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Extracellular serine empowers epidermal proliferation
and psoriasis-like symptoms
Angela Cappello1,2, Mara Mancini2, Stefania Madonna2, Serena Rinaldo3, Alessio Paone3,
Claudia Scarponi2, Antonio Belardo4, Lello Zolla4, Alessandro Zuccotti2, Emanuele Panatta1,
Sabatino Pallotta2, Margherita Annicchiarico-Petruzzelli2, Cristina Albanesi2,
Francesca Cutruzzolà3, Lu Wang5, Wei Jia5, Gerry Melino1, Eleonora Candi1,2*

The contribution of nutrient availability to control epidermal cell proliferation, inflammation, and hyperproli-
ferative diseases remains unknown. Here, we studied extracellular serine and serine/glycine metabolism using
human keratinocytes, human skin biopsies, and a mouse model of psoriasis-like disease. We focused on a met-
abolic enzyme, serine hydroxymethyltransferase (SHMT), that converts serine into glycine and tetrahydrofolate-
bound one‑carbon units to support cell growth. We found that keratinocytes are both serine and glycine auxo-
trophs. Metabolomic profiling and hypoxanthine supplementation indicated that SHMT silencing/inhibition
reduced cell growth through purine depletion, leading to nucleotide loss. In addition, topical application of
an SHMT inhibitor suppressed both keratinocyte proliferation and inflammation in the imiquimod model and
resulted in a decrease in psoriasis-associated gene expression. In conclusion, our study highlights SHMT2 activ-
ity and serine/glycine availability as an important metabolic hub controlling both keratinocyte proliferation and
inflammatory cell expansion in psoriasis and holds promise for additional approaches to treat skin diseases.
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INTRODUCTION
The epidermis is a multilayer epithelium that continuously renews
during an organism’s life span. The maintenance of tissue in adult
life is a result of somatic stem cells in the basal layer that control cell
turnover, thus balancing proliferation with terminal differentiation
(1, 2). It is becoming clear that cellularmetabolites, including amino
acids, through different mechanisms, involving both the control of
anabolic reactions and epigenetic changes, are crucial determinants
for somatic stem cell maintenance and differentiation (3–7). The
nonessential amino acid serine is required for important anabolic
processes in cellular metabolism, including nucleotides, reduced
form of nicotinamide adenine dinucleotide phosphate (NADPH),
and glutathione (GSH) synthesis. At the cellular level, serine can
be imported from the extracellular environment; alternatively, it
can be synthetized from glucose via the phosphoserine pathway.
How serine is accessed for cellular biosynthesis varies among pro-
liferating cell types.

The serine hydroxymethyltransferase (SHMT) enzyme, which
converts serine and tetrahydrofolate (THF) into glycine and 5,10-
methylenetetrahydrofolate (5,10-CH2-THF), is key to fueling the
one‑carbon metabolism, sustaining the biosynthesis of nucleotide
precursors and NADPH (8–10). In addition, the hydroxymethyl
group cleaved from serine enters the THF cycle, providing a sub-
stantial source of one‑carbon units for methylation reactions (11).
In human cells, two genes encode three SHMT isoforms, mitochon-
drial SHMT2 and the cytosolic SHMT1 and SHMT2α isoforms. The
mitochondrial SHMT2 enzyme is mainly involved in the

production of glycine and one‑carbon units consumed in the syn-
thesis of purines, thymidine monophosphate, NADPH, and GSH.
The cytosolic isoforms SHMT1 and SHMT2α, depending on the
metabolic requirements, can switch the direction of the reactions
they catalyze, resulting in greater cellular adaptability to metabolic
needs (12, 13). Both SHMT1 and SHMT2α undergo sumo-depen-
dent translocation into the nucleus, where they form a ternary
complex with other enzymes to provide thymine to DNA replica-
tion forks (14–16).

Proliferating cells are highly dependent on extracellular serine to
support bioenergetic and anabolic reactions (8, 17, 18). Previous
works with lymphocytes and lung epithelial cells demonstrated
that serine-dependent one‑carbon units are required for nucleotide
synthesis to support proliferation (9, 19). Tumors, for instance,
often overexpress one or more SHMT isoforms, while others in-
crease de novo serine biosynthesis from glucose to drive growth
(10, 20–22). Extracellular serine has been recently described as a
crucial determinant of murine epidermal stem cell fate and skin
tumor initiation in high-turnover tissues such as the epidermis
(3). How keratinocytes used extracellular serine and glycine is cur-
rently unknown.

Here, we address the role of serine metabolism and SHMT2 in
human keratinocytes.We report that serine and glycine are essential
metabolites for optimal keratinocyte growth. Keratinocytes cultured
without exogenous serine/glycine or with endogenous SHMT iso-
forms with suboptimal expression and activity show decreased pro-
liferation and reduced synthesis of bioenergetic metabolites.
Psoriasis is a common chronic skin disorder characterized by kera-
tinocyte hyperproliferation with altered differentiation and inflam-
mation. It remains unclear whether the first events that initiate
psoriasis development occur in keratinocytes or in inflammatory
cells. Our data implicate serine/glycine availability and serine catab-
olism as intrinsic regulators of both keratinocyte proliferation and
inflammatory cell expansion, suggesting serine acquisition and
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serine metabolism as potential therapeutic targets for psoriasis.
These findings reveal that nutrients control keratinocyte growth,
thus defining that the basal line of keratinocyte metabolism is crit-
ical to design possible additional actionable therapies and ap-
proaches to treating skin disorders.

RESULTS
Extracellular serine and glycine are required to sustain
keratinocyte proliferation and differentiation
To understand the role of extracellular serine utilization in kerati-
nocytes, we analyzed the consequences of serine withdrawal from
cultures of primary human keratinocytes. To minimize the effects
arising from these cells converting glycine to serine under starvation
conditions, we also removed glycine from the culture medium. We
observed a significant reduction in keratinocyte proliferation upon
serine (Ser), glycine (Gly), and Ser/Gly starvation (Fig. 1A), indicat-
ing that human keratinocytes rely on these amino acids to sustain
cellular growth. The reduction in keratinocyte proliferation upon
Ser/Gly deprivation was unexpected, given that both can be synthe-
sized de novo. The block of de novo serine biosynthesis by chemical
inhibition of phosphoglycerate dehydrogenase (PHGDH) further
reduced the proliferation capacity of these cells (Fig. 1B), indicating
that both extracellular and endogenous serine synthesis contribute
to keratinocyte proliferation, with de novo serine biosynthesis
unable to compensate for the lack of extracellular serine availability
for proliferating keratinocytes. Under starvation conditions,
primary keratinocytes also undergo terminal differentiation
(Fig. 1C), not apoptosis (fig. S1A), as indicated by the decreased ex-
pression of keratin 14 (K14) and the increased expression of the late
differentiation markers filaggrin and loricrin (Fig. 1, C and D). To
note, we confirmed that, similar to mouse keratinocytes, differenti-
ation is triggered by the decrease in tri-methylation of lysine 27 on
histone H3 (H3K27me3) and the increase in α-ketoglutarate (Fig. 1,
D and E) (3). To better describe the basic metabolic phenotype of
keratinocytes, we measured uptake/release rates of serine and
glycine by isotope tracing (Fig. 2A). Under 0.4 mM 13C3

15N1-
serine and 13C2

15N1-glycine supplementation, both 13C3
15N1-

serine and 13C215N1-glycine levels were rapidly depleted from the
medium (Fig. 2, B and C). The uptake of 13C3

15N1-serine was
0.16 ± 0.001 μmol per million cells per hour, and the uptake of
13C215N1-glycine was 0.11 ± 0.004 μmol per million cells per hour
(Fig. 2B). After feeding cells with 13C315N1-serine only, we detected
13C215N1-glycine in the medium, indicating the intracellular con-
version of serine to glycine followed by glycine efflux (Fig. 2D).
When fed with 13C2

15N1-glycine only, cells showed uptake of
13C215N1-glycine and release of 13C215N1-serine (Fig. 2E), indicat-
ing that 13C215N1-glycine was converted to 13C215N1-serine. Mea-
surement of intracellular metabolite concentrations revealed
higher 13C2

15N1-glycine levels than 13C3
15N1-serine in cells fed

with 13C3
15N1-serine and 13C2

15N1-glycine (Fig. 2F). 13C2
15N1-

glycine was also detected in cells supplemented with 13C3
15N1-

serine only (Fig. 2G), which supports the notion that exogenous
serine is converted to intracellular glycine. We also detected a
high intracellular concentration of 13C2

15N1-GSH in fully fed
(13C3

15N1-serine and 13C2
15N1-glycine) cells (Fig. 2F). When

13C2
15N1-glycine was fed to the cells, the concentration of

13C215N1-GSH increased, accompanied by the uptake of 13C215N1-
glycine in the cell, indicating the intracellular conversion of glycine

to GSH (Fig. 2H). When 13C315N1-serine was supplemented to the
cells, 13C215N1-GSH was also detected at a high level (Fig. 2G), in-
dicating that GSH was synthesized after exogenous serine converted
to intracellular glycine. In cells supplemented with both stable
isotope–labeled serine and glycine (Fig. 2I), 13C215N1-glycine was
converted to 13C215N1-serine (Fig. 2J). 13C215N1-glycine contribut-
ed to a small proportion of the total serine pool, which was domi-
nated by unlabeled serine (taken up from medium and/or
synthesized de novo). In cells fed with only 13C2

15N1-glycine,
13C2

15N1-serine was also detectable (Fig. 2K). Collectively, these
results indicated that the basic metabolism of the human keratino-
cytes requires both exogenous serine and glycine and that the extra-
cellular Ser/Gly availability regulates keratinocyte growth and
differentiation.

SHMT2 enzyme is required for keratinocyte proliferation
Stable isotope–labeled metabolite experiments and growth curves
under Ser/Gly deprivation conditions revealed that serine catabo-
lism is crucial for keratinocytes; thus, we investigated the role of
the SHMT enzymes. SHMTs metabolize serine by converting
serine into glycine and THF-bound one‑carbon units, linking
serine catabolism to purines and thymidine synthesis. First, we in-
vestigated the expression of SHMTs at both the mRNA and protein
levels and their functions (Fig. 3). Both the SHMT1 and SHMT2
enzymes were expressed in keratinocytes, with SHMT2mRNA five-
fold more abundant than SHMT1 (Fig. 3A). The SHMT2α isoform
was not detected, as indicated by RNA sequencing (RNA-seq) and
CAGE (cap analysis gene expression) sequencing data (Fig. 3A).
Both SHMT1 and SHMT2 expression decreased during differentia-
tion, as indicated by RNA-seq reads (Fig. 3A) and mRNA and
protein levels in differentiated HEKn (HEKn, normal human epi-
dermal keratinocytes) treated with CaCl2 for 0, 3, 6, and 9 days
(Fig. 3, B and C). Confocal microscopy (fig. S1B) confirmed that
mitochondrial SHMT2 was the most abundant enzyme. SHMT2
was mainly localized in the mitochondria (colocalizing with cyclo-
philin D) (fig. S1B), while SHMT1 was detected in the cytosol and
in the nucleus (fig. S1B). We focused our attention on the mito-
chondrial isoform. SHMT2 was silenced by two specific small inter-
fering RNA (siRNA) sequences (Fig. 3D), which led to a
significantly reduced number of keratinocytes in the S phase, as in-
dicated by 5-Ethynyl-2′-deoxyuridine (EdU) incorporation and cell
cycle analysis (Fig. 3E and fig. S1, C and D), as well as a reduced
number of clones (Fig. 3, F and G). Treatment of proliferating
cells with the folate-competitive cell-permeable inhibitor of
human SHMT1/2, SHIN1 (SHMT inhibitor 1) (23), at 25 μM for
48 hours strongly inhibited keratinocyte proliferation, as evaluated
by EdU incorporation, cell cycle analysis, and clonogenicity assay
experiments (Fig. 3, H to J, and fig. S1, E and F). SHIN1 treatment
did not change SHMT2 expression levels, thereby acting as a control
(Fig. 3K). These data demonstrated that the mitochondrial SHMT2
enzyme is expressed at a high level in human keratinocytes and is
required to sustain keratinocyte proliferation.

SHMT2 is required for proper mitochondrial respiration
In cancer cell lines (HCT116 and Jurkat), serine catabolism by
SHMT2 is required for proper mitochondrial translation initiation
affecting mitochondrial oxygen consumption and cell proliferation
(24, 25); therefore, we sought to determine whether SHMT2 knock-
down (by siRNAs) or SHMT chemical inhibition affected
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mitochondrial functions and/or cellular respiration in primary pro-
liferating human keratinocytes. Using MitoSOX Red staining, we
found a modest increase in the mitochondrial superoxide anion
content upon SHMT2 silencing (Fig. 4, A and B). We did not
observe substantial changes in mitochondrial membrane potential,
mitochondrial DNA (mtDNA) content (mtND1), translation rate of
mitochondrial protein Cytochrome c oxidase subunit 4 (COX-IV),

or defects in the expression of electron transport chain (ETC) com-
plexes (Fig. 4, C to F). The mitochondrially encoded protein Cyto-
chrome c oxidase I (MTCO1) was expressed at normal level,
confirming that SHMT2 silencing, allowing the expression of
SHMT2 at a low level (Fig. 3A), does not affect the translation of
mitochondrial proteins (25). To further analyze the impact of
SHMT2 in shaping central metabolism, we assessed the energetic

Fig. 1. Extracellular serine and glycine are required for keratinocyte proliferation. (A) Growth curve by confluence ratio of human keratinocytes (Kert-CT) after
serine/glycine (Ser/Gly) starvation (n = 4). (B) Growth curve by confluence ratio of Kert-CT cells after Ser/Gly starvation and PHGDH inhibition (1 μM) (n = 3). For statistical
analysis, one-way analysis of variance (ANOVA) test was performed. (C) Real-time quantitative polymerase chain reaction (RT-qPCR) of K14 and FilaggrinmRNAs after Ser/
Gly starvation (n = 8). (D) Western blot for H3K27me3 and differentiation markers (loricrin and K10) in Gly/Ser deprivation. H3 and β-actin are shown as control (one
representative experiment of n = 3 is shown). Mr, Mass relative. (E) Representative intracellular α-ketoglutarate level (n = 3 biologically independent samples). P values are
calculated, comparing starving cells to cells grown in normal medium. n.s., not significant.
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Fig. 2. Basic metabolism of keratinocyte required exogenous serine and glycine. (A) Scheme of stable isotope–labeling experiments. (B) 13C315N1-serine and
13C215N1-glycine uptake and release over 32 hours using ultra-performance liquid chromatography–quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS) nor-
malized to cell number grown in the indicated media. Data are means of duplicate wells; bars represent SD. n.d., not determined. (C to E) Extracellular concentration of
labeled metabolites in keratinocyte grown in the indicated combination of media containing 0.4 mM labeled (13C315N1)-serine and/or 0.4 mM labeled (13C215N1)-glycine.
Mediawere sampled at indicated time points and analyzed by UPLC-QTOF-MS. Data are means of duplicatewells; bars represent SD. (F toH) Intracellular concentration of
labeled metabolites, in keratinocyte grown in the indicated combination of media containing 0.4 mM labeled (13C315N1)-serine and/or 0.4 mM labeled (13C215N1)-glycine.
Media were sampled at indicated time points and analyzed by UPLC-QTOF-MS. Data are means of duplicate wells; bars represent SD. (I) Scheme of labeled Gly and Ser
conversion and derived GSH. (J and K) Metabolic fluxes indicating intracellular metabolites (Ser, Gly, and GSH) extracted and analyzed via UPLC-QTOF-MS. Keratinocytes
were grown in the indicated combination of media containing 0.4 mM labeled (13C315N1)-serine and/or 0.4 mM labeled (13C215N1)-glycine. Data are means of duplicate
wells; bars represent SD.
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Fig. 3. SHMT2 enzyme is required for keratinocyte proliferation. (A) SHMT expression indicated by RNA-seq in proliferating (ENCSR527SSD) and differentiating
(ENCSR959LTT and ENCSR034RPU) keratinocytes, ENCODE database (www.encodeproject.org/). CAGE sequencing (CAGE-seq) for SHMT1 and SHMT2 available on
ENCODE (GSM849367). FPKM, fragments per kilobase of exon per million mapped. (B) RT-qPCR of SHMT1 and SHMT2 mRNAs in in vitro differentiated keratinocytes
(0, 3, 6, and 9 days of differentiation by calcium chloride) (n = 3). (C) Western blot of SHMT in in vitro differentiated keratinocyte (0, 3, 6, and 9 days of differentiation
by calcium chloride) and relative ratio of SHMT1 and SHMT2 expression normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). p63 and K10were shown as
proliferation and differentiation controls. One representative experiment is shown (n = 3). (D) Western blot (one representative experiment of three is shown) confirms
SHMT2 silencing. (E) EdU-positive keratinocytes after 72 hours of SHMT2 silencing (n = 3). (F) Keratinocyte clonogenicity assay after 48 hours of SHMT2 silencing. (G)
Quantification of colonies in control (Scr) and SHMT2-silenced samples (siRNA-1 and siRNA-2) (n = 4). (H) EdU-positive keratinocytes after 48 hours of treatment with
dimethyl sulfoxide (DMSO) and SHIN1 (n = 3). (I) Clonogenicity assay of DMSO or SHIN1 (25 μM) after 48 hours of treatment. (J) Quantification of colonies in control
(DMSO) and treated (SHIN1) cells (n = 4). (K) Western blots (one representative experiment of three is shown) showing SHMT expression after SHIN1 treatment. For all the
experiments, a P value was obtained using Student’s t test. Values were considered significant when P < 0.05.
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profile of keratinocytes with a Cell Mito Stress Test kit using a Sea-
horse extracellular flux analyzer. As reported in Fig. 4 (G and J),
siRNA-targeting SHMT2 caused a reduction in both basal respira-
tion andmaximal respiratory capacity; this negative effect also led to
significantly reduced adenosine triphosphate production (Fig. 4J).
The reduced mitochondrial activity was not balanced by basal gly-
colysis, which was also lowered in the silenced samples (Fig. 4, H
and K). In general, the energetic phenotype of the silenced
samples was replaced with a quiescent phenotype, compared to
the control, and the effect was appreciable on both respiration
and glycolysis (Fig. 4, I and L). Nevertheless, under stress conditions
[i.e., in the presence of oxidative phosphorylation (OXPHOS)–tar-
geting drugs], the maximal glycolytic potential in the silenced
sample was higher than that in the untreated sample (Fig. 4L), sug-
gesting that metabolic quiescence is finely tuned and that glycolytic
pathways alone could be promptly activated when necessary. When

challenged with carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone (FCCP), SHMT2-silenced cells exhibited an increase in
oxygen consumption rate (OCR) (Fig. 4, G and J), indicating a func-
tional ETC. Considering these findings, we also investigated the
effect of SHIN1 treatment on the cellular energy profile (Fig. 5, A
to L). SHIN1-treated cells, instead, showed a reduction of the mito-
chondrially encoded protein MTCO1 (Fig. 5E). SHIN1 treatment
had a marked effect on both the OCR (Fig. 5, G and J) and the ex-
tracellular acidification rate (ECAR) (Fig. 5, H and K), and, globally,
the phenotype was markedly more quiescent than that of the un-
treated sample (Fig. 5, I to L). The discrepancy between mitochond-
rially encoded protein MTCO1 expression is due to the level of
SHMT2 depletion (Fig. 4E) or inactivation (Fig. 5E), being
SHIN1 very effective to inhibit SHMT activity as demonstrated by
metabolomics (see Fig. 6, B and C). Low levels of SHMT2 protein/
activity, which is the case when using siRNA silencing (see Fig. 4A),

Fig. 4. SHMT2 enzyme is required for proper mitochondrial respiration and function. (A) Western blot confirmed SHMT2 silencing. (B) MitoSOX Red staining after
SHMT2 silencing; red fluorescence [phycoerythrin-Area (PE-A)] was measured (n = 5). (C) JC1 staining after SHMT2 silencing. The red fluorescence (PE-A) and green
fluorescence [fluorescein isothiocyanate–Area (FITC-A)] were measured (n = 3). (D) mtDNA content in HEKn after SHMT2 silencing (n = 3). (E) Western blot of MTCO1
encoded bymitochondrial genome and translated inmitochondria and of COX-IV encoded by nuclear genome and translated in the cytoplasm after SHMT2 silencing. (F)
Western blot of mitochondrial ETC proteins after SHMT2 silencing. (G) Keratinocyte mitochondrial respiration obtained by means of OCR and compared to control (Scr)
after SHMT2 silencing. Arrows indicate the addition of drugs used to target a specific mitochondrial function. O, oligomycin; R, rotenone + antimycin. (H) Glycolysis rate
after SHMT2 silencing determined with the ECAR. (J and K) Average values of (G) and (H). (I) Phenotype plot as variation of both basal ECAR and OCR under stress
conditions (upon addition of the drugs). (L) Metabolic potential as a percentage of the stress conditions over the basal conditions. For all the Western blots, one rep-
resentative experiment of three is shown. For the seahorse assay, a representative experiment is shown. Values are the means of at least 8 replicates ± SD. P values were
obtained by Student’s t test for all the experiments except for the seahorse analysis, in which the one-way ANOVA followed by Bonferroni post hoc comparison was used;
P < 0.05 and P < 0.01 are considered statistically significant.
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are sufficient to restore translation of mitochondrial proteins (25).
These results indicate that the reduced OCR in siSHMT2 keratino-
cytes is a consequence of decreased proliferation rate and thus de-
creased metabolic demands (Fig. 3, F and G, and fig. S1, C and D),
while in SHIN1-treated cells, a combination of decreased prolifera-
tion rate (Fig. 3, H to J, and fig. S1, E and F) and defectivemitochon-
drial translation contributes to the marked drop of the
mitochondrial functions.

SHMT2 deficiency alters keratinocyte central metabolism
and induces purines and GSH depletion
To define the impact of SHMT2 knockdown and SHMT inhibition
on central metabolism and which specific aspect of serine metabo-
lism is the most relevant to the decreased keratinocyte proliferation,
we performed a metabolomic profile. Six biological replicates of
control [scramble-treated (Scr)], SHMT2-silenced (siRNA-1), and
SHIN1-treated keratinocytes were analyzed (Fig. 6, A to J, and

figs. S2 to S4). First, we confirmed that SHMT2 knockdown or in-
hibition resulted in a significant decrease in glycine levels (Fig. 6, B
and C), confirming that the SHMT2 enzyme is primarily responsi-
ble for intracellular glycine synthesis (Fig. 2, C to K). The activation
of the de novo serine biosynthetic pathway was probably delayed, as
indicated by the accumulation of glycerate 3-phosphate (3-P) and
glyceraldehyde-3P, while 3-phospho-serine levels did not signifi-
cantly change (figs. S2A and S3A). The glycolytic endpoint prod-
ucts pyruvate and lactate and tricarboxylic acid cycle products
were not significantly affected in the control or SHMT2-silenced
cells (fig. S2C), suggesting that these metabolites are moderately
altered under the experimental conditions used. In line with prolif-
eration reduction (Fig. 3, A and B), SHMT2 silencing or inhibition
led to a decrease in the pentose phosphate pathway intermediates
erythrose-4P and ribose-5P, which are necessary for nucleic acid
and nucleotide biosynthesis (figs. S2B and S3B). Pyruvate and
lactate levels (figs. S2C and S3C) decreased, indicating a limited

Fig. 5. SHMT inhibition affects mitochondrial function andmitochondrial translation. (A) Western blot of SHMTenzyme expression after DMSO or SHIN1 treatment.
(B) MitoSOX Red staining was performed after SHMT inhibition with SHIN1 (25 μM); red fluorescence (PE-A) was measured (n = 5). (C) JC1 staining after SHMT inhibition
with SHIN1 (25 μM); the red fluorescence (PE-A) and green fluorescence (FITC-A) were measured (n = 3). (D) mtDNA content after SHMT inhibition with SHIN1 (25 μM)
(n = 3). (E) Western blot for MTCO1 and COX-IV after SHMT inhibition with SHIN1 (25 μM). (F) Western blot for mitochondrial ETC proteins after SHIN1 treatment. (G)
Mitochondrial respiration after SHIN1 treatment as determined by OCR measured through seahorse experiments. (H) Glycolysis rate determined with the ECAR. (J and K)
Average values of the indicated parameters. (I) Phenotype plot as the variation in both basal ECAR and OCR under stress conditions (upon addition of the drugs). (L)
Metabolic potential as a percentage of the stress conditions over the basal ones. For all the Western blots, one representative experiment of three is shown. For the
seahorse assay, a representative experiment is shown, and the values reported in the plot are the means of 8 replicates ± SD. P values were obtained by Student’s t test for
all the experiments except for the seahorse analysis, in which the one-way ANOVA followed by Bonferroni post hoc comparison was used; P < 0.05 and P < 0.01 are
considered statistically significant.
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Fig. 6. SHMT2 controls central metabolism and contributes to purine and GSH synthesis. (A) Schematic representation of intracellular serine and glycine metab-
olism and one-carbon units used in cytoplasm and mitochondria pathways. PG, 3-phosphoglycerate; CHO-THF, Formyltetrahydrofolate. (B to J) Metabolomic analysis of
glycine (B), serine (C), methionine (D), S-adenosylmethionine (SAM) (E), cysteine (F), GSH (G), 5,10-CH2-THF (H), adenosine monophosphate (AMP) (I), and guanosine
monophosphate (GMP) (J) in keratinocytes after SHMT2 silencing or SHIN1 treatment. (K) Total ROS staining with CM-H2DCFDA in Ker-CT after SHMT2 silencing;
green fluorescence (FITC-A) was measured by flow cytometry (n = 3). (L) Total ROS staining with CM-H2DCFDA in Ker-CT cells after SHIN1 treatment; green fluorescence
(FITC-A) was measured by flow cytometry (n = 3). (M) Growth curve by confluence ratio of Kert-CT after SHMT2 silencing and hypoxantine without thymidine supple-
mentation (n = 3). (N) EdU-positive cells after SHMT2 silencing and hypoxantine supplementation (n = 3). (O) Growth curve by confluence ratio after SHIN1 treatment and
hypoxantine without thymidine supplementation (n = 3). (P) EdU-positive cells after SHMT2 silencing and hypoxantine supplementation (n = 3). For growth curves
statistical analysis, one-way ANOVAwas performed. For metabolic analysis and EdU experiments, P values were obtained using Student’s t test. P < 0.05 was considered
significant.
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capacity of keratinocytes to compensate for reduced glycolysis, con-
firming the cellular respiration data (Figs. 4, H and K, and 5, H
and K).

SHMT2 silencing or inactivation also affected the methionine
cycle and trans‑sulfuration pathway, as indicated by the reduction
in methionine, S-adenosylmethionine, and cysteine (Fig. 6, D to F).
The strong reduction of glycine also resulted in a marked decrease
in GSH (Figs. 2, C to K, and 6G). One‑carbon units formed upon
serine deprivation are also used for de novo synthesis of adenosine,
guanosine, and thymidylate. Among the detectable metabolites, we
found that nucleotide adenosine monophosphate (AMP) and
guanine monophosphate had the tendency to or were significantly
reduced in SHMT2-silenced or SHIN1-treated keratinocytes, re-
spectively (Fig. 6, I and J). 5,10-Methylenetetrahydrofolate (5,10-
CH2-THF) was significantly reduced in SHIN1-treated keratino-
cytes (Fig. 6H). In siSHMT2 cells, instead, 5,10-CH2-THF increased
possibly as a compensatory mechanism from the cytosolic one‑car-
bon THF intermediates. Together, these results indicate that
SHMT2 inhibition or reduction causes purines depletion. Metabo-
lomics indicated that depleted purines and GSH are the relevant af-
fected metabolites. To further investigate these findings, we
performed rescue experiments using small molecules. As expected,
reactive oxygen species (ROS) levels increased in SHMT2 silencing
or SHIN1 treatment (Fig. 6, K and L), and the addition of GSH in
the culture medium did not rescue cell proliferation (fig. S4, A and
B). Hypoxanthine supplementation, but no thymine, partially
rescued growth in SHMT2-silenced or SHMT2-inhibited keratino-
cytes (Fig. 6, M to P). Thymidine, which rescues the effects of the
classic antifolate but does not contain glycine, had no benefit in
SHIN1-treated or SHMT2-silenced keratinocytes. Supplementation
with only formate did not rescue keratinocyte proliferation (fig. S4,
C and D). Last, to check whether keratinocytes could compensate
mitochondrial formate loss by reversal of cytosolic one‑carbon me-
tabolism, we silenced Methylenetetrahydrofolate Dehydrogenase
(NADP+ Dependent) 1 Like (MTHFD1L). Metabolite array
showed that siMTHFD1L has no impact on keratinocytes metabo-
lism, confirming that one‑carbon metabolites generated in the
cytosol are provided to the mitochondria (fig. S4E and table S1).
In addition, double siSHMT2-siMTHFD1L restored keratinocyte
proliferation due to SHMT2 silencing (fig. S4, F and G) thanks to
the glycine compensation (fig. S4E and table S1). The compensation
is abrogated using SHIN1 inhibitor (fig. S4, H and I). SHIN1 block-
ing both SHMT1/2 isoforms abrogated the hydroxymethyl group
cleaved from serine that can enter the THF cycle, providing a sig-
nificant reduction of one‑carbon units for methylation reactions.
Overall, the experiments demonstrated that SHMT2 silencing/inac-
tivation strongly affected serine and glycine metabolism. Hypoxan-
thine supplementation recovered keratinocyte proliferation,
confirming that purines synthesis is the more relevant SHMT2-de-
pendent metabolic pathway needed to sustain keratinocyte
proliferation.

SHMT inhibition ameliorates the psoriasiformphenotype in
an imiquimod-induced mouse model of psoriasis
The data obtained thus far clearly demonstrated through SHMT
chemical inhibition and/or SHMT2 knockdown that these
enzymes are crucial for energetic metabolism and the provision of
precursors to support keratinocyte growth. We next determined
whether SHMTs are involved in skin hyperproliferative diseases,

such as psoriasis, a chronic inflammatory disease characterized by
inflammation, keratinocyte hyperplasia, and abnormal differentia-
tion (26–28). Using the imiquimod (IMQ)–induced psoriasiform
mouse model and inducing both epidermal hyperplasia and inflam-
matory cell infiltration into the dermis and epidermis (29, 30), we
tested the effect of topical SHIN1 treatment administered with 1
mM IMQ for 5 days (treated as shown in Fig. 7A). Topical inhibi-
tion of SHMT enzymatic activity substantially reversed the psoria-
sis-like phenotype in the IMQ-treated mice (Fig. 7, B to H, and fig.
S5, A and B) and reduced psoriasiform signs, including epidermal
and scale thickness, as assessed by quantifying the average of these
parameters based on images of hematoxylin and eosin (H&E)–
stained skin sections (Fig. 7, B and C). SHIN1 treatment also atten-
uated widespread inflammatory cell infiltration in the dermis com-
pared with that in IMQ-treated mice (Fig. 7, B and C). The skin of
IMQ + SHIN1–treated mice showed significantly reduced Ki67
staining compared to vehicle-treated controls (IMQ and SHIN1;
Fig. 7, D and E) and restored compartmentalization and expression
of differentiation markers, such as K10 (Fig. 7D). K10 immunos-
taining was rather weak in the suprabasal layer of the epidermis
in the IMQ-treated mice, whereas it was comparable to that in the
control mice when IMQ was coadministered with SHIN1 (Fig. 7D).
In addition to defects in proliferation/differentiation processes,
IMQ treatment induced dermal accumulation of inflammatory
cells, including neutrophils, macrophages, and T cells (29, 31). In
the skin, IMQ also markedly induced the expression of chemokines
with effects on interleukin-17A (IL-17A)– and IL-22–producing
cells, two leukocyte subpopulations pathogenically active in the
IMQ model.

Hence, we examined the effects of SHIN1 on IMQ-induced skin
inflammation by immunohistochemistry and real-time quantitative
polymerase chain reaction (RT-qPCR).We found a significantly de-
creased number of neutrophils (LY6G+ cells) in the skin of
IMQ + SHIN1–treated mice (Fig. 7, D and F) compared to IMQ-
treated mice and a similar quantity of CD3+ cells (Fig. 7, D and
G). In addition, we observed a significant reduction in Ccl20
(Fig. 7H) and CxCl16 (Fig. 7H), which affect IL-17A–producing
γδ T cells that are usually expanded and activated under acute
and chronic skin inflammatory conditions, such as psoriasis, sug-
gesting that SHIN1 treatment potentially reduced the number of
γδ T cells or inhibited their activation. Consistently, RT-qPCR anal-
ysis showed that the mRNA expression of the cytokines Il-22 and Il-
17awas significantly decreased in the skin of IMQ + SHIN1–treated
mice compared to IMQ-treated mice (Fig. 7H). The expression of
other cytokines/chemokines and psoriasis-related molecules (i.e.,
Tnf-a, Il-1b, Il-36 g, CxCl1, CxCl10, and S100a7) was only slightly
decreased in IMQ + SHIN1–treated skin compared to IMQ-treated
skin; the difference was not statistically significant (fig. S5A). We
showed that SHIN1 treatment did not affect SHMT2 expression,
serving as a control (fig. S5B). Together, these results show that
SHMT inhibition in the IMQ-psoriasiform mouse model restores
epidermal homeostasis, prevents inflammatory cell recruitment,
and reduces pathological cytokines production.

SHMT2 is expressed at high levels in human psoriatic
skin lesions
To extend the translational relevance of these findings, we evaluated
the expression of SHMT1 and SHMT2 in the GSE13355 public
dataset containing mRNA expression data obtained from healthy
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Fig. 7. Chemical inhibition of SHMTs decreases IMQ-induced psoriasiform hyperplasia and skin inflammation. (A) Scheme of the experiment performed onmouse
skin to induce psoriasis-like lesions with IMQ, partially generated using Biorender.com. (B) H&E staining of untreated skin (n = 2), SHIN1-treated skin (n = 2), skin treated
with IMQ (n = 6), and skin treated with IMQ and SHIN1 (n = 6). Scale bars, 200 μm. (C) Measurement of stratum corneum thickness, epidermal thickness, and the number of
inflammatory cells infiltrating the dermis. (D) Immunohistochemistry staining for K10, Ki67, Ly6G, and Cd3 and (E) the corresponding quantification of proliferation (Ki67)
and inflammatory cell markers (F and G). Scale bars, 200 μm. (H) Gene expression analysis of some inflammatory markers in untreated mouse skin (n = 2), treated with
SHIN1 (n = 2), treated with IMQ (n = 5), and treated with the combination of IMQ and SHIN1 (n = 5) as determined by RT-qPCR. For all the experiments, a P value was
obtained using Student’s t test. P < 0.05 was considered significant.
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skin (n = 64), nonlesional psoriatic skin (n = 54), and lesional pso-
riatic skin (n = 54). The bioinformatics analysis showed a significant
increase in SHMT2mRNA levels in the psoriatic lesional epidermis
compared with the nonlesional and normal epidermis (Fig. 8A),
suggesting that serine catabolism is required for psoriatic pathology.
Changes were not detected in SHMT1, indicating different roles of
these isoforms in psoriasis pathology (Fig. 8A). These results were
confirmed with skin biopsy samples obtained from psoriatic pa-
tients (n = 6 lesional psoriatic skin samples and n = 6 nonlesional
psoriasis skin samples) compared to normal healthy controls. RT-
qPCR analysis confirmed that only SHMT2 mRNA was overex-
pressed in psoriatic skin biopsy samples, reaching statistical signifi-
cance for both nonlesional and lesional samples (P = 0.0118 and
P = 0.0015, respectively) (Fig. 8B). The results were also confirmed
at the protein level (Fig. 8C).

We checked SHMT1/2 expression of in other inflammatory skin
disorder datasets, including atopic dermatitis (fig. S6, A and B), and
in neoplastic skin diseases (basal cell carcinomas and squamous cell
carcinomas; fig. S6C). SHMT1/2 expression does not significantly
change in the datasets analyzed, suggesting that SHMT2 overexpres-
sion is specifically linked to psoriasis. The serine de novo biosyn-
thetic enzymes PHGDH, PSAT1, and PSPH were also up-
regulated in the GSE13355 public Gene Expression Omnibus
(GEO) dataset (fig. S6D), indicating a role for both extracellular
and endogenous serine in psoriasis. To determine the link
between one‑carbon units derived from serine and the THF cycle,
we analyzed the expression levels of cytosolic THF cycle enzymes
(DHFR, MTHFR, and MTHFD1) and mitochondrial THF cycle
enzymes (MTHFD1L, MTHFD2, and MTHFD2L) and found that
most of these enzymes were significantly up-regulated in lesional
and nonlesional psoriatic skin (fig. S6E), suggesting a key role for
these enzymes in psoriasis pathogenesis. Together, the data present-
ed clearly indicate that in vitro and in vivo serine catabolism and
one‑carbon metabolism have an important role in skin diseases in-
volving keratinocyte hyperplasia, abnormal differentiation, and
inflammation.

DISCUSSION
The epidermis protects organisms against water loss and environ-
mental stress. It is also a self-renewing tissue with somatic stem cells
that divide to sustain progenitor basal cells through differentiation.
How nutrients availability contributes to these processes in normal
and pathological diseases had not been investigated. In this study,
we demonstrated that extracellular serine and the mitochondrial
SHMT2 enzyme play an important role in controlling human ker-
atinocyte proliferation and differentiation (Figs. 1 and 3). Ser/Gly
deprivation experiments showed that human keratinocytes rely on
exogenous serine and glycine to proliferate. This aspect differs from
mouse epithelial stem cells in which serine auxotrophy appears only
under premalignant or malignant (3) conditions. In proliferating
cells, even in the presence of other parallel cytoplasmic pathways,
SHMT2 uses extracellular serine to generate glycine and a folate
one‑carbon unit, which produces THF-conjugated one‑carbon
units used in cytoplasmic reactions (Fig. 2, C to K), indicating the
relevance of serine catabolism and SHMT2 in epithelial biology
(Fig. 8D). SHMT2 depletion or its chemical inactivation resulted
in a decrease in oxygen consumption and the unbalanced energetic
demand through glycolytic pathways (Figs. 4 and 5). Metabolomics

and stable isotope labeling (Figs. 2 and 6 and figs. S2 to S4) con-
firmed that SHMT2was primarily responsible for glycine formation
and for purines biosynthesis [AMP and guanosine monophosphate
(GMP)], GSH, trans‑sulfuration, and methionine pathways that
were significantly reduced. Rescue experiments with hypoxanthine
(±thymidylate), GSH, and formate indicated that only hypoxan-
thine supplementation partially rescued growth in keratinocytes
(Fig. 6, M to P). Thymidine, which rescues the effects of the
classic antifolate but does not contain glycine, had no benefit in
SHIN1-treated or SHMT2-silenced keratinocytes. Thus, SHMT2 si-
lencing and SHIN1 treatments block cell growth through a progres-
sive depletion of purines, leading to loss of nucleotide
triphosphates. Proliferating keratinocytes also consume glycine at
baseline (Fig. 2). This metabolic peculiarity could be due to the ker-
atinocytes that need to maintain a high level of antioxidant defense
(GSH) against external stressors (i.e., ultraviolet radiation).

Because serine/glycine availability and SHMT2 enzymes are re-
quired for human keratinocyte proliferation, we thought that
SHMT2 depletion/inhibition might represent a promising thera-
peutic approach for psoriasis, a chronic skin disease characterized
by excessive, cytokine-driven epidermal hyperplasia (32). Psoriasis
is an immune-mediated, genetic disease, with an estimated preva-
lence of 3% in the worldwide population (32–34).

Using the IMQ-induced psoriasiform mouse model, topical ap-
plication of the SHMT inhibitor SHIN1 was effective in protecting
mice from presenting with IMQ-induced psoriasiform signs, in-
cluding an increase in epidermal hyperplasia (Fig. 7), as shown by
a decrease in epidermal and scale thickness and a reduction in Ki67-
positive cells. This result paralleled the effect of SHMT2 depletion/
inhibition on the proliferation of normal human keratinocytes
(Fig. 3). Consistent with the previously reported roles of SHMTs
and serine metabolism in T cell expansion and activation (19),
SHIN1 treatment was effective in protecting the mouse from
IMQ-induced inflammation, as shown by the decrease in infiltrat-
ing inflammatory cells (neutrophils in particular) and the decrease
in the expression of psoriasis cytokines and chemokines associated
with γδ T cell recruitment and activation (Fig. 7 and fig. S5). We
demonstrated that the expression of the SHMT2 enzyme, but not
SHMT1, was elevated at the mRNA and protein levels in patients’
lesional and nonlesional psoriatic plaques (Fig. 8, B and C). Ameta-
analysis of available datasets (Fig. 8 and fig. S6) confirmed SHMT2
overexpression in psoriatic skin lesions, while no overexpression for
SHMT1 and SHMT2 was observed for atopic dermatitis and basal
cell carcinomas (fig. S6, A to C). Note that many cytosolic THF
cycle enzymes (DHFR,MTHFR, andMTHFD1) and mitochondrial
ones (MTHFD1L,MTHFD2, andMTHFD2L) are expressed at high
levels in lesional psoriatic plaques, confirming the important role
for folate availability in this disease. Psoriatic lesions are character-
ized by epidermal alterations and a high number of skin-infiltrating
immune cells including polarized T helper 1 (TH1), TH17, and TH22
lymphocytes, which release proinflammatory cytokines such as in-
terferon-γ, IL-17, and IL-22, respectively (35–37). These lympho-
cyte-released cytokines, together with tumor necrosis factor–α
(TNF-α), promote hyperproliferation and impair the terminal dif-
ferentiation of epidermal keratinocytes, and they induce the secre-
tion of proinflammatory molecules, thus contributing to skin
alterations and the manifestation of erythematous plaques (23).
Notably, IL-23 cytokine, released by epidermal dendritic cells,
plays a central role in psoriasis pathogenesis, by sustaining TH17
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Fig. 8. SHMT2 is overexpressed in human psoriatic lesions. (A) Bioinformatics analysis of SHMT1 and SHMT2 expression in the skin of healthy individuals (n = 64) and
from nonlesional (n = 54) and lesional (n = 54) areas in the skin of psoriatic patients (GSE13355). (B) RT-qPCR analysis of SHMT1 and SHMT2 mRNA was performed with
human healthy skin samples (n = 6) and nonlesional (n = 7) and lesional (n = 6) skin of patients affected by plaque-type psoriasis. (C) Immunohistochemistry of SHMT2 in
human normal skin (n = 3) and human skin affected by psoriasis (n = 3). Scale bar, 200 μm. One representative experiment of three is shown. P < 0.05. (D) Schematic model
of the role of SHMT2 in normal keratinocytes and in psoriasis. Under normal conditions, keratinocytes use extracellular glycine and serine to sustain proliferation. SHMT2
synthetizes glycine and provides one-carbon units for purine and GSH synthesis, thus supporting keratinocyte proliferation and maintaining redox balance. This mech-
anism is amplified in psoriasis. Topic treatment with SHIN1 inhibitor rebalances keratinocyte proliferation and ameliorates the clinical features associated with psoriasis.
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differentiation. Several monoclonal antibodies blocking IL-17 and
IL-23 have demonstrated efficacy and safety and are currently ap-
proved in the treatment of psoriasis, underscoring the critical role
of IL-23/IL-17 signature in psoriasis pathogenesis (38, 39). In par-
ticular, biologic treatments anti–IL-17 (i.e., secukinumab and ixeki-
zumab), anti–IL-12/23 (i.e., ustekinumab), anti–IL-23 (i.e.,
risankizumab and guselkumab), and anti–TNF-α (i.e., adalimumab
and etanercept) resulted to be more effective and safer than nonbi-
ological systemic agents, including methotrexate (MTX) and small
molecules inhibiting selective cytokine-dependent tyrosine kinases
(40). However, although these therapies improve psoriatic symp-
toms, their effects on long-term disease modification still need to
be addressed. In addition, treatments against immunological
targets are not completely effective, and several adverse effects
have been observed in patients, resulting in immunotherapy inter-
ruption, followed by recurrence and chronicity (41–43). Last, when
biologic systemic treatments are interrupted, psoriasis plaques in-
variably reappear, and reduced efficacy is often observed upon re-
treatment (44). Therefore, for comprehensive management of
psoriatic patients, alternative therapeutic approaches are still
needed. As a matter of fact, metabolic pathways controlling the ac-
tivation and differentiation of keratinocytes and immune cells in
chronic inflammatory skin diseases and in cutaneous neoplastic dis-
orders represent a valid therapeutic target for future adjunctive in-
terventions. One of the oldest oral pharmacological treatments
licensed for psoriasis is MTX, a folic acid analog with antiprolifer-
ative, immunosuppressive, and anti-inflammatory properties (45).
Mechanistically, MTX inhibits cell proliferation by blocking
DNA/RNA synthesis, through the inhibition of the dihydrofolate
reductase, necessary for production of pyrimidine and purine nu-
cleotides (46, 47). Although widely used, MTX presents negative
side effects, i.e., difficulties in dosage identification and toxicity in
high proliferating tissues (i.e., hematopoietic bone marrow cells, ep-
ithelial gastrointestinal tube, and epidermal cells).

For comprehensive management of psoriatic patients, alterna-
tive therapeutic approaches are still needed. Although SHIN1, a
folate-competitive cell-permeable inhibitor of human SHMT1/2
(23) is not selective for SHMT2, the experiments shown represent
the proof of concept that inhibition of SHMTs can ameliorate the
clinical features associated with psoriasis (Fig. 8D). Because serine
metabolism, through SHMT2, fuels keratinocyte proliferation and
psoriasis-like symptoms, it is reasonable to hypothesize that target-
ing serine uptake and/or inhibiting the SHMT2 enzyme may be a
promising alternative therapeutic strategy for treatment and long-
term management of psoriasis and possibly for other skin diseases
characterized by aberrant keratinocyte proliferation and
inflammation.

MATERIAL AND METHODS
Cell culture, transfection, proliferation, and
clonogenic assays
HEKn, normal human epidermal keratinocytes (Gibco, catalog no.
C-001-5C) and human TERT-immortalized keratinocytes (hTert/
Ker-CT, American Type Culture Collection, CRL4048, lot. no.
0213) were cultured in EpiLife medium with the addition of
Human Keratinocyte Growth Supplements (HKGS, Life Technolo-
gies). Serine and/or glycine starvation experiments were done using
minimum essential medium without nonessential amino acids

(Lonza, catalog no. 04-719Q). PHGDH inhibition was done
adding 1 μm CBR-5884 (MedChemExpress, catalog no. HY-
100012) to the culture medium. For proliferation analysis, Incucyte
Live-Cell Analysis (Essen BioScience) was used. For siRNA-mediat-
ed knockdown experiments, 6 × 105 cells were seeded and transfect-
ed with specific siRNAs (table S2) using Lipofectamine RNAiMAX
transfection reagent (Invitrogen). Cells were collected 72 hours after
transfection. A total of 6 × 105 human keratinocytes were seeded
and treated with SHIN1 (25 μM; MedChemExpress, catalog no.
HY-112066) and collected 48 hours after treatment. To make
rescue experiment, after 12 hours of SHMT2 silencing or SHIN1
treatment, cells were treated with hypoxanthine (100 μM; Sigma-
Aldrich, catalog no. H9636), thymidine (16 μM; Sigma-Aldrich,
catalog no. T9250), formate (1 mM; Sigma-Aldrich, catalog no.
247596), or GSH-reduced ethyl ester (100 μM; Sigma-Aldrich,
catalog no. G1404). HEKn were differentiated with 1.2 mM CaCl2
added to culture medium and collected at the following time points:
0, 3, 6, and 9 days. Cells were pulse-labeled with 10 μM EdU and
processed with a Click-iT EdU Alexa Fluor 488 flow cytometry
assay kit (Invitrogen, catalog no. C10337). For both EdU assay
and propidium iodide (PI), cells were stained and analyzed using
a CytoFLEX cytometer (Beckman Coulter). A total of 12,000
events were evaluated for each proliferation analysis. The cell
cycle analysis with PI was performed using Kaluza software. Last,
for the clonogenicity assay, 100 cells were plated with 1 × 106
NIH 3T3 fibroblasts previously treated with mitomycin C (10 μg/
ml; Sigma-Aldrich). The cells were cultured in 60% (v/v) Dulbecco’s
modified Eagle’s medium, 30% (v/v) Ham F-12, 10% (v/v) fetal
bovine serum, adenine (24.3 μg/ml), insulin (5 μg/ml), hydrocorti-
sone (0.4 μg/ml), and 10−10 M cholera toxin. Three days after
seeding, epidermal growth factor (10 ng/ml) was added. For the clo-
nogenicity assay after SHIN1 treatment, 100 cells were plated with
1 × 106 NIH 3T3 fibroblasts previously treated with mitomycin C
(10 μg/ml; Sigma-Aldrich).

Seahorse flux analysis
The cellular OCR and ECAR were measured using an XF Cell Mito
Stress Test kit (Agilent) and an XFe96 extracellular flux analyzer
(Seahorse Bioscience, Houston, TX, USA). The sensor cartridge
for the XFe analyzer was hydrated in a 37°C incubator without
CO2 a day before the experiment. According to the manufacturer’s
instructions, the following stressor concentrations were optimized
and added: 1 μM oligomycin as a complex V inhibitor, 0.8 μM
FCCP (an uncoupling agent), and 0.5 μM rotenone/antimycin A
(inhibitors of complexes I and III). OCR was normalized on the
basis of total protein per well per 10,000 cells. Each sample/treat-
ment was analyzed in at least eight wells for the experiment, and
two independent experiments were performed.

Mitochondria analysis and ROS quantification
HEKn cells were trypsinized and stained with chloromethyl 2′,7′-di-
chlorodihydrofluorescein diacetate (CM-H2DCFDA) (10 μM; Invi-
trogen), MitoSOX Red (5 μM; Invitrogen), and JC1 (2 μM). The
cells were incubated for 20min at 37°C and analyzed by flow cytom-
etry, obtaining 12,000 events per sample. In detail, the CM-
H2DCFDA fluorescence signal was detected in the fluorescein iso-
thiocyanate (FITC) channel, MitoSOX Red was detected in the phy-
coerythrin (PE) channel, and JC1 fluorescence was detected in both
FITC and PEchannels.
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Metabolite profiling
The metabolites were extracted using cold methanol and chloro-
form. Then, the tubes were centrifuged at 13,500g for 10 min at
4°C to obtain a pellet. Last, the dried samples were resuspended
in 0.1 ml of water and 5% formic acid and transferred onto glass
autosampler vials for liquid chromatography–mass spectrometry
(LC-MS) analysis. Twenty microliters of supernatant was injected
into an ultrahigh-performance LC (UHPLC) system (Ultimate
3000, Thermo Fisher Scientific) and run-in positive ion mode.
The UHPLC system was coupled online with a Q Exactive mass
spectrometer (Thermo Fisher Scientific) scanning in full MS
mode (two μscans) at 70,000 resolutions in the 67 to 1000 mass/
charge ratio range and targeting 1 × 106 ions with a maximum
ion injection time of 35 ms. Raw files of replicates were exported
and converted into mzXML format through MassMatrix (Cleve-
land, OH) and then processed by MAVEN.52 (available at http://
genomics-pubs.princeton.edu/mzroll/). Spectrometry chromato-
grams were assessed for peak alignment, matching and comparing
parent and fragment ions, and tentative metabolite identification
(within a 2–part per million mass deviation range between observed
and expected results based on the imported Kyoto Encyclopedia of
Genes and Genomes database). For metabolomic array, cells trans-
fected with specific siRNAs (siSCR; siSHMT2 or siMTHFD1L) or
treated with SHIN1 were collected and homogenized with a mixture
of Millipore ultrapure water and cold methanol. After centrifuga-
tion at 13,500g and 4°C for 10 min, a 30-μl aliquot of the superna-
tant was carefully transferred to a 96-well plate for derivatization.
The plate was then transferred to a Biomek 4000 workstation
(Biomek 4000, Beckman Coulter, Brea, California, USA). Twenty
microliters of freshly prepared derivative reagents [200 mM 3-Ni-
trophenylhydrazine (3-NPH) in 75% aqueous methanol and 96
mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide–6% pyri-
dine solution in methanol] were added to each well. The plate
was sealed, and the derivatization was carried out at 30°C for 60
min. After derivatization, the plate was lyophilized (Labconco,
Kansas City, MO, USA) to dry. Then, 400 μl of ice-cold 50% meth-
anol solution was added to resolve the sample, followed by 4000g
centrifugation at 4°C for 30 min. Supernatant (135 μl) was trans-
ferred to a new 96-well plate in each well. Last, the plate was
sealed for LC-MS analysis. The raw data files generated by ultra-per-
formance LC–quadrupole time-of-flight MS (UPLC-QTOF-MS)
were processed using the Targeted Metabolome Batch Quantifica-
tion (TMBQ) software (v1.0, HMI, Shenzhen, Guangdong, China)
to perform peak integration, calibration, and quantification for each
metabolite.

Intracellular α-ketoglutarate measurement
Cells were collected and pellet was snap-frozen in liquid nitrogen
and then stored at −80°C. The α-ketoglutarate was measured by
an α-ketoglutarate assay kit (Cell Biolabs, catalog no. MET-5131)
following the manufacturer’s instructions. Colorimetric signal was
read using the Labsystems Multiskan Ascent instrument; the ob-
tained values (two technical replicates per biological replicate)
were normalized on total protein extract; n = 3 biological replicates
has been conducted; the P value was calculated by ordinary one-way
analysis of variance (ANOVA) with Tukey’s correction.

Isotope labeling and metabolic fluxes
A total of 1.5 × 105 cells were seeded in six-well plates in complete
medium and allowed to grow for 48 hours. At the start of the assay,
cells were washed with phosphate-buffered saline (PBS) and re-
ceived the assay medium (without serine or glycine) supplemented
with both 13C2

15N1-glycine (0.4 mM; Sigma-Aldrich, catalog no.
489522) or 13C3

15N1-serine (0.4 mM; Sigma-Aldrich, catalog no.
608130). Two biological replicates of the medium and cell pellet
were collected at the time points of 4, 8, 12, 24, and 32 hours
after incubation. Cell pellets were homogenized with a mixture of
Millipore ultrapure water and cold methanol. After centrifugation
at 13,500g and 4°C for 10 min, a 20-μl aliquot of the supernatant
was carefully transferred to a 96-well plate for derivatization.
Twenty microliters of working standard solutions, cell extracts, or
mediumwas added to a 96-well plate. Tenmicroliters of dithiothrei-
tol (DTT) was added into each well, and the reaction solutions were
placed on the thermos shaker for 10 min at 55°C and 800 rpm. After
short centrifugation, 10 μl of indole-3-acetic acid was added, fol-
lowed by heating to 55°C for 10 min at 800 rpm. After short centri-
fugation, 10 μl of DTTwas added, followed by heating to 55°C for 10
min at 800 rpm. Subsequently, 10 μl of the supernatant was collect-
ed to be derivatized with the AccQTag reagents in the light of the
manufacturer’s protocol procedure. Last, 5 μl of the derivative solu-
tions were transferred for UPLC-QTOF-MS analysis. The raw data
were processed using the TargetLynx application manager (Waters
Corp., Milford, MA) to obtain calibration equations and the mea-
sured concentration of each amino acid in the cell and
medium samples.

IMQ mouse model of psoriasis
An 8-week-old female BALB/cJ mouse group (Harlan Laboratories,
San Pietro al Natisone, Italy) was treated for five consecutive days
with 5% (62.5 mg) IMQ (Aldara cream, Meda AB, Solna, Sweden)
(n = 6). An 8-week-old female group was treated for five consecutive
days with 5% (62.5 mg) IMQwith the addition of SHIN1 (MedChe-
mExpress, catalog no. HY-112066) starting on the third day of treat-
ment (1 mM) (n = 6). Treatments with vehicle [dimethyl sulfoxide
(DMSO)] (control group, n = 2) or SHIN1 administered alone
started on day 0 of IMQ administration. On day 5, full-thickness
skin biopsy samples of the treated area were collected with an 8-
mm biopsy puncher. Skin was either snap-frozen in liquid N2 for
total RNA preparation or fixed in neutral buffered formalin
(Sigma-Aldrich, St. Louis, MO, USA) for histopathological and im-
munohistochemistry analyses. Each complete experiment was re-
peated twice with similar results. All mouse procedures were
carried out in accordance with institutional standard guidelines.
The experimental design was authorized by the Italian Health Min-
ister (protocol no. 112/2021-PR).

Histological and immunohistochemistry analyses
Formalin-fixed paraffin-embedded (FFPE) sections (5 μm) of
human normal and psoriatic skin were dewaxed for 2 hours at
60°C, treated with Bio Clear (BIO-OPTICA), and rehydrated with
alcohol scale and double-distilled H2O. Immunohistochemical
staining was performed using UltraTek HRP antipolyvalent [diami-
nobenzidine (DAB)] (ScyTek Laboratories, catalog no. AMF080).
Samples were boiled at 95°C for 10 min in sodium citrate buffer
at pH 6.0 for antigen retrieval. Anti-SHMT2 antibody was incubat-
ed (1:100; Sigma-Aldrich, catalog no. HPA020549) for 1 hour.
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Sections were counterstained with Mayer ’s haematoxylin (BIO-
OPTICA), dehydrated, and mounted using Bio Mount HM (BIO-
OPTICA). All the tissues were obtained from adult donors. The
samples were used in this study with the approval of the institution-
al review board of the Istituto Dermopatico dell'Immacolata (IDI-
IRCCS) before the acquisition of informed patient consent (n.41/
CE/2020; 656/1). Tissue sections from murine FFPE skin biopsy
samples were deparaffinized and stained with H&E for histological
analysis. Epidermal and scale thickness and cell infiltrate number
were analyzed as parameters of skin acanthosis and inflammation.
Average epidermal and scale thicknesses were quantified by a re-
searcher blind to the experimental groups who took five measure-
ments in three sections of each mouse. Cells infiltrating the dermis
were also counted in three skin sections in each mouse. Immuno-
histochemistry was performed with primary antibodies against Ki67
(1:250; Novocastra, catalog no. NCLk67P), CD3 (1:100; Dako,
catalog no. A0452), LY6G (1:30; Pharmingen, catalog no.
550291), or K10 (1:1000; Covance, catalog no. PRB-159P). For
antigen retrieval, samples were boiled in Dako buffer (catalog no.
S1700) at 96°C for 25 min for Ki67, in proteinase K (Dako) for 10
min for LY6G and CD3, and in sodium citrate buffer (pH 6.0) at
96°C for 10 min for K10. Sections were counterstained with
Mayer’s haematoxylin and were visually analyzed by two patholo-
gists experienced in dermatology. Positivity was evaluated in five
adjacent fields at a magnification of ×200.

Immunoblotting
In vitro differentiated keratinocytes were lysed with SDS lysis buffer
[100 mM tris (рН 8.8), 1% SDS, 5 mM EDTA, 20 mM DTT, and 2
mM of 4-[2-Aminoethyl] benzenesulfonyl fluoride hydrochloride
(AESBF)]. Human epidermal keratinocytes used for silencing and
SHIN1 treatment were collected and lysed in radioimmunoprecipi-
tation assay buffer [50 mM tris-Cl (pH 7.4), 150 mMNaCl, 1% NP-
40, 0.25% Na-deoxycholate, 1 mM AEBSF, and 1 mM DTT]. Total
protein extracts (20 to 50 μg) were separated using SDS polyacryl-
amide gels. The following antibodies were used: anti-SHMT1
(1:300; Sigma-Aldrich, catalog no. HPA023314), anti-SHMT2
(1:500; Sigma-Aldrich, catalog no. HPA020549), anti-K10 (1:1000;
Covance, catalog no. PRB-159P), anti–glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:15,000; Sigma-Aldrich, catalog no.
G8795), anti–p63-α (1:500; Cell Signaling Technology, catalog no.
13109) and anti-OXPHOS cocktail (1:250; MitoSciences), anti-lor-
icrin (BioLegend, catalog no. 905104), anti-MTHFD1L (Protein-
tech, catalog no.16113-1-AP), anti-H3K27me3 (Millipore, catalog
no. 07-449), and anti-H3 (Abcam, catalog no. Ab10799). Un-
cropped images of the Western blots are shown in fig. S7.

Immunofluorescence
After seeding on slides sterilized with methanol, HEKn cells were
fixed for 10 min in 10% formalin-buffered solution and permeabi-
lized for 10 min in 0.2% Triton X-100/PBS. The following antibod-
ies were used: anti-SHMT1 (1:300; Sigma-Aldrich, catalog no.
HPA023314), anti-SHMT2 (1:500; Sigma-Aldrich, catalog no.
HPA020549), and anti–cyclophilin D (MitoSciences, catalog no.
MSA04). The following secondary antibodies were used: anti-
rabbit Alexa Fluor 488– or Alexa Fluor 568–conjugated antibodies
(1:1000; Invitrogen) together with 4′,6-diamidino-2-phenylindole
(1 μg/ml; Sigma-Aldrich) for nuclear DNA staining. For cytoskele-
ton staining, Alexa Fluor 488–conjugated phalloidin was added to

the secondary antibody solution (1:1000; Thermo Fisher Scientific).
Samples were analyzed by confocal laser microscopy (NIKON
Eclipse Ti) using EZ C.1 software (Nikon).

RNA extraction and RT-qPCR
HEKn cells were lysed in RNeasy Lysis Buffer (RLT) (QIAGEN).
Total RNA was isolated using the RNeasy Mini Kit (QIAGEN).
Total RNA was quantified using a NanoDrop spectrophotometer
(Thermo Fisher Scientific). Total RNAwas used for complementary
DNA (cDNA) synthesis with a SensiFAST cDNA synthesis kit
(Bioline). With RNA extracted from mouse skin, SuperScript
VILO (Invitrogen, catalog no. 11754050) was used for cDNA syn-
thesis. qPCR was performed with a GoTaq Real-Time PCR System
(Promega) in an Applied Biosystems 7500 Real-Time 15 PCR
System (Applied Biosystems) using appropriate qPCR primers
(table S3). TATA box–binding protein (TBP)and Beta-2-Microglo-
bulin (B2M) were used as housekeeping genes for data normaliza-
tion. The expression of each gene was defined by the threshold cycle
(Ct), and relative expression levels were calculated by using the
2 − ΔΔCt method.

Statistical analysis
Student’s t test was used for statistical analysis, one-way ANOVA
followed by Bonferroni post hoc comparison test was used for the
seahorse analysis, and one-way ANOVAwas used for growth curves.
P < 0.05 and P < 0.01 were considered statistically significant.

Bioinformatics analysis and data availability statement
Analysis of SHMT1 and SHMT2 expression was performed using
high-throughput data performed on human proliferative keratino-
cytes and available from Encyclopedia of DNA Elements
(ENCODE) at University of California, Santa Cruz (UCSC)
(https://genome.ucsc.edu/ENCODE/) and ENCODE project
(www.encodeproject.org/). For SHMT1 and SHMT2 expression
analysis, in vitro differentiated keratinocyte RNA-seq data were ob-
tained from undifferentiated keratinocyte and keratinocyte treated
with calcium chloride and allowed to differentiate for 3 or 6 days
(ENCSR527SSD, ENCSR959LTT, and ENCSR034RPU). For
CAGE sequencing of SHMT1 and SHMT2 data available on
ENCODE at UCSC were analyzed (GSM8493679). For analysis of
gene expression at the mRNA level of the different genes involved
in one-carbon metabolism in normal skin and lesional and nonle-
sional psoriatic skin, public databases available through GEO data-
sets (www.ncbi.nlm.nih.gov/gds) were analyzed (GSE13355). All
data needed to evaluate the conclusions in the paper are present
in the paper and/or the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Tables S2 and S3

Other Supplementary Material for this
manuscript includes the following:
Table S1

View/request a protocol for this paper from Bio-protocol.
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