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Abstract
Background  Alteration in metabolic activities is a critical step in cancer progression. Myriad metabolic-based therapy options are increas-
ingly being proposed for human tumours. However, emerging evidence highlights interpatient metabolic heterogeneity and underscores the 
importance of metabolic phenotyping in cancer treatment.
Objectives  To investigate metabolic heterogeneity in cutaneous squamous cell carcinoma (cSCC) and its impact on cSCC characteristics 
and treatment responses.
Methods  We applied combined proteomic and bioenergetic analyses to patient samples representing various stages of cSCC, ranging from 
precancerous actinic keratosis to metastatic cSCC. To investigate the functional impacts of the identified metabolic heterogeneities on tumour 
characteristics and treatment responses, we used patient-derived tumour cell (PDC) and patient-derived xenograft (PDX) models by trans-
planting tumour cells and freshly resected patient tumours into immunocompromised mice.
Results  Three subgroups with low, medium and high metabolic scores, respectively, were identified across all stages of carcinogenesis. 
Functional analyses indicated that, in both models (PDC and PDX), the sensitivities of tumours to leflunomide, an inhibitor of dihydroorotate 
dehydrogenase (DHODH), were inversely correlated with their metabolic scores and directly correlated with DHODH protein expression level. 
Moreover, DHODH overexpression in nonresponding groups rendered them sensitive to leflunomide.
Conclusions  The findings demonstrate the relevance of metabolic profiling and scoring in the design of therapeutic approaches targeting the 
bioenergetic vulnerabilities of tumours and suggest DHODH as a promising therapeutic target in the low metabolic score subgroup of cSCC.
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Cutaneous squamous cell carcinoma (cSCC) is the sec-
ond most common nonmelanoma skin cancer, with a ris-
ing incidence due to population ageing and ultraviolet (UV) 
exposure.1,2 It can manifest as a spectrum of progressively 
advanced malignancies, ranging from precursor actinic ker-
atosis (AK) to in situ, invasive and, finally, metastatic cSCC.3 
While most cases have a good prognosis, aggressive forms 
– especially in immunocompromised patients or when left 
untreated –can be fatal.4,5 Despite updated European guide-
lines for identifying high-risk cases,6–9 a recent study found 
that, among 190 patients with advanced cSCC, 58% initially 
presented with low-stage tumours (Tis, T1 and T2).10 This 
highlights the need for new profiling methods and precision 
medicine approaches.

Metabolic reprogramming plays a key role in cancer 
development,11 making tumour bioenergetic vulnerabilities 
a promising target for personalized therapy.12,13 Tumours 
have varied metabolic profiles, with some favouring glycol-
ysis (the Warburg effect)14,15 and others relying on oxidative 

phosphorylation (OXPHOS).16 Our earlier work revealed that 
metabolic reprogramming begins early in cSCC formation 
through the activation of dihydroorotate dehydrogenase 
(DHODH).17 DHODH is a rate-limiting enzyme in de novo 
pyrimidine synthesis, converting dihydroorotate to orotate. 
It also contributes to the electron transport chain by reduc-
ing ubiquinone to ubiquinol.18 DHODH is upregulated in 
UVB-induced tumours, and its inhibition by the US Food 
and Drugs Administration-approved drug leflunomide (LFN) 
blocks UVB-induced tumours.19–21 These findings highlight 
DHODH as a promising target for cSCC prevention and 
treatment.

Bioenergetic vulnerability-based cancer therapies are 
gaining interest,22 but studies show significant interpatient 
metabolic heterogeneities, highlighting the need for meta-
bolic phenotyping in cancer therapy.23,24 For instance, lung 
cancers with high mitochondrial respiration respond to 
fatty acid α-oxidation inhibition.24,25 Similarly, Gentric et al. 
found that high OXPHOS ovarian cancer subgroups were 

What is already known about this topic?

•	 Alteration in metabolic activities is a critical step in cancer progression.
•	 Metabolic reprogramming occurs at an early stage of ultraviolet B (UVB)-induced tumorigenic transformation of keratinocytes in 

chronically irradiated SKH-1 mice.
•	 Dihydroorotate dehydrogenase (DHODH) was found to be upregulated in UVB-induced cutaneous squamous cell carcinoma (cSCC).
•	 Treatment of mice with leflunomide (an inhibitor of DHODH) blocked UVB-induced cSCC formation.

What does this study add?

•	 Proteomic-based metabolic profiling defines three distinct bioenergetic subgroups of cSCC with low, medium and high metabolic 
scores, respectively, across all stages of carcinogenesis.

•	 Sensitivity of human cSCC to leflunomide is inversely correlated with metabolic scores.
•	 DHODH expression levels are inversely correlated with a tumour’s metabolic score.
•	 Increasing DHODH expression in nonresponding groups sensitizes them to leflunomide.

What is the translational message?

•	 Metabolic profiling and scoring are key for designing therapeutic approaches targeting the bioenergetic vulnerabilities of tumours.
•	 Energy metabolism score and DHODH expression level serve as predictive markers for sensitivity to leflunomide treatment.
•	 DHODH is a promising therapeutic target in the low metabolic score subgroup of cSCC.

Lay summary

Cutaneous squamous cell carcinoma (cSCC) is the second most common type of skin cancer. The number of cases is rising due to 
ageing populations and exposure to UV light. Most patients with cSCC have a good outcome. But, aggressive forms of cSCC can lead 
to poor outcomes and even death. We need new treatments and ways to find patients with cSCC who may respond well to specific 
therapy. Cancer cell metabolism is the way in which tumour cells generate energy. This plays a crucial role in how cancer cells behave 
and respond to treatment.

In this study, we created a metabolic scoring system to classify cSCC tumours. We investigated how these scores relate to tumour 
characteristics and treatment responses. Using cSCC samples and comparing them to healthy skin, we found three cSCC subgroups. 
These subgroups had low, medium and high metabolic scores. cSCC tumours with low metabolic scores responded better to a drug 
called ‘leflunomide’. Leflunomide targets a key enzyme in metabolism called ‘dihydroorotate dehydrogenase’ (DHODH). cSCC tumours 
became sensitive to leflunomide when the levels of DHODH were higher.

A metabolic scoring system could help personalize treatment for patients with cSCC. It may help find people who respond well to 
treatments targeting tumour metabolism. Treatments that target DHODH are promising in cSCC tumours with low metabolic scores.
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more responsive to conventional chemotherapies than low 
OXPHOS subgroups.26

In this study, we profiled the metabolism of cSCC sam-
ples across stages of carcinogenesis and identified three 
subgroups with low, medium, and high metabolic scores, 
respectively, even at the precancerous stage. Based on this 
heterogeneity, we hypothesized that sensitivity to DHODH 
inhibitors varies by subgroup. Using PDX and PDC models, 
we showed that DHODH inhibitor efficacy correlates with 
metabolic score, highlighting its potential for predicting 
treatment response.

Materials and methods

The MITOSKIN project is a translational prospective study 
conducted in the Dermatology Department of Bordeaux 
University Hospital. For this study, every patient presented 
with a suspected lesion at different stages of carcinogene-
sis (AK, cSCC in situ, invasive cSCC, locally advanced cSCC, 
recurrent cSCC and cutaneous metastasis of cSCC). They 
were subjected to two biopsies of the tumour (one in for-
mol for histopathological analysis to confirm the diagnosis 
of AK or cSCC, the other frozen in liquid nitrogen) and one 
of healthy tissue (also frozen in liquid nitrogen). The main 
clinical features of the cohorts are summarized in Table S1 
(see Supporting Information). The analyses of tumour sam-
ples were performed according to the relevant national law, 
which protects people taking part in biomedical research. 
The MITOSKIN study is registered with ClinicalTrials.gov 
(NCT04389112). Additional materials and methods are pro-
vided in Appendix S1 (see Supporting Information).

Results

Proteomic profiling reveals that certain 
metabolic processes are significantly enriched in 
differentially expressed proteins throughout cSCC 
progression

Developing innovative cancer treatments requires a com-
prehensive understanding of molecular and cellular changes 
during tumour progression. To identify key proteins and pro-
cesses involved in driving cSCC development, we performed 
large-scale quantitative label-free differential proteomic anal-
ysis on skin samples from 60 patients at various stages of car-
cinogenesis: AK (n = 16), cSCC in situ (n = 15), invasive cSCC 
(n = 14) and recurrent/metastatic cSCC (n = 15) (Figure 1a;  
Table S1). For each patient, paired healthy tissue at least 
5 cm from the tumour was also collected. The distribution of 
age, patient sex and anatomical tumour location are shown 
in Figure 1(b–d). A total of 5509 proteins were identified, 
with at least two unique peptides and a 1% false discovery 
rate. Of these, 170, 168, 177 and 176 differentially expressed 
proteins were discerned when comparing AK, cSCC in situ, 
invasive cSCC and recurrent/metastatic cSCCs, respectively, 
with their matched healthy skin (Figure 1e, f). Protein fold 
changes were calculated by comparing tumour and healthy 
tissues across patients, as detailed in the methods.

To identify potential biomarkers and molecular alterations 
associated with cSCC progression, we then looked for the 

proteins that (i) displayed consistent trends of up- or down-
regulation during cSCC development and (ii) exhibited sig-
nificant differences between AK and recurrent/metastatic 
cSCC. Our analysis identified 93 such proteins with 60 
downregulated and 33 upregulated in the latter stage (Figure 
2a, b). We then conducted enrichment analysis using the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way and WikiPathways annotation terms via ‘gprofiler2’, an 
R package for gene list functional enrichment analysis and 
namespace conversion toolset (version 0.2.3). To pinpoint 
the most representative annotation terms associated with 
these differentially expressed proteins, we applied ORSUM 
(version 1.7.0), a Python-based enrichment filtering tool.27 
The top representative terms and their ranking quartiles 
are presented (Figure 2c, d). Analysis of the enriched terms 
revealed that metabolic processes, such as ‘fatty acid 
metabolism’, ‘metabolic pathways’ and ‘pyruvate metabo-
lism’, are associated with cSCC tumour progression (Figure 
2c, d).

Proteomic-based metabolic profiling defines three 
distinct bioenergetic subgroups of cSCC

Certain metabolic pathways, such as lipid metabolism, 
were identified as being altered during cancer progression. 
In contrast, key energy metabolism pathways – specifically 
OXPHOS, glycolysis and the tricarboxylic acid (TCA) cycle 
– did not exhibit significant enrichment in our analysis. This 
finding may suggest underlying metabolic heterogeneity 
among patients at different stages of carcinogenesis. To fur-
ther investigate this hypothesis, the expression levels of pro-
teins involved in OXPHOS, glycolysis, the TCA cycle and fatty 
acid β-oxidation pathways were compared between each 
patient’s tumour and corresponding healthy tissue (Figure 
3a). Based on these expression levels and using principal 
component analyses (K-means clustering), patients with 
AK, cSCC in situ, invasive cSCC and metastatic cSCC were 
classified into three metabolic subgroups (Figure 3b). We 
then calculated metabolic scores (MetScorepathway) for these 
four pathways using sentiment analysis approaches,28,29 as 
detailed in the ‘Materials and methods’ section (Figure 3c). 
The overall metabolic score for each tumour (MetScoreTumour) 
was finally determined by averaging the scores from these 
four pathways, resulting in the identification of three met-
abolic subgroups – ‘low’, ‘medium’ and ‘high’ metabolic 
profiles – within each clinicopathological stage (Figure 3c, 
d). A comparison of the MetScoreTumour across these three 
defined metabolic profiles found significant differences 
between the groups (Figure 3d).

We then analysed the metabolic canonical pathways to 
identify those that could serve as prognostic metabolic mark-
ers. To this end, mean metabolic scores for each pathway 
were calculated within each of the three metabolic profiles 
(‘low’, ‘medium’ and ‘high’), resulting in three mean values 
per pathway. To select pathways that distinguish between 
the three metabolic profiles, we used the monotonic function 
in the R package ‘MonoInc’ (1.1), which assesses whether a 
series of values is monotonic and increasing. Pathways that 
exhibited increasing monotonicity from ‘low’ to ‘medium’ to 
‘high’ were selected (Figure S1, Table S2; see Supporting 
Information). Applying the MetScoreTumour calculation to 
these prognostic metabolic pathways revealed that patients 
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Figure 1  Fewer than 200 proteins were differentially expressed at different stages of cutaneous squamous cell carcinoma (cSCC) progression.  
(a) Schematic representation of cSCC progression ranging from (left to right) actinic keratosis (AK) to cSCC in situ to invasive cSCC and to 
metastatic/recurrent cSCC. A comprehensive label-free proteomic study was performed on 16 AKs, 15 cSCC in situ, 14 infiltrative cSCCs,  
15 recurrent/metastatic cSCCs and their respective healthy tissues (n = 120). (b, c, d) The distribution of age, patient sex and anatomical tumour 
location are shown. (e) Volcano plots show the differentially expressed proteins (DEPs) vs. their corresponding healthy skin samples. A total of 170, 
168, 177 and 176 DEPs were identified in AKs, cSCC in situ, invasive cSCCs and recurrent/metastatic cSCCs, respectively. (f) A Venn diagram was 
applied to present the common DEPs among the groups. Among these, seven common DEPs were detected across all stages of cSCC. F, female; 
H&E, haematoxylin and eosin; M, male.
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Figure 2  Proteome enrichment analysis reveals that metabolic processes are associated with differentially expressed proteins throughout 
cutaneous squamous cell carcinoma (cSCC) progression. (a) The heatmap on the left represents 60 proteins whose expression levels tend to 
decrease throughout cSCC development, while (b) the heatmap on the right shows 33 proteins with a tendency to increase throughout cSCC 
development. (c) Kyoto Encyclopedia of Genes and Genomes (KEGG) and (d) WikiPathways (WP) enrichment analyses were performed on the 
93 differentially expressed proteins. After applying ORSUM filtering, the top representative terms and the rank quartiles are presented. ACE, 
angiotensin converting enzyme; IL-6, interleukin 6; PPAR, peroxisome proliferator-activated receptor; UDP, uridine diphosphate.
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941Metabolic status predicts leflunomide efficacy, L. Dousset et al.

Figure 3  Metabolic heterogeneity among human cutaneous squamous cell carcinomas (cSCCs) at different stages of carcinogenesis. (a) Heatmap 
shows the fold change in the expression levels of proteins involved in oxidative phosphorylation (OXPHOS), glycolysis, the tricarboxylic acid 
(TCA) cycle and fatty acid β-oxidation in human patient lesions vs. their respective healthy skin. Each column represents a sample and each row 
represents a protein. Downregulated proteins are shown in blue, upregulated proteins in red and unchanged proteins in white. (b) K-means clustering 
was performed to classify the patients into three groups. (c) Metabolic scores for each pathway (MetScorepathway) were calculated for OXPHOS, 
glycolysis, the TCA cycle and fatty acid β-oxidation, as detailed in the ‘Materials and methods’. Patients with low, medium and high metabolic rate 
cSCC [based on the consensus k-means clustering in (b)] are coloured blue, green and red, respectively. (d) The metabolic score for each tumour 
(MetScoreTumour) was determined by averaging the metabolic scores of the four mentioned pathways and presented in a boxplot. MetScoreTumour were 
compared among low, medium and high metabolic score groups. P -values were obtained from a one-way anova test. ns, not significant  
(i.e. P > 0.05). *P < 0.05; ***P < 0.001; ****P < 0.0001.
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in the high metabolic rate subgroup had significantly higher 
scores than those in the low metabolic rate subgroup at 
all stages of carcinogenesis (Figure S1a, b). Notably, most 
of these pathways are involved in energy production, lipid 
metabolism, amino acid metabolism or NAD+ bioavailability. 
The consistent up- or downregulation of these pathways 
across the identified metabolic subgroups suggests a coor-
dinated metabolic adaptation.

To assess whether the MetScores reflect the functional 
metabolic characteristics of tumours, biochemical functional 
analyses were conducted on selected infiltrative cSCC 
tumours and their corresponding healthy tissues. Tumours 
with low MetScores exhibited reduced glucose uptake, oxy-
gen consumption rate and mitochondrial complex IV activity 
vs. their matched healthy tissues. In contrast, those with 
high MetScores demonstrated increased levels of these 
metabolic functions relative to their corresponding healthy 
tissues (Figure S2; see Supporting Information). Overall, our 
results revealed significant metabolic heterogeneity among 
cSCC samples and identified three distinct bioenergetic sub-
groups at every stage of cSCC carcinogenesis.

Sensitivities of human cSCC patient-derived 
xenografts to leflunomide were dependent on 
the energy metabolism score of primary human 
tumours

To examine the functional impact of the identified metabolic 
heterogeneities on tumour treatment responses, we investi-
gated the effect of LFN on patient-derived xenografts (PDXs) 
of human cSCCs with different metabolic scores. Of note, 
LFN was selected based on our previous findings, which 
showed that DHODH represents a metabolic vulnerability 
that could be targeted to inhibit cSCC progression due to its 
pivotal role in the interplay between several metabolic path-
ways (e.g. OXPHOS, nucleotide biosynthesis, ATP synthesis 
and redox signalling) (Figure 4a).17,21 To establish a PDX bio-
bank of human cSCC, tissue samples were processed within 
1 h of biopsy and implanted subcutaneously into NSG® mice. 
A portion of these samples was also subjected to proteomic 
analysis. Thirty samples were successfully engrafted, includ-
ing 2 normal-appearing skin samples from UV-exposed 
areas, 5 AKs, 7 cSCC in situ, 12 invasive cSCCs and 3 locally 
advanced cSCCs (F1). While none of the healthy-appear-
ing skin samples or AK samples demonstrated growth in 
the F1 engraftment, successful growth was observed in 1 
of 7 (14%) cSCC in situ, 4 of 12 (33%) invasive cSCCs and 
2 of 3 (66%) locally advanced cSCCs. These successfully 
engrafted samples were then reimplanted into NSG mice 
(F2) and maintained through serial passaging for more than 
three generations (≥ F3) (Figure 4b).

To investigate whether the effect of LFN depends on the 
energy metabolism score, three successfully engrafted inva-
sive cSCC samples, initially scored as low, medium and high 
metabolism (MetScoreTumour values of –0.45, 0.33 and 0.88, 
respectively), were transplanted into eight mice (Figure 4b). 
When tumours reached 200 mm3, vehicle and LFN were 
administered orally. Interestingly, tumours derived from a 
low MetScore cSCC were susceptible to LFN, whereas 
those derived from a medium MetScore cSCC were less 
sensitive and tumours derived from a high MetScore cSCC 
showed no sensitivity to LFN (Figure 4c).

To assess the link between LFN sensitivity and DHODH 
expression, Western blot analysis was performed. Tumours 
with low and medium MetScores had higher DHODH pro-
tein levels than their corresponding healthy tissues, whereas 
high MetScore tumours exhibited reduced DHODH expres-
sion (Figure 4d). Further analysis of eight additional cSCC 
samples revealed consistently higher DHODH levels in low 
MetScore tumours vs. matched healthy tissues, while high 
MetScore tumours displayed reduced or unchanged expres-
sion (Figure 4e, f). Taken together, our results demonstrate 
that the sensitivity of PDXs to LFN treatment depends on 
their metabolic score and level of DHODH expression.

Metabolic profiles of cells dictate the inhibitory 
efficacy of leflunomide on tumour growth and 
their metastatic potential

We used six cSCC cell lines isolated from different stages 
of carcinogenesis (Figure S3a, Table S3; see Supporting 
Information). MET1, MET2 and MET4, representing distinct 
stages of carcinogenesis, were isolated from a patient who 
had a kidney transplant. IC1MET cells were isolated from 
a patient with metastatic cSCC, while IC12 and IC18 cells 
were from invasive cSCC (Figure S3a).

To characterize the metabolic features of these cell lines, 
a label-free proteomic approach was applied, similar to that 
used for human tumours. Using the same analytical method, 
we classified them into three categories with low, medium 
and high MetScores (Figure S3b). To evaluate their meta-
static potential, these cell lines were transduced with a len-
tiviral vector expressing luciferase before xenografting. After 
transplantation into mice and once the tumours reached an 
average volume of 200 mm3, mice were divided into two 
groups: one group received vehicle alone and the other LFN. 
After monitoring tumour growth for 1 month, the tumours 
were resected and the mice underwent imaging 1 week 
later to detect metastasis (Figure S3c). Treatment with LFN 
was well tolerated by the mice: no loss of bodyweight was 
seen (Figure S3d), and there was no difference in behaviour 
among the different groups. The results showed that LFN 
treatment significantly reduced the growth of IC1MET and 
MET2 tumours (Figure S3e), as well as the specific growth 
rate (SGR; Figure S3f). In contrast, MET4 and IC12 tumours 
continued to grow, with no significant difference in tumour 
growth rates between the vehicle- and LFN-treated groups 
(Figure S3e, f).

Histological examination of resected tumours revealed 
that vehicle-treated IC1MET and MET2 tumours were less 
differentiated than LFN-treated tumours (Figure S4A; see 
Supporting Information). This difference in differentiation 
was not found between vehicle- and LFN-treated MET4 and 
IC12 tumours (Figure S4a).

Focusing on the effect of LFN treatment on the metastatic 
behaviour of these cells indicated that while all mice in the 
vehicle-treated IC1MET group developed metastases, only 
about 60% of mice in the LFN-treated IC1MET group did 
[Figure S4b, Table S4 (see Supporting Information)]. On the 
contrary, the percentage of mice with metastases was sim-
ilar between vehicle- and LFN-treated MET4 groups (Figure 
S4b, Table S4). Notably, metastases were predominantly 
found in the inguinal and axillary lymph nodes, lungs and 
liver (Figure S4b, Table S4). No metastases were observed 
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Figure 4  Treatment of patient-derived xenografts (PDXs) reveals that low metabolic score tumours are sensitive to dihydroorotate dehydrogenase 
(DHODH) inhibition. (a) Schematic illustrating the role of DHODH in de novo pyrimidine synthesis and oxidative phosphorylation (OXPHOS). (b) PDX 
models were established by transplanting freshly resected patient tumours into NSG® immunodeficient mice. Primary tumours collected from patients 
at different stages of carcinogenesis were used, including normal-looking ultraviolet-exposed-skin (n = 2); actinic keratosis (AK; n = 5); cutaneous 
squamous cell carcinoma (cSCC) in situ (n = 7); invasive cSCC (n = 12) and locally advanced cSCC (n = 3). Only 7 of 30 PDXs were passageable for > 3 
passages (>>F3). (c) Punch biopsies taken from the F3 generation of three PDXs of invasive cSCC with low, medium and high metabolic scores were 
transplanted subcutaneously into 24 NSG mice (eight mice per group). When tumours reached 200 mm3, mice were orally administered leflunomide 
(LFN) or carboxymethylcellulose [vehicle (veh)]. Tumour growth was monitored and measured in low, medium and high metabolic score tumours 
in vehicle- and LFN-treated mice (n = 8 mice per group). *P < 0.05, ***P < 0.01, ****P < 0.001. (d) Representative Western blot showing DHODH 
expression levels in cSCCs with low, medium and high metabolic scores, used in the PDX experiment, along with their corresponding healthy tissues. 
A stain-free gel was used as a loading control. (e) Western blot showing DHODH expression levels in four low and four high metabolic score cSCCs 
and their corresponding healthy tissues. A stain-free gel was used as a loading control. (f) DHODH protein levels in tumours and their corresponding 
healthy tissues [shown in panels (d) and (e)] were quantified. A stain-free gel was used to normalize sample loading. A two-way repeated measures 
anova followed by Sidak’s test showed that DHODH protein expression was significantly higher in tumours compared with matched healthy tissue 
in the low MetScore group (P < 0.05) but not in the high MetScore group. CAD, carbamoyl-phosphate synthetase 2, aspartate transcarbamylase and 
dihydroorotase; CTP, cytidine triphosphate; dUDP, deoxyuridine diphosphate; dUMP, deoxyuridine monophosphate; H, healthy tissue; N-Sp, nonspecific 
band; OMP, orotidine 5’-monophosphate; PP, pyrophosphate; PRPP, phosphoribosyl pyrophosphate; Sp, specific band; T, cSCC tumour; TMP, thymidine 
monophosphate; UDP, uridine diphosphate; UMP, uridine monophosphate; UMPS, uridine monophosphate synthase; UTP, uridine triphosphate.

D
ow

nloaded from
 https://academ

ic.oup.com
/bjd/article/193/5/936/8176840 by SIC

O
D

 Bibliotheque U
niversitaire user on 30 O

ctober 2025



944 Metabolic status predicts leflunomide efficacy, L. Dousset et al.

in either treated or untreated xenografted mice with MET2 
or IC12 cells (Table S4).

Finally, DHODH activity measurements across different 
groups showed significantly higher DHODH activity in xen-
ografts from low metabolic score cells, which was markedly 
reduced by LFN treatment (Figure S4c). Taken together, our 
data suggest that LFN effectively limits tumour growth in 
the low metabolic score group.

Energy metabolism score and DHODH expression 
level serve as predictive markers for sensitivity to 
leflunomide treatment

To evaluate whether the sensitivity of these cell lines to LFN 
could also be attributed to the expression levels of DHODH, 
Western blotting was carried out (Figure 5a). DHODH pro-
tein expression levels in the cells with low and medium 

Figure 5  Overexpression of dihydroorotate dehydrogenase (DHODH) in nonresponder MET4 cells renders them sensitive to leflunomide (LFN) 
treatment. (a) A representative Western blot showing DHODH protein levels in MET1, MET2, MET4, IC1MET, IC12 and IC18 cells. A stain-free gel 
was used as a loading control. (b) The efficiency of different short hairpin (sh)DHODHs in reducing DHODH expression in IC1MET cells was tested 
by Western blot. GAPDH was used as a loading control. (c) DHODH mRNA expression levels were measured by quantitative reverse transcription 
polymerase chain reaction in IC1MET and MET4 cell lines. (d) DHODH was overexpressed following the transduction of MET4 cells with a lentiviral 
vector expressing DHODH. Heat shock protein 60 (HSP60) was used as a loading control. (e) IC1MET cell lines were transduced with lentiviral 
vectors expressing shControl (shCtrl) or shDHODH. Cells were transplanted into NSG® mice. Tumour growth rates (left) and specific growth rates 
(SGR; right) of shControl- and shDHODH-transduced IC1MET cells were assessed. Data are presented as mean (SEM). P -values were calculated 
using mixed-effect analysis (n = 10). (f) MET4 cells were transduced with lentiviral vectors expressing DHODH. Cells were transplanted into NSG 
mice and then either treated with vehicle or LFN. Tumour growth rates (left) and SGR (right) of MET4 overexpressing DHODH (DHODH+) treated 
with vehicle or LFN were assessed. Overexpression of DHODH sensitized these cells to LFN. Data are presented as mean (SEM). P -values were 
calculated using a two-way anova (n = 7). N-Sp, nonspecific band; Sp, specific band; VEH, vehicle. *P < 0.05; **P < 0.01; ***P < 0.001.
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metabolic scores were similar and were much higher than 
the levels found in MET4 and IC12 cells (Figure 5a). To fur-
ther investigate, the expression of DHODH was downregu-
lated in IC1MET cells and upregulated in MET4 cells using 
lentiviral vectors. Among different short hairpin (sh)DHODH 
constructs tested in vitro, shDHODH1 significantly reduced 
the DHODH expression, as shown in Figure 5(b, c). Lentiviral 
vector-mediated overexpression of DHODH in MET4 cells 
resulted in 2.53- and 3.43-fold increases at the mRNA and 
protein levels, respectively (Figure 5c, d). Six days after 
transduction, the cells were subcutaneously engrafted into 
NSG mice. A significant reduction in the kinetics of tumour 
growth rate and SGR were seen in the group that received 
shDHODH-transduced IC1MET cells compared with the 
group transplanted with shControl-transduced cells (Figure 
5e). The average tumour volume in MET4 cells overexpress-
ing DHODH, when treated with LFN, was significantly lower 
compared with those treated with the vehicle (Figure 5e), 
suggesting that DHODH upregulation sensitizes MET4 cells 
to LFN. Taken together, our results demonstrate that the 
sensitivity of cSCC cells to LFN treatment is determined by 
their metabolic score and DHODH expression level.

Discussion

Here, we present the largest proteomic analyses conducted 
on human cSCC to date, revealing an unexpected metabolic 
heterogeneity in samples at the same stage of cSCC pro-
gression. We have provided evidence that human cSCCs 
at different stages of carcinogenesis could be stratified 
based on their metabolic profiles, which significantly influ-
ence their responses to metabolism-based treatment. Our 
findings suggest that deciphering the functional status of 
energy metabolism pathways on punch biopsies using pro-
teomic analyses could be a valuable approach to the meta-
bolic profiling of cSCC in the clinical setting.

Genomic analyses have previously identified several 
mutational signatures and heterogeneity in significantly 
mutated genes in cSCC.30–32 Interestingly, mutation signa-
ture patterns were similar in MET1, MET2 and MET4 cells, 
isolated from the same patient, with the exception that 
MET4 harboured an additional signature that was absent 
in the others.32,33 However, our results demonstrate that 
these cells exhibit distinct metabolic features, in that MET2 
was classified as a low metabolic score subgroup, MET1 as 
a medium metabolic score subgroup and MET4 as a high 
metabolic score subgroup (see Figure S3). Altogether, these 
data suggest that mutational analysis alone is insufficient 
and should be complemented by metabolic profiling to opti-
mize the therapeutic strategy.34

DHODH inhibition has been shown to reduce the growth 
of various solid tumours, including highly aggressive small 
cell lung cancer, acute myeloid leukaemia, triple-negative 
breast cancers and UVB-induced cSCC.17,35–47 Here, we 
showed that some cSCC cells are sensitive to DHODH 
inhibition in a metabolic score-dependent manner. An inter-
esting question raised by these results is why tumours 
with low metabolic scores are sensitive to LFN, whereas 
those with high scores are not. As DHODH expression and 
activity levels are already low in cells with high MetScores, 

LFN treatment does not significantly reduce its activity, as 
shown in Figure S4(c). We could also hypothesize that in 
the high MetScore group, the simultaneous upregulation 
of all four major energy metabolism pathways may provide 
tumour cells greater metabolic flexibility, enabling them 
to compensate when one pathway is inhibited. Increased 
DHODH expression has been associated with shortened 
overall survival in patients with oral SCC, and DHODH 
inhibition has been shown to impair tumour growth in a 
xenograft model.48 Mohamad-Fairus et  al. have similarly 
demonstrated that DHODH expression levels play a critical 
role in determining the sensitivity of tumours to DHODH 
inhibitors.49 Along this line, we showed that MET4 cells, in 
which the expression level of DHODH was low (Figure 5a), 
did not respond to LFN treatment, except when DHODH 
is experimentally overexpressed (Figure 5f). An important 
unanswered question of this work is whether DHODH 
upregulation can alter the MetScore of tumours.

Upregulation of the pyrimidine biosynthesis pathway has 
been observed in cells treated with genotoxic agents, such 
as chemotherapy components.44,50 As this increase relies on 
the enhanced activity of DHODH – the pathway’s rate-limiting 
enzyme – targeting DHODH may boost the effectiveness of 
treatments like programmed cell death 1 inhibitors or chemo-
therapy. In accordance with this hypothesis, we previously 
proposed combining 5-fluorouracil with LFN for cSCC.21 
Similar combinations, such as LFN with a MEK inhibitor for 
melanoma,38 or with doxorubicin for breast cancer,44 have also 
been proposed. Additionally, in vivo selection of patient-de-
rived tumour xenografts with greater metastatic potential led 
to enrichment of tumour cells with upregulated pyrimidine bio-
synthesis, making them highly sensitive to LFN.51

Overall, our data indicate that the metabolic profiling of 
cSCCs could serve as a practical approach to managing 
advanced cSCCs with targeted therapeutic agents. We envi-
sion a future where patients with cSCC are stratified based 
on their metabolic profiles and DHODH expression levels, 
in particular in cases of clinically/histologically aggressive 
subtypes, as a crucial step in a precision medicine approach.
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