.

All analyses were performed on the R platform (v.3.4.4). All statistical analyses 
were performed as two-sided.

For the survival analysis in correlation with NR2F2 signature, the Cervical SCC 
TCGA dataset with at least 100 patients was downloaded from the National Cancer 
Institute portal at https://portal.gdc.cancer.gov. Raw count expression data were 
normalized by computing the log2 transcripts per million method. Only primary 
tumors were kept for the analysis (metastatic samples were removed from the 
analysis).

Statistics and reproducibility. The sample size was chosen based on previous 
experience in the laboratory for each experiment to yield high power to detect 
specific effects. No statistical methods were used to predetermine sample size. No 
data were excluded from analyses. We did not test for normality of datasets. For 
in vivo studies on primary mouse models, animals were chosen based on correct 
genotypes. All animals started the treatment with DMBA/TPA at 6–8 weeks of age 
or were induced with tamoxifen at 28–35 d after birth. Sex-specific differences were 
minimized by including similar numbers of male and female animals in all cases. 
Investigators were blinded to mouse genotypes during the analysis, imaging and 
quantifications (histology analysis, quantifications and FACS).

Two-tailed Mann–Whitney U-test, Welch’s t-test, one-tailed t-test, unpaired 
t-test, Fisher’s exact test, mixed-model two-way ANOVA and tumor-onset analysis 
(Kaplan–Meier) were performed using GraphPad Prism v.8 for Mac (GraphPad 
Software, www.graphpad.com). The corresponding tests used are annotated in 
figure legends. The TPC frequency was computed using ELDA online software 
as previously described81, reporting the stem cells estimate number (TPC) and 
the P value of the chi-squared test (http://bioinf.wehi.edu.au/software/elda/). 
All statistical analyses are based on biological replicates (corresponding to n 
indicated in the text, figures or figure legends). No technical replicates were used 
for statistical tests. All immunostaining experiments reported in the manuscript 
are representative of at least four independent experiments (four control and four 
KO/NR2F2 OE samples). Microarray, RNA-seq and ChIP-seq experiments were 
performed in duplicate. All western blot images represent results obtained in at 
least three replicates, unless otherwise specified. The images in Extended Data  
Fig. 7b–d are representative of three independent experiments. Unprocessed 
western blot images are included in source data.
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Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All the raw microarray and sequencing data have been deposited in the Gene 
Expression Omnibus under the following accession codes: GSE164605 (reference 
series of the whole data), GSE175726 (human RNA-seq), GSE164597 (microarray 
carcinoma and papilloma CSCs), GSE164602 (microarray papilloma GOF versus 
Ctrl and carcinoma loss of function versus Ctrl), GSE175724 (ChIP-seq). All other 
relevant data are available from the corresponding author upon reasonable request. 
Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | NR2F2 expression is associated with tumor progression in mouse squamous skin tumors. a: Scheme of the strategy used to 
isolate and transcriptionally profile CSCs from benign papillomas and malignant carcinomas. b: Bar graph representation of the relative mRNA expression 
of the transcription factors that are most highly upregulated in CD34+ cells from mouse malignant carcinoma vs benign papillomas (Fold change CD34+ 
CSC from carcinoma / papilloma; cells isolated from independent n=4 carcinoma samples and 3 papilloma samples). Data are represented as mean ± SEM  
of the ratio between the gene expression level in CD34+ cells in carcinoma samples and the average of all papilloma samples. c: Immunostaining for GFP 
(tumor cells), NR2F2 and Ki67 (proliferating cells) in DMBA SCC. Representative images of minimum 5 independent biological replicates. d: Quantification 
of the percentage of proliferating tumor cells that are positive for NR2F2 expression (n=9 independent tumor samples). e: Immunostaining for K14 
(Epithelial tumor cells), K10 (differentiating cells) and Itgβ4 (basal membrane), NR2F2 and CD31 (endothelial cells) in papillomas from Ctrl and NR2F2 KO 
mice (K14Cre Nr2f2flox). Representative images of 5 independent biological replicates. f: Immunostaining for K14 (Epithelial cells), YFP (tumor cells) and 
Vimentin (mesenchymal cells) in differentiated, mixed and mesenchymal genetic tumors (lgr5CreER/KRasG12D/p53flox/RosaYFP). Serial sections from the 
same tumor samples shown in Fig. 1c. Representative images of minimum 4 independent biological replicates per tumor type. g: NR2F2 is necessary for 
malignant progression in K14CreER/KRasG12D/p53flox/RosaYFP. Number of benign tumors (papillomas) and of malignant SCC per mouse in Ctrl and NR2F2 
KO (n=9 Ctrl and 9 NR2F2 KO mice). Scale bar=50 µm. Data in d and g are represented as mean ± SEM. The p-values are calculated using a two-tailed 
Mann-Whitney test.
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Extended Data Fig. 2 | NR2F2 ectopic expression induces defects of epidermal differentiation. a-c: Ectopic NR2F2 expression induces weight loss and 
death. a: Scheme of the transgene allowing Doxycycline inducible expression of NR2F2-3XFlag. b: Survival curve of the mice after NR2F2 induction (n=9 
mice per genotype). c: Graph of the weight of NR2F2 GOF mice and control counterparts after NR2F2 induction (n=2 mice per condition). d-f: Ectopic 
expression of NR2F2 induces defect of epidermal differentiation. d: HE and immunostaining for K14, Flag, K10, Ki67 and ZO-1 in mouse skin in NR2F2 GOF 
and Control. e: HE and immunostaining for K14, NR2F2, Flag, and Loricrin in mouse tongue in NR2F2 GOF and Control. f: HE and immunostaining for K14, 
NR2F2, Flag, and Itgβ4 in mouse stomach in NR2F2 GOF and Control. Representative images of at least 4 independent biological replicates are shown in 
d-f. The p-values are calculated using the Long-Rank-Mantel-Cox test in b. Scale bar = 50 µm.
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Extended Data Fig. 3 | NR2F2 promotes tumor stemness in human SCC. a: Proportion of secondary tumor formation and tumor propagating cell 
frequency calculated using the extreme limiting dilution analysis (ELDA) for A431 (skin SCC), SK-MES-1(lung SCC) and Kyse-70 (esophagus SCC) WT 
and NR2F2 KO human SCC cell lines. p-value is calculated using chi-squared test. b: Proportion of secondary tumor formation and tumor propagating cell 
frequency calculated by using the extreme limiting dilution analysis (ELDA) for A431, SK-MES-1 and Kyse-70 parental SCC cell lines and NR2F2 KO rescue 
clones carrying the NR2F2-3HA transgene. p-value is calculated using chi-squared test.
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Extended Data Fig. 4 | NR2F2 expression is necessary for malignant tumor maintenance in murine SCC. a: Tumor size over time and b: HE in NR2F2 
KO SCC that reaches a steady size. Higher magnification shows that the residual mass is formed by terminally differentiated cells (Area 1) or necrotic/
fibrotic tissue (Area 2). c: Tumor size over time and d: immunostaining for K14, NR2F2 and CD31 show that relapsing tumors escaped tamoxifen induced 
Nr2f2 deletion. e: Immunostaining for K14 (epithelial tumor cells), E-Cad (adherens junctions) and K10 (differentiation marker) at 3 days, 1 week and 2 
weeks after beginning of doxycycline induction in Ctrl papillomas. f: Immunostaining for K14 (epithelial tumor cells), E-Cad (adherens junctions) and K10 
(differentiation marker) at 3 days, 1 week and 2 weeks after beginning of doxycycline induction in NR2F2 OE papillomas. Representative images of at least 
4 independent biological replicates are shown in e and f. Scale bar = 50 µm, except overview scale bar = 1mm.
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Extended Data Fig. 5 | Downstream changes induced by NR2F2 loss of function in mouse SCC. a: Gene ontology analysis of the genes that are 
upregulated in NR2F2 KO carcinomas, showing categories that are significantly enriched (dotted line p=0,05). The p-value is calculated according to the 
Benjamini-Hochberg method for multiple hypothesis testing. b: Bar graph representation of selected genes that are upregulated in NR2F2 KO tumors, 
grouped by their respective function (Fold change KO/Control; n=2 Ctrl and NR2F2 KO carcinomas, independent biological replicates). c: Immunostaining 
for K14 (tumor cells) and K8 (progression marker) in NR2F2 KO and Ctrl SCC. d: Quantification of K8 expressing tumor cells in NR2F2 KO and Ctrl 
SCC (n=22 Ctrl and 13 NR2F2 KO tumors). Scale bar = 50 μm. Data in d are represented as mean ± s.e.m. The p-value is calculated using a two-tailed 
Mann-Whitney U-test.
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Extended Data Fig. 6 | Effects of NR2F2 inhibition in a human skin SCC model. a: Relative expression level of NR2F2 in A431, SK-BR3 and MDA-MB-468 
cells (n=2 biological replicates). Data are normalized to MDA-MB-468. Data are represented as mean ±SEM. b: Viability of A431, SK-BR3 and 
MDA-MB-468 cells 72h after CIA1 treatment in vitro (n=3 biological replicates). Data are represented as mean ± SD. c: Proportion of secondary tumor 
formation and tumor propagating cell frequency calculated by using the extreme limiting dilution analysis (ELDA) of human skin SCC cells (A431) 
following CIA1 treatment. p-value is calculated using a chi-squared test. d: Histology of CIA1 treated xenograft tumors. Immunostaining (left) for PHH3 
(mitotic cells) and K14 (Tumor cells) and quantification (right) of PHH3+ cells/mm2 (n=4 Ctrl and 4 CIA1 treated tumors). Scale bar = 50 µm. Data are 
represented as mean ± s.e.m. The p-value is calculated using the two-tailed Mann-Whitney U-test.
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Extended Data Fig. 7 | NR2F2 loss of function characterization in skin human SCC cell lines. a: WB for NR2F2 and β-actin in A431 control and NR2F2 
shRNA KD #1 and #2 human cell lines. b: NR2F2 knockdown alters the growth of spheroids of A431 skin SCC cell lines. Pictures were taken 4 and 11 
days after seeding. Representative images of 3 independent experiments. c, d: Wound-healing assay of NR2F2 shRNA KD #1 (c) and #2 (d) following 
doxycycline induction. Scale bar=500 µm. Representative images of 3 independent experiments. e: qRT-PCR of upregulated and downregulated genes 
following NR2F2 KD and CIA1 exposure in A431 cell line (n=3 technical replicates). Data are represented as mean ± s.e.m. f: WB for NR2F2, HA and 
β-actin in A431 NR2F2 GOF human cell line (A431 WT and 3HA-NR2F2 GOF). g: Overlap of the A431 NR2F2 ChIP-seq peaks with the downregulated and 
upregulated genes in the NR2F2 KD#2 cell line (p-values are calculated using a Two-sided hypergeometric test). h: Overlap of the A431 NR2F2 ChIP-seq 
peaks with the downregulated and upregulated genes in the NR2F2 KO mouse SCC. p-values are calculated using a Two-sided hypergeometric test. WBs 
are representative of two independent experiments with similar results in f, and three independent experiments with similar results in a.
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