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Abstract

The complex network governing self-renewal in epidermal stem cells (EPSCs) is only partially defined. FOXM1 is
one of the main players in this network, but the upstream signals regulating its activity remain to be elucidated.
In this study, we identify cyclin-dependent kinase 1 (CDK1) as the principal kinase controlling FOXM1 activity in
human primary keratinocytes. Mass spectrometry identified CDK1 as a key hub in a stem cell-associated protein
network, showing its upregulation and interaction with essential self renewal-related markers. CDK1 phosphorylates
FOXM1 at specific residues, stabilizing the protein and enhancing its nuclear localization and transcriptional activity,
promoting self-renewal. Additionally, FOXM1 binds to the CDK1 promoter, inducing its expression.

We identify the CDK1-FOXM1 feedforward loop as a critical axis sustaining EPSCs during in vitro cultivation.
Understanding the upstream regulators of FOXM1 activity offers new insights into the biochemical mechanisms
underlying self-renewal and differentiation in human primary keratinocytes.
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Introduction

The epidermis is the outermost layer of the skin, con-
sisting of a stratified epithelial structure that shields the
human body from external factors and prevents water
loss. The basal layer of the epidermis is tightly connected
to the underlying dermis, and it is composed by both
epidermal stem cells (EPSCs) and transient amplifying
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progenitors (TACs) [1, 2]. EPSCs are long-lived, stem
cells that sustain timely repair and long-term regenera-
tion of the tissue [3-5]. They give rise to TACs, which
undergo a process of terminal differentiation to spinous,
granular, and cornified layers [6]. The careful regulation
of keratinocyte proliferation and differentiation is cru-
cial for preserving epidermal balance. When the skin is
injured, this balance is disrupted, and keratinocytes at
the wound edge rapidly alter their function to participate
in tissue repair [7].

EPSCs can be in vitro expanded to generate a func-
tional epithelial graft and an adequate number of these
cells guarantees long-term epithelial regeneration in the
patient [3, 8—11]. It has already been proven that EPSCs
can be genetically corrected to treat genetic skin disease
such as different types of epidermolysis bullosa (EB) and
lamellar ichthyosis (LI) [3, 11-14]. Thus, a thorough
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understanding of the biochemical mechanisms govern-
ing self-renewal during in vitro cultivation could help to
unveil potential molecular targets for treating skin disor-
ders due to aberrant keratinocyte proliferation and dif-
ferentiation programs, such as psoriasis and skin cancer
[15-19].

During in vitro cultivation, EPSCs give rise to clones
identified as holoclones [3], while TACs are identified as
meroclone- and paraclone-forming cells [20]. The first
important step in the identification of the biochemical
differences among the three types of clones derives from
the discovery of TP63, which is required for squamous
epithelia development [21, 22]. TP63 is highly expressed
in holoclones, where it sustains the proliferative poten-
tial, driving the expression of epithelial-specific mark-
ers, metabolic genes and long noncoding RNA [23-27].
Further insight into the network controlling EPSCs,
TACs, and differentiated cells derives from a combina-
tion of microarray analysis and single-cell sequencing
data [28, 29]. It has been demonstrated that YAP signal-
ing is required for self-renewal in EPSCs, and it promotes
the expression of the transcription factor FOXM1 [28,
30]. FOXM1 induces the expression of Histone linker
H1 isoform B (namely H1B), a protein that plays a piv-
otal role in DNA packaging and gene expression regu-
lation. In EPSCs, H1B is associated with promoters of
differentiation-related genes, maintaining their silencing
and thereby preserving the undifferentiated state [31].
FOXM1 activity is intricately controlled by phosphory-
lation, but the kinases responsible for such regulation in
EPSCs have not been identified yet [32-34]. Uncovering
the biochemical pathways upstream of FOXM1 could be
crucial for effectively modulating its function.

Cyclin-dependent kinases (CDKs) are serine/threonine
kinases whose activity is regulated by their association
with cyclins and inhibited by CDK inhibitors (CKIs). In
their monomeric, inactive form, CDKs have a two-lobed
structure: a conserved catalytic core with an ATP-binding
pocket flanked by a PSTAIRE-like cyclin-binding domain
and an activating T-loop motif [35, 36]. In mammals,
CDKs are categorized into cell-cycle-related (CDKI,
CDK2, CDK4, CDK®6) and transcription-related (CDK7,
CDKS8, CDK9, CDK11, CDK20) groups [36, 37].

CDK1, while primarily known for its role in cell cycle
progression, is involved in many other processes, such
as signal expression regulation, apoptosis, mitochon-
drial function, Golgi remodeling, and intermediate fila-
ments organization, as reviewed in Massacci et al. [38].
Many of these functions are closely linked to stem cell
self-renewal. For instance, during the development of
embryonic stem cells (ESCs), CDK1 interacts with Oct4
to prevent differentiation into the trophectoderm lineage
[35, 39]. During neurogenesis, CDK kinases are crucial
for the multi-site phosphorylation of the Neurogenin 2
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transcription factor, thereby inhibiting neurogenic gene
expression [40]. In myoblasts, CDK1 and CDK2 phos-
phorylate MyoD, enhancing its turnover and promoting
the maintenance of a proliferative state [41]. Additionally,
CDK1 downregulation leads to premature differentiation
and accumulation of chromosomal alteration [42].

Human primary epidermal cultures can provide an
ideal model for studying CDK1 role in self-renewal and
differentiation. Previous studies reported that FOXM1
activity is regulated by CDK1 in cancer cell lines [43, 44];
however, CDK1’s role in the epithelial stem cell biology
remains largely unexplored.

In this work, we took advantage of a label free bot-
tom-up mass spectrometry (MS) proteomic to study
the proteomic profile of stem-cell enriched versus stem-
cell depleted keratinocyte cultures. CDK1 emerged as
a central player that could positively regulate FOXM1
activity in EPSCs. Hampering CDK1 and FOXM1 activ-
ity by means of specific inhibitors and CRISPR-Cas9
technology, we pointed out CDK1 as one of the major
kinases responsible for FOXM1 phosphorylation and
stabilization. In addition, we found that FOXM1 binds
to the CDK1 promoter, probably inducing its expression
and engaging in a positive loop that could sustain self-
renewal in EPSCs.

Methods

Human tissues

All human tissues were collected after informed consent
for use of tissues in research and in compliance with Ital-
ian regulations (Comitato Etico dellArea Vasta Emilia
Nord, number 178/09 for healthy donor skin samples and
number 124/2016 skin biopsies obtained from patients
affected by JEB).

Primary human cell cultures from healthy donors and JEB
patient

Human skin samples from surgical waste (abdomi-
noplasty or mammoplasty) were collected and ano-
nymized. Briefly, skin biopsies were minced and treated
with 0.05% trypsin/0.01% EDTA for 4 h at 37 °C. Every
30 min keratinocytes were collected, plated (2.5-3x10%
cm?) on lethally irradiated 3T3-J2 cells (2.4x10%cm?),
and grown at 37 °C, 5% CO, in humidified atmosphere
in keratinocyte growth medium (KGM), comprising Dul-
becco’s modified Eagle’s (DMEM) and Ham’s F12 media
(2:1 mixture) containing fetal bovine serum (FBS, 10%),
penicillin—streptomycin (50 IU/ml), glutamine (4 mM),
adenine (0.18 mM), insulin (5 mg/ml), cholera toxin (0.1
nM), hydrocortisone (0.4 mg/ml), triiodothyronine (Lio-
thyronine Sodium, 2 nM), epidermal growth factor (EGF,
10 ng/ml). When subconfluent, cell cultures were seri-
ally propagated until senescence. A skin biopsy (1 cm?)
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has been collected from a LAMB3-dependent JEB patient
(1-month-old) and cultivated as described above.

3T3-J2 cell line

Mouse 3T3-]2 cells were a gift from Prof. Howard Green,
Harvard Medical School (Boston, MA, USA). Fibro-
blasts were cultivated in DMEM supplemented with 10%
gamma-irradiated donor adult bovine serum, penicillin—
streptomycin (50 IU/ml) and glutamine (4 mM) [45].

Sample processing for MS proteomics analysis

Samples were treated as described in d’Arca et al. [46],
with slight modifications. After feeder layer removal,
scraped cells were resuspended in 0.6 mL of 1X RIPA
buffer (Sigma Aldrich) supplemented with Protease
Inhibitor (Thermo Fisher) and Phosphatase Inhibitor
(Thermo Fisher) cocktails, vortexed, incubated overnight
at -80 °C, and centrifuged at 14,000 g for 10 min at +4 °C.
Supernatants were collected and their protein content
was quantified using the BCA assay (Thermo Fisher). A
volume equivalent to 35 pg of protein lysate per sample
was loaded into Millipore 30 kDa MWCO centrifugal fil-
ters (Merck). It was heat-denatured with a Thermomixer
(Eppendorf), reduced with excess dithiothreitol, and
cys-alkylated with iodoacetamide. Then 1 pg MS grade
trypsin (Roche, Basel, Switzerland) was added for protein
digestion. The obtained samples were recovered from the
filters with 50 pL of 0.5 M NaCl, buffered with TFA and
desalted throught C18 SPE columns (Empore 3 M — CDS
Analytical, PA, U.S.). The eluted peptides were lyophi-
lized in a SpeedVac (Eppendorf). Samples were stored at
-80 °C until MS analysis. Three independent NHK pri-
mary cultures were processed as described above (bio-
logical replicates). Each sample was digested and divided
in two technical replicates.

MS proteomics analysis

1pg of peptide per sample was injected on a UltiMate
3000 RSLCnano UHPLC coupled to an Orbitrap Explo-
ris 480 Mass Spectrometer (Thermo Fisher Scientific),
equipped with a nano-ESI source. An EASY-Spray
500 mm x 75 pm, ID 2 pm, column was employed for
sample separation at 20 pL/min in a 160 min gradi-
ent (2 to 30% ACN in 0.1% formic acid), with a FullMS-
ddMS”2 method, (top20), in positive ionization mode.
This allowed for the fragmentation of the most intense 20
ions per MS! scan. Analysis parameters were set as fol-
lows: MS! resolution 120,000, Scan range 375-3000, RE
lens 50%, normalized ACG target 300%, MaxIT 120ns,
2-5 charge state. MS/MS parameters were set as fol-
lows: NCE 30%, isolation window 1.5 m/z, isolation offset
0.4 m/z, normalized ACG target 200% (120ns MaxIT).
Dynamic exclusion option was used throughout all the
experiment with a 55s window to maximize peptide
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identification. The reliability of chromatograms in terms
of intensity (Total ion current) and peptide separation
(resolution) was manually annotated with FreeStyle tool
(Thermo Fisher Scientific).

MS data analysis

The raw data files were analyzed with Proteome Discov-
erer v3.1 (Thermo Fisher Scientific) [47]. Excel file report-
ing the raw data (normalized protein intensity values) of
the Label Free MS Proteomics experiment and the dif-
ferentially expressed proteins (DEPs) is available in Open
Access on the FairDom repository at https://fairdomhub.
org/data_files/7500 upon request to the authors. Peptides
from each sample were searched against a FASTA data-
base built with UniProt [48] 20,431 annotations from H.
sapiens and 115 from the Common Repository of Adven-
titious Proteins database (cRAP) for contaminants iden-
tification [49]. g-value (p-value adj. to FDR<1% acc. to
Benjamini correction) was used for peptide matching.
Threshold parameters employed for protein identifica-
tion were set as follows: 10ppm for precursor ion, 0.02Da
for fragment ions, max 1 missed cleavage, 1x"C iso-
tope, Cys- carbamidomethylation as fixed modification,
and M-oxidation as variable modification. The pipeline
of protein identification includes peptide matching with
SEQUEST algorithm, and rescoring with Chimerys v4.0,
per each sample independently [50]. Proteins matched
with a coverage>5%, and proteins identified with >2 pep-
tides (>1 unique) were included in protein identification
as reliable hits. Peptide quantitation was performed after
sample normalization with an interval of confidence 95%
around the average total ion current, by encompassing
precursor ion intensities. A f-test was applied between
the enriched sample group and the depleted sample
group to score the ratios of protein expression (g-values).
Contaminants from the cRAP database and murine fibro-
blast from the cell matrix were excluded from the quan-
titation. A preliminary analysis between all the murine
fibroblast and the human keratinocyte proteome was
performed to assess that no mismatch in peptide identifi-
cation interspecies was occurring.

Bioinformatic analysis of MS data

Protein localization distribution (Gene Ontology- Cel-
lular Component) was obtained with the GO extension
on Proteome Discoverer, according to their percentage
of representation (cumulative). A g: Profiler functional
profiler analysis (g: GOSt) was run on the genes cor-
responding to the DEPs (Ensembl Gene ID extension
was used for conversion, Provided by Proteome Dis-
coverer and available on Suppl. Table 1) to characterize
the main GOs and biological processes involved in cell
metabolism. STRING network enrichment web tool was
used to evaluate the biochemical crosstalk of the DEPs
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Fig. 1 (See legend on next page.)

and the sub-networks through the MCL local network
analysis. Briefly, all the DEPs for the MS analysis were
uploaded on STRING with their corresponding fold
change values and analyzed with a medium confidence

level (0.400) in a global network analysis. The MCL algo-
rithm was used to generate local networks according to
their inflation parameters, and the cluster surrounding
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Fig. 1 CDK1 is upregulated in stem-cell enriched epidermal cultures. (a) Scheme describing the experimental pipeline for mass spectrometry analy-
sis; abbreviations: EPSC=Epidermal Stem Cell, TAC=Transient Amplifying Cell, TD=Terminally Differentiated cell, LC-MS=Liquid Chromatography Mass
Spectrometry; MS=Mass Spectrometry; (b) Volcano plot representation of the proteins identified by the MS proteomics analysis of enriched vs. depleted
samples. Significantly downregulated proteins are represented in blue, significantly upregulated proteins are represented in red. On X-axis, Fold-change
is reported (log,(ratio)), while on Y-axis proteins’significance is depicted (as -Log,, of the corresponding g-value). (c) STRING local Network analysis (LNA)
obtained from the MCL cluster. Number of nodes: 8, number of edges: 12, average node degree: 3, avg. local clustering coefficient: 0.792, expected num-
ber of edges: 0, PPl enrichment p-value: 2.11 x 107", (d) qRT-PCR quantification of the mRNA levels of CDK1, H1B, IVL, and SPINK5 on three different NHK
primary cultures. Expression levels were normalized per GAPDH. Data are presented as mean +/— SD of N=3 different independent biological replicates,
*P<0.05 (Student t-test). (e) Western analysis of total cell extracts from cultures generated by sub-confluent NHKs during serial cultivation. Molecular
weight indicators are shown. (f) Western analysis of total cell extracts derived from NHK cultures treated with 30 uM CYC (see Methods) or DMSO as
control. Molecular weight indicators are shown. (g) Western analysis of total cell extracts derived from NHK cultures treated with 30 uM RO3306 (see
Methods) or DMSO as control. Molecular weight indicators are shown. (h) gRT-PCR quantification of the mRNA levels of FOXM1, CDK1, CCNB1,and H1B on
cells derived from DMSO-, CYC- or RO3306-treated NHK cultures. Expression levels were normalized per GAPDH and given relative to the control (DMSO)
arbitrarily set to 1. Data are presented as mean +/— SD of N=3 different independent biological replicates, *P<0.05, **P<0.01, ***P<0.001, ns=not sig-

nificant (Student t-test)

CDK1 is reported in Fig. 1c with the corresponding GOs
descriptors.

Clonal analysis

Sub-confluent keratinocyte mass cultures were trypsin-
ized and 0.5-1 cell was plated into each well of a 96-well
plate after serial dilution. Single clones were cultivated
for 7 days and treated with 0.05% trypsin and 0.01%
EDTA at 37 °C for 15-20 min. One-quarter of the clone
was plated into an indicator dish, cultivated for 12 days,
and stained with rhodamine B to classify the clonal type.
The remaining three-quarters were sub-cultivated into
an adequate plastic support and used for further analyses
[51].

Western blotting

Feeder layer was mechanically removed by sprinkling
on top 20 mM cold PBS/EDTA. Keratinocytes were col-
lected by scraping in 1x RIPA buffer (Sigma Aldrich)
supplemented with Phosphatase and Protease Inhibitor
Cocktails (Thermo Fisher). Pierce BCA Protein Assay kits
(Thermo Scientific) were used to quantify the total pro-
tein amount. The same amount of proteins was loaded
in 4-12% NuPAGE Bis-Tris Gels and transferred using
100 V at 4 °C for 2 h onto the nitrocellulose membrane
(Millipore). Membranes were treated with Everyblot
blocking solution (Bio-Rad). Primary antibodies were
diluted in Everyblot blocking solution (Bio-Rad) as indi-
cated in Suppl. Tables 4 and added overnight at 4 °C to
the membranes. Secondary antibodies were diluted in
Everyblot blocking solution (Bio-Rad) as indicated in
Suppl. Tables 4 and added to the corresponding mem-
branes for 1 h at room temperature. Signal was visual-
ized with Clarity Western ECL substrate (Bio-Rad) using
ChemiDoc (Bio-Rad) and ImageLabs software. Gray
background on the images was homogeneously added for
graphical purposes.

RNP complex formation and nucleofection

The synthetic guide was designed on the exon 2 of
FOXM1 genomic sequence (5-CATGCCCAACACG
CAAGTAG -3’) and directly flanking a TGG PAM. It
was purchased by Thermo Fisher Scientific (Assay ID
CRISPR739962_SGM, Cat. #A35533). A non-targeting
guideRNA was used as in [13]. SgRNA was mixed with
SpCas9 (Alt-R S.p. Cas9 Nuclease V3, IDT, #1081058)
and P3 Primary Cell Nucleofector® Solution to attain a
molar ratio 1,15:1 of sgRNA to SpCas9. Then 1x 10° kera-
tinocytes were resuspended in 20 pL of supplemented
NucleofectorTM Solution at RT, 5 pL of the RNP and
1 pL of 100 uM Alt-R Cas9 Electroporation Enhancer
(Alt-R Cas9 Electroporation Enhancer, IDT, #1075915).
Cells were transferred to 16-well Nucleocuvette® Strips
and electroporated using a 4D-Nucleofector (4D-Nucleo-
fector Core Unit, Lonza, #AAF-1001B; 4D-Nucleofector
X Unit, Lonza, #AAF-1001X) using the program DS-138.

TIDE (Tracking of indels by decomposition) analysis
Genomic DNA was extracted from sub-confluent nor-
mal human primary keratinocyte (NHK) cultures and
the locus around the deletion was amplified by PCR (see
Suppl. Table 5 for primers sequences) and used to per-
form Sanger sequencing. The resulting sequence trace
files were uploaded on the TIDE web tool with the guide
RNA sequence as input (sensitivity >1-5%).

Binding sites analysis

To predict potential binding sites for the transcription
factor FOXM1 in the promoter region of the CDK1I gene,
the Biostrings package on R was used. The FOXM1 bind-
ing motif was retrieved from Jaspar website (https://jas-
par.uio.no/) (ID: UN0802.1). Promoter sequence of the
CDK1 gene was obtained from UCSC Genome Browser
(1 kb upstream TSS). MatchPattern function was used
to scan for FOXM1 motif occurrences in the promoter
sequence, allowing a maximum mismatch=1.
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Chromatin immunoprecipitation

For chromatin immunoprecipitation, iDeal ChIP-seq
kit for Transcription Factors from Diagenode (Cat.
No.: C01010055) was used following the manufactur-
er’s instruction. Briefly, cells were crosslinked with 1%
formaldehyde (Sigma) in culture medium for 10 min at
room temperature, and chromatin from lysed nuclei was
sheared to 200-600 bp fragments using a Branson Soni-
fier. Chromatin derived from 4x10° cells was incubated
with indicated antibodies (Suppl. Table 4) overnight at
4 °C. Antibody/antigen complexes were recovered with
ProteinA/G beads for 2 h at 4 °C. Quantitative real-time
PCR was carried out on a QuantStudio 12k Flex Real-
Time PCR System (Thermo Fisher) with custom-made
oligonucleotides and PowerUP SYBR green master mix
(Thermo Fisher); each sample was analyzed in triplicate.
The amount of immunoprecipitated DNA in each sample
was determined as the fraction of the input (amplifica-
tion efficiency (Ct INPUT_Ct ChIP)). Primers are listed
in Suppl. Table 5.

RNA extraction and droplet digital PCR (ddPCR)

For real-time qPCR, total RNA was isolated from cul-
tured cells using the PureLink RNA Mini Kit (Thermo
Fisher). Complementary DNA (cDNA) was gener-
ated using the SuperScript VILO ¢cDNA Synthesis Kit
(Thermo Fisher). ddPCR was carried out on the reverse
transcribed c¢cDNA using QX200™ ddPCR™ EvaGreen
Supermix (BioRad) or ddPCR™ Supermix for Probes
(BioRad). To generate individual reaction droplets,
QX200™ Droplet Generator was used. The droplets were
then transferred to a sealed polymerase chain reaction
(PCR) plate to conduct thermal cycling according to the
assay requirements. Finally, the QX200™ Droplet Reader
was used to measure the fluorescence in each droplet.
Data were analyzed using QuantaSoft™ Analysis Pro soft-
ware and visualized with Prism 8. List of Tagman Probes
(Thermo Fisher) used is provided in Suppl. Table 6.

Drug treatments

R-Roscovitine or CYC202 (HY-30237), RO3306 (HY-
12529), and FDI-6 (HY-112721) were added to NHKs
after three days of culture. The three drugs were firstly
resuspended in DMSO and then diluted in culture
medium to a final concentration of 30 uM. NHKs treated
with RO3306 were harvested after 6 h, and NHKs treated
with CYC202, and FDI-6 were harvested after 24 h. All
three drugs were purchased from MedChem.

Flow cytometry biparametric staining for cell-cycle analysis
Cell-cycle analysis was performed using Click-iTTM EdU
Flow Cytometry Assay Kit by Invitrogen according to the
manufacturer’s protocol. In brief, cells were incubated
with EdU diluted 1:1000 for 2 h, harvested, and stained
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for 3t3-feeder cells. They were then fixed, permeabilized,
incubated with Click-iT reaction cocktail and eventually
stained with FxCycleTMViolet. Stained cells were ana-
lyzed with BD FACSCanto II, BD FACSDiva Software
v6.1.3, and FlowJo v10.

Single cell transcriptomic profile and bioinformatic
analysis

For details on single-cell RNA sequencing experiments
refer to Enzo et al., 2021 [28]. Briefly, two keratinocyte
cultures were detached with trypsin for 15-20 min to
obtain a single cell suspension, pelleted, and resuspended
in culture medium and in 0.04% BSA in 1X PBS. For each
sample, 1.0x10* cells were loaded into one channel of
the Chromium Chip B using the Single Cell reagent kit
v3 (10X Genomic). cDNA was synthesized and ampli-
fied for 14 cycles following the manufacturer’s protocol.
Sequencing was performed on the NextSeq550 Illumina
sequencing platform, reaching at least 50,000 reads as
mean reads per cell. The Cell Ranger Count pipeline (ver-
sion 3.1.0) was used to align reads of the dataset to the
reference transcriptome (GRCh38) and to calculate UMI
counts from the mapped reads. Expression data were
imported in R and analyzed using Seurat (version 4.3.0)
R package. 3,367 and 3,978 cells were obtained from two
independent sub-confluent primary epidermal cultures.
Single-cell transcriptomic data of healthy-donor-derived
skin biopsy were processed using the same procedure
described above, retrieving 8,570 cells, as described in
[31]. Cells were classified using the annotated dataset as
reference and the FindTransferAnchors and TransferData
functions in Seurat with default parameters. Seurat Map-
Query function was used to project the healthy-donor-
derived skin biopsy dataset onto the reference UMAP
structure.

For the co-expression analysis, data were normalized
using the NormalizeData function in Seurat. Expression
levels for FOXM1 and CDKI were extracted, with an
expression threshold set at >0. Colocalization was iden-
tified when the expression levels of both genes exceeded
this threshold. Starting from the normalized data, the
average expression for each cluster was calculated using
the AverageExpression function in Seurat.

Results

Mass spectrometry analysis of stem cell-enriched versus
stem cell-depleted epithelial cultures

Normal human primary keratinocyte (NHK) cultures
were established from biopsies obtained from three skin
biopsies derived from healthy donors and serially culti-
vated to explore changes in protein expression during
clonal conversion. Early-passage cultures contain the
highest proportion of stem cells with minimal differen-
tiation. As passages progress, stem cells are progressively
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depleted and replaced by TACs and differentiated cells as
a result of clonal conversion (Fig. 1a).

To identify proteins that are differentially expressed
during clonal conversion, we performed liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) pro-
teomic analysis on early- and late-passage NHK cultures
(Fig. 1a). A total of 5,437 proteins were identified (Suppl.
Figure 1a, b, ¢). Most of these proteins were localized in
the nucleus (65% of total), followed by membrane (48%),
and cytoskeletal components (47%) (cumulative percent-
ages; Suppl. Figure 1d).

Among the identified proteins, 289 were signifi-
cantly differentially expressed (¢<0.05, Abundance
Ratio>2), with 142 proteins upregulated and 147 pro-
teins downregulated in early-passage cultures as com-
pared to late-passage ones (Fig. 1b, Suppl. Table 1).
The functional enrichment analysis using g: Profiler
revealed that the upregulated proteins were associ-
ated with cellular components such as the endoplasmic
reticulum (GO:0005789) and chromosome organization
(GO:0051276), as well as biological processes like DNA
replication and base excision repair (REAC: R-HSA-
73884) (Suppl. Table 2). Conversely, proteins upregulated
in later passages were primarily linked to the cytoplasmic
component (GO:0005737) and ATP metabolic processes
(GO:0046034) (Suppl. Table 3).

STRING analysis with Local Network Analysis (LnA)
of the primary cluster identified by the Markov Cluster
Algorithm (MCL) revealed a key protein interaction net-
work (p=4.37x10~°) consisting of eight proteins (Fig. 1c).
Seven of these proteins (ANLN, AURKB, NUSAPI,
TACC3, PBK, CDCA3, and CDK1) have been previously
associated with the “holoclone signature” as potential
markers of holoclone-forming stem cells [28]. The eighth
protein, H1-0, belongs to the histone H1 linker family.
Although the role of H1B in epidermal stem cell biology
has been explored [31], the function of the H1-0 isoform
remains to be further investigated.

Notably, CDK1 emerged as a central hub in this net-
work, showing overexpression (fold change 1.34, ratio
2.54; Fig. 1b) and medium-strength interactions (signifi-
cance=0.400) with other stem cell-associated proteins in
early-passage samples compared to late-passage samples
(q=9.27x1073, Fig. 1c, Suppl. Figure 1le). This data sug-
gests that CDK1 may play a role in sustaining stem cell
properties during early stages of cultivation. Conse-
quently, we focused on further investigating CDK1 func-
tion, particularly as a potential upstream regulator of
FOXM1, a key transcription factor involved in stem cell
maintenance [28].
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CDK1 phosphorylates FOXM1 in human primary
keratinocytes

Building on these insights, we sought to further elucidate
the role of CDK1 in early-passage cultures, hypothesiz-
ing that CDK1 may act as a key kinase for FOXM1. To
validate the MS findings, we assessed CDKI1 expres-
sion at both RNA and protein levels in early- and
late-passaged NHKs. As expected, early passages exhib-
ited increased FOXM1 mRNA expression along with
decreased expression of differentiation markers, such
as SPINKS and IVL, compared to late passages (Fig. 1d).
Correspondingly, CDKI mRNA levels were higher in
early passages and significantly reduced in late passages.
This trend was also evident at the protein level, where
CDK1 expression decreased progressively with serial cul-
tivation, mirroring the decline of the stem-cell marker
BIRCS5 (Fig. 1e).

FOXM1 has been shown to play a critical role in
maintaining epidermal stem cells and is essential for
holoclone-forming cell maintenance during in vitro cul-
tivation [28]. FOXM1 activity is primarily regulated
through post-translational phosphorylation with CDK1
being one of the kinases responsible for phosphorylat-
ing FOXM1 at specific serine and threonine residues,
particularly serine 251 (5251) and threonine 611 (T611)
[32, 43]. These phosphorylation events stabilize FOXM1,
facilitate its nuclear localization, and enhance its tran-
scriptional activity. While this regulatory mechanism has
been well characterized in tumorigenic cell lines [32, 43],
its role in NHK remains to be elucidated.

To explore the relevance of CDK1 activity in regulating
FOXM1 function in NHKs, we utilized two CDK1 inhibi-
tors: CYC202 (R-Roscovitine) and RO3306. CYC202
(hereafter referred to as CYC; Suppl. Figure 2a) is a selec-
tive cyclin-dependent kinase inhibitor, with high affin-
ity for CDK1, while also affecting CDK2 and CDK5 (K|
= 0.65 uM, 0.7 uM, and 0.2 uM, respectively). By com-
petitively inhibiting ATP binding, CYC blocks the kinase
activity of these CDKs, leading to cell-cycle arrest and
apoptosis in proliferating cancer cells [52]. It has also
been employed as a CDK1 inhibitor in cancer treatments
[52].

RO3306 is a potent ATP-competitive inhibitor of
CDK1, showing minimal activity on CDK2/E, PKC$, and
SGK at higher concentrations (K; = 340 nM, 318 nM, and
497 nM, respectively; Suppl. Figure 2b). In proliferating
cancer cells, short-term exposure to RO3306 causes a
reversible G2/M phase cell cycle arrest, while prolonged
exposure (>48 h) triggers apoptosis [53].

To assess the effects of CDK1 inhibition in early pas-
saged NHKs, we treated cells with 30 uM CYC and 30
UM RO3306 (see Methods for details). Upon CYC treat-
ment, flow cytometry analysis revealed a slight but sig-
nificant accumulation of cells in the G2/M phase, and a
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Fig. 2 Afeedforward loop between FOXM1 and CDK1 in human primary epidermal cells. (a) Schematic representation of FOXM1 predicted binding sites
on the CDK1 promoter. (b) ChIP-ddPCR showing FOXM1 binding to the indicated sites in NHK. Relative DNA binding was calculated as a fraction of input
and normalized with the negative region (HBB, see Suppl. Table 5) arbitrarily set to 1, N=3 independent experiments. *P < 0.05, **P < 0.01 ***P < 0.001 (Stu-
dent t-test). (c) Western analysis of total cell extracts derived from NHK cultures treated with 30 uM FDI-6 or DMSO as control. Molecular weight indicators
are shown. (d) gRT-PCR quantification of the mRNA levels of FOXM1, CCNBT, H1B, and CDK1 on cells derived from DMSO- or FDI-6 -treated NHK cultures.
Expression levels were normalized per GAPDH and given relative to the control (DMSO) arbitrarily set to 1. Data are presented as mean +/— SD of N=3
different independent biological replicates, *P<0.05, ***P<0.001 (Student t-test). (e) Western analysis of total cell extracts from cultures generated by
primary NHKs edited with a scrambled gRNA (CTR-SCR) as control or with a gRNA specific for FOXM1 (KO-FOXMT1). Molecular weight indicators are shown.
(f) gRT-PCR quantification of the mRNA levels of CDKT on cells derived from gRNA scrambled- (CTR-SCR) or FOXM1-edited (KO-FOXM1) NHK. Expression
levels were normalized per GAPDH. Data are presented as mean +/— SD of N=2 biological replicates, **P<0.01 (Student t-test). () Western analysis on
total cell extracts derived from FOXM1- (FOXMT1) or empty backbone-transduced (EMPTY) NHK cultures. FOXM1 endogenous level in NHK-empty is not
detectable due to technical reasons. Molecular weight indicators are shown. (h) gRT-PCR quantification of the mRNA levels of CDKT on cells derived from
FOXM1- (FOXM1) or empty backbone-transduced (EMPTY) NHK cultures. Expression levels were normalized per GAPDH. Data are presented as mean +/—
SD of N=3 different independent biological replicates, *P < 0.05 (Student t-test). (i) Western analysis on total cell extracts derived from NHK, untransduced
(JEB-NT) and LAMB3-transduced (JEB-LAMB3) JEB-derived primary keratinocyte cultures. Molecular weight indicators are shown. (j) Western analysis on
total cell extracts derived from untransduced (JEB-NT) and FOXM1-transduced (JEB-FOXM1) JEB-derived primary keratinocyte cultures. Molecular weight
indicators are shown. (k) gRT-PCR quantification of the mRNA levels of CDKT on cells derived from untransduced (JEB-NT), FOXM1- (JEB-FOXM1), or
LAMB3-transduced (JEB-LAMB3) JEB-derived primary keratinocyte culture. Expression levels are normalized per GAPDH. Data from one available patient

are shown

reduction in the number of cells in G1 phase (Suppl. Fig-
ure 2c). These data suggest a partial G2/M phase arrest
due to CDK1 inhibition as compared to DMSO-treated
controls. In contrast, RO3306 treatment did not produce
significant cell cycle alterations, suggesting that short-
term inhibition of CDK1 may not be sufficient to fully
disrupt cell cycle progression (Suppl. Figure 2c).

In untreated NHKs, FOXM1 protein displayed a char-
acteristic smeared band, indicative of phosphorylation
at multiple residues under physiological conditions.
Upon treatment with either CYC or RO3306, a more
compact FOXM1 band appeared, suggesting hypo-phos-
phorylation of the protein (Fig. 1f, g). This effect was not
observed in cells treated with BI2536 (30 nM for 24 h),
a PLK1 inhibitor that also plays a role in FOXM1 phos-
phorylation, though primarily in cancer cells (Suppl. Fig-
ure 2d) [54].

Interestingly, FOXMI mRNA levels remained
unchanged following both CYC and RO3306 treatments
(Fig. 1h, light blue bars). However, a decrease in FOXM1
transcriptional activity was evident, as shown by reduced
mRNA levels of two FOXM1 target genes, CCNBI and
HIB (Fig. 1h, green and violet bars, respectively). Addi-
tionally, CDKI mRNA levels decreased following CYC
treatment (Fig. 1h, orange bars), although no significant
reduction in its protein levels was observed (Fig. 1f).

A feedforward loop between FOXM1 and CDK1 in human
primary keratinocytes

Previous studies have demonstrated that FOXM1 regu-
lates a network of genes involved in cell-cycle progres-
sion, including CDK1 [55, 56]. To investigate whether
FOXM1 also regulates CDK1 expression in NHKs, we
conducted a bioinformatic analysis identifying four pre-
dicted FOXM1 binding sites within the CDK1 promoter
region, up to 1000 bp upstream of the transcription start
site (TSS) (Fig. 2a). Chromatin immunoprecipitation

(ChIP) assays confirmed that FOXM1 binds to CDK1
promoter (Fig. 2b), consistently with these predictions.
As internal control, we also verified that FOXM1 bound
the promoter of CCNBI and HI1B, FOXM1 known target
genes [31].

Next, we explored the impact of modulating FOXM1
transcriptional activity on CDKI mRNA levels. We
took advantage of the FOXM1 inhibitor FDI-6, which
prevents FOXM1 from binding to its target DNA and
blocks downstream gene transcription [57, 58](Suppl.
Figure 3a). NHK treatment with 30 pM FDI-6 did not
significantly alter cell-cycle phase distribution (Suppl.
Figure 3b), but it led to a marked reduction in FOXM1
protein levels (Fig. 2c). Consistently, a reduction in
FOXM1 target genes, such as CCNBI and HIB, has been
observed (Fig. 2d). Notably, also CDKI expression was
diminished, suggesting a direct transcriptional regulatory
role of FOXM1 on CDK1 (Fig. 2d, orange bars).

Interestingly, FOXM1 mRNA levels were also reduced
(Fig. 2d, light blue bars), supporting the existence of an
auto-regulatory feedback loop for FOXM1. This obser-
vation is in line with previous reports showing that
transcriptional inhibitors, such as Siomycin A and Thio-
strepton, similarly reduce FOXM1 activity and expression
[34, 59]. Furthermore, it has been shown that disrup-
tion of specific FOXM1 binding sites (—745/-738 bp)
significantly diminishes FOXM1 promoter activity,
emphasizing the importance of this region in FOXM1
auto-regulation [59, 60]. Further investigation is neces-
sary to determine whether the reduction in FOXM1 pro-
tein levels following FDI-6 treatment is due to decreased
transcription or alteration in protein stability.

Treatment with the CDK1 inhibitor CYC also resulted
in a reduction in CDKI mRNA levels, although CDK1
protein levels remained unchanged (Fig. 1f, h). This
observation suggests that the inhibition of FOXM1 activ-
ity caused by CYC treatment may also indirectly affect
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CDKI mRNA levels. Collectively, these findings support
the notion that FOXM1 and CDK1 are engaged in a feed-
forward regulatory loop. FOXM1 enhances the transcrip-
tion of CDK1, which in turn phosphorylates and activates
FOXM1, leading to increased transcriptional activ-
ity. This loop might have a crucial role in the FOXM1-
dependent regulation of genes associated with EPSCs
self-renewal.

CDK1 expression correlates with FOXM1 in human primary
keratinocytes

To better understand the interplay between FOXM1
and CDK1, we investigated whether altering FOXM1
levels impacts CDKI expression. Using CRISPR-Cas9
gene-editing technology, we performed FOXMI genetic
ablation and examined its effect on CDK1 expression in
NHKs.

A 20-nucleotide guide RNA targeting exon 2 was
designed with no predicted off-target effects, as con-
firmed by the Cas-OFFinder tool, set to allow one mis-
match and no DNA-bulge. NHKs were nucleofected with
the CRISPR-Cas9 complex targeting FOXMI, and the
genomic editing was assessed using TIDE analysis. Com-
plete knockout of FOXM1 was achieved with 100% edit-
ing efficiency at both alleles (Suppl. Figure 4a). Western
blot analysis further confirmed the absence of FOXM1
protein (Fig. 2e). Consistent with previous findings [31],
FOXM1 knockout led to the downregulation of its well-
established targets, CCNBI and HIB, and to a initial
upregulation of differentiation markers (TGM1I1, IVL,
and SPINKS) (Suppl. Figure 4b). Furthermore, FOXM1I
knockout resulted in a marked reduction in CDK1
expression at both the mRNA and protein levels (Fig. 2e,
f).

Conversely, FOXM1 enforced expression greatly slack-
ened physiological clonal conversion and sustained holo-
clone formation during serial cultivation [28]. NHKs
transduced with a lentiviral vector overexpressing
FOXM1 displayed a statistically significant increase in
CDK1 expression at both the mRNA and protein levels
(Fig. 2g, h).

To further investigate the correlation between CDK1
and FOXM1 expression in epidermal cultures, we ana-
lyzed CDK1 expression in keratinocyte cultures derived
from patients with junctional epidermolysis bullosa
(JEB), a severe genetic skin disorder characterized by
extensive blistering due to mutations in adhesion pro-
teins, such as Laminin-$3 and Collagen type XVII alpha
1 chain, which anchor the epidermis to the dermis [14,
61, 62]. This interaction is disrupted in JEB patients, lead-
ing to premature stem cell exhaustion during in vitro
cultivation, primarily due to YAP inactivation and subse-
quent downregulation of downstream targets, including
FOXM1 [28, 30].
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In primary keratinocytes derived from a JEB patient
with two heterozygous LAMB3 mutations (c.2242G>T
and ¢.823-1G>T), both LAMB3 gene therapy and
enforced FOXM1 expression prevented stem cell exhaus-
tion [28, 30]. Notably, CDK1 expression was restored
under both conditions (Fig. 2i-k).

CDK1 expression at single-cell level

Our data suggest a strong correlation between CDK1
expression, FOXM1 activity and percentage of stem cells
in NHK. Holoclone-forming EPSCs, which are essen-
tial for long-term tissue regeneration, give rise to TACs
(meroclone- and paraclone-forming cells) with pro-
gressively decreasing proliferative potential, eventually
maturing into non-clonogenic, terminally differentiated
cells [3, 51]. The FOXM1 pathway is upregulated in holo-
clones and crucial for their maintenance during in vitro
cultivation [28].

To assess whether CDK1 is co-expressed with FOXM1
in the stem-cell compartment, we analyzed a published
single-cell dataset from NHK. CDKI expression was
highest in the Holoclone (H) cluster and progressively
decreased across the Meroclone (M), Paraclone (P), and
Terminally Differentiated (TD) clusters (Fig. 3a, b, left
column, Suppl. Figure 5a). This pattern closely mirrors
FOXM1 expression (Fig. 3c, d, left column). Further anal-
ysis revealed that over 66% of cells in the H cluster con-
tained at least one transcript of both CDKI and FOXM1
(Fig. 3e, left column, Suppl. Figure 5b, c). A similar co-
expression trend was observed in the transcriptome
profiles from cells directly obtained from skin biopsies
(Fig. 3b, d, e, right columns, Suppl. Figure 5d-f) [29, 31].

To verify whether CDK1 is predominantly expressed in
the stem cell compartment, we performed clonal analy-
sis on NHK [51]. Single-cell clones were isolated and cul-
tured over seven days, allowing us to classify the original
cell as holoclone-, meroclone-, or paraclone-forming cell.
Real-time RNA analysis confirmed that CDKI expres-
sion was highest in holoclones (Fig. 3f, red bars), with a
marked, progressive reduction in its mRNA levels as cells
transitioned into mero- and paraclones (Fig. 3f, light blue
bars). Western blot analysis corroborated these findings,
showing highest CDK1 protein levels in holoclones, with
reduced expression in mero- and paraclones (Fig. 3g).

Collectively, these results suggest that FOXM1 and
CDK1 are highly expressed in EPSCs, with their expres-
sion and co-localization diminishing as the cells undergo
differentiation.

Discussion

CDK1 is widely recognized for its pivotal role in cell-
cycle regulation, particularly in cancer biology. Among
its pleiotropic functions, our findings highlight CDK1’s
crucial role in regulating FOXM1 in human primary
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keratinocytes from both healthy donors and JEB patients.
We propose the existence of a feedforward loop between
CDK1 and FOXM1: FOXM1 directly binds to the CDKI
promoter inducing its expression, while CDK1, in turn,
phosphorylates and activates FOXM1. This regulatory
loop may function as a mechanism in sustaining FOXM1
activity, thereby supporting the self-renewal potential of
EPSCs (Fig. 3h).

Our data demonstrate a strong association between
CDKI1 expression and the presence of stem cells within
the culture. CDK1 expression is highest in holoclone-
forming cells and significantly decreases as cells progress
through differentiation. CDK1 and FOXM1 co-expres-
sion in EPSCs, along with their concurrent downregu-
lation during differentiation, suggests a functional
interaction between these proteins in maintaining the
stem-cell state. Indeed, FOXM1 depletion results in
decreased CDKI expression and a reduced number of
holoclone-forming stem cells. Conversely, the enforced
FOXM1 expression in both normal and JEB-derived
keratinocytes impedes clonal conversion, preserving the
stem cell compartment and high CDK1 expression.

These findings could offer valuable insights into the
biochemical mechanisms underlying the regulation of
self-renewal and differentiation pathways in EPSCs. They
could represent a potential therapeutic strategy, espe-
cially in those conditions where stem cell maintenance
is impaired. In this context, enzyme-based therapy has
recently attracted significant attention due to advance-
ments in new encapsulation strategies [63]. By encap-
sulating enzymes or modifying their delivery systems,
enzyme therapy could complement cell-based therapies.
Indeed targeting specific biochemical pathways could
enhance stem cells maintenance and function. Such strat-
egy could be particularly beneficial in disorders char-
acterized by impaired cellular regeneration or enzyme
deficiency.

Additionally, both CDK1 and FOXM1 have been pro-
posed as also involved in the energy metabolism, another
important aspect of self-renewal maintenance [64—67]:
CDK1 may directly phosphorylate metabolic enzymes or
their regulators [66], whereas FOXM1 has been linked to
glycolysis and to the response to reactive oxygen species
(ROS) [65, 68]. Further research will focus on delineat-
ing these aspects and the specific role of CDK1 in EPSCs
and TACs, eventually identifying additional components
of this regulatory network.

Finally, these findings will allow a better control of
the stem cell content on cultured epidermal grafts to
implement the development of cell and gene therapy
applications.
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