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Comprehensive secretome profiling and CRISPR screen
identifies SFRP1 as a key inhibitor of epidermal progenitor
proliferation
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Secreted proteins are crucial for the structure and functions of the human epidermis, but the full repertoire of the keratinocyte secretome
has not been experimentally defined. In this study, we performed mass spectrometry on conditioned media from primary human
keratinocytes, identifying 406 proteins with diverse roles in adhesion, migration, proliferation, proteolysis, signal transduction, and innate
immunity. To leverage this new dataset, we developed a novel colony formation assay-based CRISPR screen to investigate the functions
of uncharacterized secreted proteins on epidermal stem cells. The screen identified six candidate proteins that promoted proliferation of
epidermal progenitors and two proteins that inhibited it. Secreted frizzled-related protein-1 (SFRP1) was the most potent inhibitor. We
discovered that SFRP1 restrained clonogenic keratinocyte proliferation by inhibiting Wnt signaling as well as blocking ectopic expression
of leukemia inhibitory factor (LIF). Collectively, our study expands our knowledge of the keratinocyte secretome, establishes a novel
CRISPR screen to assess the function of non-cell autonomous factors, and highlights SFRP1’s role in regulating epidermal balance.
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INTRODUCTION
The epidermis, the outermost aspect of the skin, is a stratified
epithelium maintained by a balance between stem cell renewal,
differentiation, and shedding from the outermost surface. Disrup-
tion of this equilibrium causes skin conditions that affect over 20%
of the population, significantly impacting human health [1–3]. The
epidermis faces ongoing challenges from injury, ultraviolet
irradiation, microbes, and other environmental stressors [4–6].
While understanding the molecular mechanisms that maintain
epidermal balance is crucial for treating skin diseases, these
mechanisms are not fully known.
Secreted proteins play a major role in these processes. They

orchestrate communication between cells, construct the extra-
cellular matrix, and promote skin defense [7–9]. Determining the
identity and functions of secreted proteins holds great potential to
advance our understanding of skin health and disease. Epidermal
stem/progenitor cells reside in the innermost basal layer and
progressively differentiate as they move superficially towards the
skin’s surface. Secreted proteins are critical to regulating
epidermal stem cell decisions: Autocrine Wnt signaling promotes
self-renewal [10] while epidermal growth factor (EGF) and
transforming growth factor (TGF) family members can both
stimulate proliferation and/or differentiation [11]. Beyond cell fate
determination, secreted epidermal proteins are also mediators of
skin inflammation. These include cytokines (e.g., IL-8, IL-6, tumor
necrosis factor), growth factors (e.g., VEGF, EGF, GM-CSF, and TGF-
β), and antimicrobial peptides (e.g., human β-defensin 2, LL-37,

S100) [12–14]. Due to their extracellular location, secreted proteins
have unique potential as biomarkers and drug targets, or as
therapeutic molecules themselves [15, 16].
While ~80 secreted epidermal keratinocyte proteins have been

identified to date [12, 17], the comprehensive epidermal
keratinocyte secretome has not been experimentally defined,
and the scope of its functions is incompletely understood. To
address this knowledge gap, we performed mass spectrometry on
conditioned media of undifferentiated and differentiated primary
human keratinocytes to catalog the epidermal keratinocyte
secretome. We determined a repertoire of 406 proteins, including
over 100 proteins whose functional roles in the skin had not been
studied in depth. To evaluate the potential roles of these secreted
factors, we developed a colony formation-based CRISPR knockout
screen capable of identifying non-cell autonomous factors
regulating the renewal of epidermal progenitors. Through a
combination of genetic depletion, recombinant protein rescue,
RNA-seq, and ATAC-seq analyses, we took advantage of this new
protein dataset to identify secreted Frizzled-related protein 1
(SFRP1) as a key regulator of human keratinocyte renewal.

RESULTS
Defining the human keratinocyte secretome
To identify the proteins secreted by keratinocytes, we performed mass
spectrometry on conditioned media collected from primary human
neonatal keratinocytes (Fig. 1A). Keratinocytes were pooled from three
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Fig. 1 Profiling of the human epidermal keratinocyte secretome. A Schematic diagram of experimental approach. Mass spectrometry
analysis was performed on conditioned media from primary human keratinocytes cultured under proliferation and differentiation conditions.
B Gene Ontology (GO) enrichment analysis of keratinocyte secretome proteins. C Major biological functions and associated secreted proteins
of human keratinocytes. Proteins were assigned to biological processes by GO enrichment. Biological processes with 20 or more associated
proteins are shown.
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unrelated individuals and propagated in defined keratinocyte culture
medium under low calcium, low-density growth conditions (“undiffer-
entiated”), as well as at elevated calcium (1.2mM) and full confluence
—conditions that induce keratinocyte differentiation (“differentiated”).
Differentiation was confirmed by assessment of characteristic
progenitor and differentiation-associated gene expression (Supple-
mentary Fig. 1A).
Undifferentiated and differentiated keratinocyte conditioned

media were collected and concentrated by ultrafiltration. Equiva-
lent total protein from concentrated supernatants was resolved by
SDS-PAGE electrophoresis, visualized by Coomassie Blue staining,
and divided into gel sections to facilitate high-depth peptide
identification. Each gel section was subjected to microcapillary
reverse-phase HPLC coupled to tandem mass spectrometry (µLC-
MS/MS) on an LTQ-Orbitrap mass spectrometer. µLC/MS-MS
generated 18,175 and 17,267 spectral counts from undifferen-
tiated and differentiated supernatants, respectively.
After correlation of spectra sequences to proteins, probable

contaminants were removed (Supplementary Fig. 1B), and the list
was filtered through the Human Protein Atlas database of
secreted proteins to exclude abundant intracellular proteins that
were likely to have been released into the supernatant from cell
lysis. The final filtered set consisted of 406 proteins, which we
propose as the human keratinocyte secretome (Supplementary
Fig. 1C).

Characteristics of the keratinocyte secretome
Keratinocyte secretome proteins participate in a broad array of
biological functions. Gene Ontology (GO) enrichment analysis
demonstrated substantial representation of secreted factors in the
processes of cell adhesion, proliferation, migration, proteolysis,
extracellular matrix remodeling, innate immunity, and signal
transduction (Fig. 1B, C). Top molecular function GO terms
included extracellular matrix, heparin binding, and serine-type
endopeptidases and inhibitors. Comparison of the secretome of
undifferentiated and differentiated keratinocytes revealed over-
lapping but distinct profiles, reflecting the dynamic changes in
secreted proteins associated with epidermal differentiation.
Several secreted proteins involved in extracellular matrix genera-
tion (e.g., collagens) were only detected in undifferentiated
keratinocytes, while others involved with antimicrobial defense
were represented only in differentiated keratinocytes (Fig. 1C).
Overall, these results expand the known repertoire of experimen-
tally determined keratinocyte-secreted proteins and underscore
their involvement in vital elements of skin biology.

Of the 406 proteins of the secretome list, we identified 119
proteins that had experimental association with a skin phenotype
in mice (Mouse Genome Informatics database, https://
www.informatics.jax.org). This included proteins for which muta-
tions in cognate genes cause human skin diseases, such as
collagen 7A1 and epidermolysis bullosa (Online Inheritance in
Man/OMIM 120120); serine protease inhibitor Kazal type 5 and
Netherton syndrome (OMIM 605010); and secreted LY6/Plaur
domain-containing protein-1 and Maleda syndrome (OMIM
606119). Of the remaining proteins in the secretome, 168 proteins
had no skin phenotype in mouse gene knockout studies.
Excluding proteins with known phenotypes and putatively
negative phenotypes, a remaining list of 119 proteins had either
not been characterized extensively or had not been studied at all
(Table 1).
Many of the uncharacterized secreted proteins had biologically

plausible mechanisms that could impact epidermal function.
These included proteins regulating signal transduction pathways
(DKK3, EPS8L1, SFRP1), proteases and protease inhibitors (KLK9,
KLK10, SLPI), metabolic enzymes (ALDOA, AKR1C1), and cell
differentiation-associated factors (SBSN, KRTDAP). Because of the
large number of candidates, we decided to perform a functional
screen to test their potential biological roles.

A colony formation assay-based secretome CRISPR screen
We aimed to identify keratinocyte secretome proteins that had
roles in epidermal progenitor self-renewal, because this biological
process is essential to skin homeostasis and is disrupted in many
skin diseases [18–21]. We reasoned that a screening approach
would have the benefit of highlighting protein regulators that had
strong and non-redundant regulatory roles and would benchmark
effect sizes of candidates relative to one another.
To assay epidermal progenitor stem cell potential, we devel-

oped a colony formation-based CRISPR screen (Fig. 2A). The screen
takes advantage of an assay in which keratinocytes are seeded
sparsely as single cells onto a fibroblast feeder layer. Seeded
keratinocytes develop into colonies with different clonogenic
capabilities [22, 23]. This assay design would allow for sequencing-
based quantitation of proliferative potential while taking advan-
tage of the distance between seeded colonies to reduce non cell
autonomous rescue [24–26].
We generated a single guide RNA (sgRNA) library composed of

four independent sgRNAs targeting each of the candidate 119
proteins. The sgRNA guide sequences were taken from a validated
Brunello sgRNA human CRISPR library [27]. As positive controls, we

Table 1. Keratinocyte-secreted proteins targeted in the CRISPR screen.

A2ML1 CPB2 FCRL5 ITIH1 LTBP1 PAM QPCT SHBG

ADAM10 CPM FKBP2 ITIH2 LTBP2 PAPPA2 RCN2 SIAE

ADAM9 CRELD1 GALNT2 ITIH3 LTBP4 PCDH1 RHOQ SLPI

AKR1C1 CUTA GALNT6 KLK10 LYPD2 PDDC1 RNASET2 SLURP1

ALDOA CYR61 GANAB KLK11 MAMDC2 PDIA3 RNPEP SPINT2

APOB DKK3 GGH KLK13 MDK PDIA6 RPLP2 SULF2

APOH DMKN GLG1 KLK9 METRN PI3 SAA4 TCN2

ATP6AP1 DNASE2 GOT2 KRTDAP METRNL PIK3IP1 SBSN TINAGL1

B3GAT3 DSG2 HS3ST1 LAMA5 MXRA5 PLBD2 SDF4 TWSG1

B4GALT4 ECM1 HSP90B1 LAMB1 NME3 PLOD2 SEMA3C VSTM2L

B4GALT5 EPS8L1 HSPA13 LAMB2 NOMO3 PPIC SEMA3F WFDC2

C21orf33 ERAP2 IGFBP6 LAMC1 NT5E PRSS22 SEMA5A WFDC5

CALU ERP29 IGFL1 LFNG NUCB1 PRSS23 SERPINA1 WNT5A

CHI3L1 FAT1 IGFL3 LMAN2 OAF PSAPL1 SERPINA4 XYLT1

CNPY2 FBLN2 IPO9 LRPAP1 OLFML2A PSMD1 SFRP1
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included sgRNAs to three core essential genes (EIF3A, RPL11,
U2AF1), which are genes that are necessary for cell survival across a
range of conditions and cell types [28]. After generation of the
library, we recognized that one of the secreted candidates, RPLP2,

was also a core essential gene. We also included 12 non-targeting
controls. In total, the lentiviral sgRNA library contained 500 sgRNAs.
We transduced the sgRNA library into Cas9-expressing kerati-

nocyte cell line (Supplementary Fig. 2A–D) at a multiplicity of
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infection of 0.16. A total of 2.5 × 105 transduced and selected
keratinocytes, representing 500x library coverage, were seeded
and propagated for 12 days (Supplementary Fig. 2E). Genomic
DNA was collected at the initial timepoint and after 12 days of
colony cultivation. SgRNA representation was quantified by next-
generation sequencing (Fig. 2B). The screen was performed twice.

CRISPR screen identifies SFRP1 as a key regulator of epidermal
stemness
NGS confirmed 99.8% coverage of the 500 sgRNAs and 100%
coverage of the 123 secretome targets of the library in all samples
(Supplementary Fig. 2F). Quantification of sgRNA representation
showed high technical reproducibility (Supplementary Fig. 2G, H).
SgRNAs targeting the four core essential genes were under-
represented in the post-assay timepoint (Fig. 2B, C), confirming
that the CRISPR-based knockout was effective and that the screen
was sensitive to detect functional genes. The 12 non-targeting
sgRNAs showed non-significant changes between day 0 and day
12, indicating that they were neutral to assay readout.
We applied a threshold of |log2 (fold change)| > 0.5 and a false

discovery rate of <0.01 to define sgRNA screen hits. Based on
these thresholds, eight secretome proteins were identified as
screen hits (Fig. 2C). The four independent sgRNAs for each of the
8 candidate hits showed concordance in the directionality of their
effect (Fig. 2D). Six screen hits (RHOQ, MDK, B3GAT3, HSP90B1,
ATP6AP1, and ALDOA) [29–34] were identified by under-
represented sgRNAs. Two candidates (SFRP1 and MXRA5)
[35, 36] were identified by over-represented sgRNAs (Fig. 2E).

SFRP1 restrains keratinocyte progenitor proliferation
We focused on the two candidates whose sgRNAs were enriched
in the screen, because this implies that their normal function may
be to inhibit stem cell proliferation. The candidate with the lower
FDR (0.00009) and higher fold change (log2FC= 1.102) was
secreted Frizzled related protein-1 (SFRP1). SFRP1 is a member
of a larger SFRP family [37] that regulates Wnt signaling. Prior
studies demonstrated that SFRP1 mediates activation, prolifera-
tion, and differentiation of hair follicle stem cells [38–40]. Promoter
methylation and reduced expression of SFRP1 are observed in
keloids and cutaneous squamous cell carcinoma [41, 42]. Further-
more, Sfrp1 depletion in a mouse skin carcinogenesis model
promoted early tumor initiation and tumorigenic potential [43].
Together, these findings supported a role for SFRP1 in different
facets of skin biology and disease. However, the function of SFRP1
on human interfollicular epidermal keratinocyte self-renewal has
not been described.
To confirm the results of the screen, we verified that the four

SFRP1-targeting sgRNAs depleted protein expression of SFRP1 as
intended (Supplementary Fig. 3A). The effect of all four
independent sgRNAs was concordant (Fig. 2D), and the pheno-
type of increased clonogenicity was repeated using individual
knockouts of a subset of the screening sgRNAs (Supplementary
Fig. 3B–D). To further corroborate the phenotype and rule out
effects of Cas9 expression on epidermal keratinocyte proliferative
potential, we performed the colony formation assay using short
hairpin/RNA interference targeting of SFRP1 (shSFRP1) in primary

keratinocytes (Fig. 3A and Supplementary Fig. 3E). Consistent with
the results from CRISPR knockout, we observed that shSFRP1
displayed an increased number and size of keratinocyte colonies
compared to control (Fig. 3B–E). To assess if larger colony size was
associated with increased proliferation and/or decreased cell
apoptosis, we performed immunostaining for the proliferation
marker Ki-67 and the apoptosis marker cleaved caspase-3. We
observed low and equivalent caspase-3 signal in keratinocyte
colonies of both shControl and shSFRP1 (Supplementary Fig. 3F).
However, we observed enhanced Ki-67 positivity in shSFRP1
colonies, which were accentuated in the expanding peripheral
regions of the colonies (Fig. 3F, G). Together, these results
indicated that SFRP1 depletion enhances cell proliferation.
To confirm the specificity of the phenotype to SFRP1, we

treated shSFRP1 knockdown cells with recombinant human SFRP1
protein (rhSFRP1, Fig. 3C–E). Application of exogenous rhSFRP1
reduced the clonogenicity of shSFRP1 keratinocytes towards levels
of the control cells, showing that the knockdown phenotype was
the result of depleting extracellular SFRP1. The results from the
screen, confirmatory shRNA experiments, and exogenous rescue
indicated that SFRP1 functions to inhibit epidermal progenitor
self-renewal, and its depletion leads to increased epidermal
proliferation.
To assess the spatial expression of SFRP1 within the inter-

follicular epidermis, we analyzed single-cell RNA sequencing
(scRNA-seq) data from human neonatal skin (Fig. 3H). Clustering
delineated keratinocyte subpopulations: basal keratinocytes (BAS),
characterized by high expression of KRT5, KRT14, and COL17A1;
spinous keratinocytes (SPN), marked by KRT1 and KRT10; and
granular keratinocytes (GRN), identified by SPINK5 among other
markers. Additional subclustering further resolved distinct sub-
populations within BAS, SPN, and GRN layers. Overall, SFRP1
expression was most highly represented in basal cells compared
with the spinous and granular populations (Fig. 3H, J), mirroring its
mRNA and protein expression in primary cultured keratinocytes,
where levels were highest in undifferentiated cells and progres-
sively decreased with calcium-induced differentiation (Supple-
mentary Fig. 3G–I).
SFRP1 has been recognized in two isoforms (Ensembl IDs:

SFRP1_201 and SFRP1_202). Using quantitative RT-PCR with
isoform-specific primers, we determined that SFRP1_201 is the
predominantly expressed isoform in human keratinocytes, while
SFRP1_202 was undetectable.
Basal epidermal keratinocytes can be further subclassified

into non-proliferating (BAS-I, BAS-II, BAS-III) and proliferating
subpopulations (BAS_P1, BAS_P2), distinguished by differential
MKI67 expression (Fig. 3H–J) and cell cycle phase (Fig. 3K).
Within these subpopulations, proliferating basal cells did not
express SFRP1, whereas cells with high SFRP1 expression were
predominantly non-proliferative (Fig. 3J–L). A co-expression
analysis further demonstrated that MKI67 and SFRP1 expression
in basal epidermal keratinocytes are predominantly mutually
exclusive (Fig. 3M). Collectively, these data suggest that SFRP1
is preferentially expressed in a quiescent subpopulation of
basal keratinocytes and that its repression can activate
proliferation.

Fig. 2 A colony formation assay-based secretome CRISPR screen identifies regulators of epidermal stemness. A Schematic diagram of
colony formation-based secretome CRISPR screen. The CRISPR lentiviral library was transduced into Cas9-expressing keratinocytes and seeded
onto a fibroblast feeder layer for colony formation. Genomic DNA was harvested at initial and final timepoints and sequenced to quantitate
sgRNA abundance. B Scatter plot of normalized sgRNA abundance. Results were averaged from two experimental replicates. Nontargeting
control (CTRL) sgRNAs are shown in cyan. Positive control core essential gene controls (CORE CTRL) are shown in orange. C Volcano plot of
screen results. A discovery threshold for a positive hit was defined as | log2(fold change)| > 0.5 and false discovery rate < 0.01. Core controls are
labeled in orange. Candidate hits from sgRNA depletion are in teal. Candidate hits showing sgRNA enrichment hits are in red. D SgRNA
abundance of individual targeting sgRNAs. Each secreted protein candidate in the screen was targeted by four independent sgRNAs.
Abundance changes of each sgRNA are shown, averaged between two experimental replicates. E Identity and described functions of eight
candidate protein hits from the CRISPR screen.
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SFRP1 knockdown in human epidermal organoids
Based on the screening, perturbation, and expression results, we
generated a working depiction of SFRP1 expression and relation-
ship to basal proliferation within the interfollicular epidermis (Fig.
4A). To test this relationship in a more physiological context, we
evaluated the effect of SFRP1 depletion in epidermal organoids, in
which primary keratinocytes reside in a more native three-

dimensional environment. Control vs. shSFRP1 keratinocytes were
seeded onto the basement membrane of devitalized, acellular
human dermis and cultivated at an air-liquid interface for one
week to induce epidermal stratification (Fig. 4B).
SFRP1-depleted epidermal tissue displayed a phenotype char-

acterized by hypercellular collections of keratinocytes in basal
epidermal layers. By quantitating curvature of the basement
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membrane, we found that SFRP1-depleted epidermis resulted in
greater undulations of the basement membrane compared to
control (Fig. 4C). The histology of the more superficial epidermal
layers was grossly unaffected. To quantitate overall effects on
epidermal thickness, we compared the overall area of the epidermis
per visual field between shControl vs shSFRP1 epidermis, using the
basement membrane and upper stratum granulosum as lower and
upper boundaries. We found an 18% increase in epidermal area in
shSFRP1, indicating that the average overall epidermal thickness was
increased by SFRP1 depletion, although the magnitude of the
impact on thickness was modest (Fig. 4D).
Next, we performed MKI67 immunostaining to visualize cell

proliferation. In control tissue, MKI67+ cells decorated a subset of
cells along the basal layer of the epidermis (Fig. 4E, top row). In
contrast, shSFRP1 epidermal tissue displayed markedly increased
MKI67+ staining, with clustering of MKI67+ cells at hypercellular
regions within and adjacent to the basal layer (Fig. 4E, F). We then
assessed whether SFRP1 depletion affected epidermal differentia-
tion by performing immunofluorescence staining for
differentiation-associated proteins keratin 10, filaggrin, and
loricrin. Both qualitative and quantitative analyses revealed no
statistically significant differences in the abundance or distribution
of these proteins (Fig. 4G). In addition, quantitative RT-PCR
showed no statistically significant changes in mRNA levels of
differentiation markers, although there was a trend toward
reduced expression in shSFRP1 tissue (Fig. 4H). We reasoned that
this trend may not reflect an intrinsic effect on blocking
differentiation but was more likely an averaging effect due to an
expanded population of proliferative basal progenitors. This
interpretation was supported by a time-course experiments of
calcium-induced differentiation in vitro, where increased FOXM1
expression—a marker of epidermal proliferation—was sustained
even after prolonged differentiation stimulus (Fig. 4I), indicating
the strong effect of SFRP1 depletion to promote proliferation.
Excessive epidermal keratinocyte proliferation is a hallmark of

skin diseases such as psoriasis and keratinocyte cancers. To
examine if SFRP1 expression is altered in patients with these
conditions (Fig. 4J), we evaluated RNA-seq and microarray
datasets in the NIH Gene Expression Omnibus (NIH GEO). SFRP1
expression was decreased in squamous cell skin cancer (SCC)
compared to normal control skin [44]. In psoriasis, a skin condition
typified by hyperproliferative epidermis, SFRP1 expression was
also significantly lower than control normal skin [45]. By contrast,
in eczema/atopic dermatitis, there was no significant difference in
SFRP1 expression between control and diseased tissue [46]. These
data showed that SFRP1 expression is reduced in hyperprolifera-
tive skin diseases such as SCC and psoriasis but not in eczema.

SFRP1 constrains LIF expression in addition to Wnt signaling
To determine the downstream transcriptional impacts of SFRP1,
we performed RNA sequencing of SFRP1-depleted cells in
undifferentiated (day 0) and early differentiated (day 2) keratino-
cytes. The shSFRP1 transcriptome was compared to shControl at
each timepoint, and differentially expressed genes (DEGs) were
classified as those with p value ≤ 0.05 and |log2(fold change)| > 1.
Combining results from both timepoints, we identified 304 DEGs
associated with SFRP1 depletion (Fig. 5A).
GO analysis of DEGs was headlined by terms related to

keratinization, endopeptidase activity, and calcium channel
regulator activity (Supplementary Fig. 4A). Consistent with its role
in regulating Wnt, GO terms related to canonical and non-
canonical Wnt pathways were enriched (Fig. 5B). Genes compris-
ing these GO terms included WNT7A, WNT3A, WNT6, and DRD2
[47], most of which showed increased expression with SFRP1
depletion (Fig. 5C, and Supplementary Fig. 4B, C). Because SFRP1 is
an inhibitor of Wnt signaling, upregulation of Wnt-activation
related transcripts in shSFRP1 cells was consistent its established
function.
Beyond effects on transcription of Wnt-related genes, we also

assessed more broadly how SFRP1 affected expression of gene
transcripts associated with stem cell fate. Examining the genes that
comprised enriched GO terms related to stem cell regulation (Fig.
5D, E, and Supplementary Fig. 4D, E, Supplementary Tables 5, 6)
[48, 49], we found enrichment of well-defined stem cell regulators
including the transcription factor TP53 [50], NOTCH1 [51], and SMO
[52], reflecting an impact of SFRP1 on major signaling pathways
that control epidermal progenitor stemness.
To gain insight into the regulatory mechanisms underlying the

transcriptome changes, we performed assay for transposase
accessible chromatin sequencing (ATAC-seq), comparing shSFRP1
to shControl keratinocytes. We applied a threshold of p value ≤
0.05 and |fold change| > 1.5 to define 19,136 differential ATAC
peaks. The peaks mapped to introns, intergenic spaces, and
promoters (Fig. 5F).
We assigned peaks to their nearest annotated genes and

performed GO analysis of differential peak-associated genes. We
found enrichment of terms related to signal transduction, cell
movement, and anatomical structure development (Supplemen-
tary Fig. 4G). Wnt-related GO terms were represented (Fig. 5G),
consistent with SFRP1 causing genomic regulatory changes to
control expression of Wnt-related genes. To further integrate the
two datasets, we performed a correlation analysis between the
genes identified in the RNA-seq and ATAC-seq results (Fig. 5H).
The gene set intersection between these two experiments
contained 124 genes. One gene within this intersection that drew

Fig. 3 SFRP1 restrains keratinocyte progenitor proliferation. A Immunoblot of SFRP1 protein depletion in control (shControl) and SFRP1-
depleted (shSFRP1) keratinocytes. Normalized SFRP1 relative expression is denoted. sgControl was set to 1 for comparation. B Colony
morphology of shControl and shSFRP1 keratinocytes at endpoint of colony-formation assay. Scale bar, 1000 µm. c Crystal violet staining of
colonies from shControl, shSFRP1, and shSFRP1 with recombinant human SFRP1 protein (rhSFRP1). Recombinant SFRP1 protein was applied
to concentration of 1 ng/ml. D Quantification of colony formation area in (C). The average of shControl replicates was set to 1. Data are
means ± SD (n= 3, one-way ANOVA with a Tukey’s honestly significant differences [HSD] post hoc test). p values are labeled above individual
comparisons. E Quantification of colony formation number in (C). The average of shControl replicates was set to 1. Data are means ± SD (n= 3,
one-way ANOVA with a Tukey’s honestly significant differences [HSD] post hoc test). F Ki67 immunofluorescence of control and SFRP1
knockdown keratinocyte colonies. Ki-67+ is labeled in green, and nuclei stained in blue. Scale bar, 300 µm. G Quantification of Ki-67+ cells in
(F). Each datapoint represents the relative integrated density of Ki-67 signal. The median of shControl was set 1 for comparison. Data are
median with interquartile range. (n= 862 and 1378 for shControl and shSFRP1, respectively, two-tailed unpaired student’s t-test). H UMAP
visualization of all cell types or states identified in the human neonatal skin epidermis scRNA-seq dataset (n= 5). BAS basal keratinocytes, SPN
spinous keratinocytes, GRN granular keratinocytes, APD skin appendage-related cells, MEL melanocytes, EC endothelial cells, LC Langerhans
cells. I UMAP visualization of scRNA-seq data from human neonatal skin keratinocytes, colored by different cell states. These keratinocytes
represent a subset derived from the neonatal foreskin epidermis UMAP in (H). Both non-proliferating (green dashed line) and proliferating
(purple dashed line) basal keratinocytes are highlighted on the UMAP. BAS basal keratinocytes, SPN spinous keratinocytes, GRN granular
keratinocytes. J Top: scaled and normalized expression of SFRP1, dividing cell marker, and skin basal keratinocyte marker genes; Bottom:
feature plots for canonical markers of skin keratinocytes. K UMAP projection colored by cell-cycle phase. L Violin plot depicting the expression
distribution of genes across different basal cell states. Horizontal bars within the violin plots indicate median values. M Scatter plot showing
the co-expression analysis of MKI67 and SFRP1. Each point represents a single cell.
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particular attention was leukemia inhibitory factor (LIF). In the
RNA-seq dataset, LIF exhibited the greatest increase in expression
among DEGs associated with stem-related terms (Fig. 5E). The
chromatin accessibility landscape at the LIF genomic locus
showed increased accessibility at the LIF promoter upon SFRP1
depletion (Fig. 5I). To the best of our knowledge, however, LIF had
not been connected to canonical Wnt signaling, so we chose to
further explore if this candidate played a role in the SFRP1
knockout phenotype in epidermal keratinocytes.

LIF promotes epidermal progenitor renewal and is inhibited
by SFRP1
LIF is a secreted, pleiotropic cytokine expressed in a broad range
of tissues and affects cell growth, differentiation, and inflamma-
tion. In the skin, its overexpression has been associated with
development of hyperplastic epidermis [53] and epidermal tumors
[54], but its function in the context of other stemness regulators

and the mechanisms that control its expression in the skin are
unknown.
We measured the RNA and protein expression of LIF in

undifferentiated and differentiated epidermal keratinocytes using
qRT-PCR, immunoblot, and ELISA. LIF expression was lowest in
undifferentiated progenitors and increased modestly during
in vitro differentiation (Supplementary Fig. 5A–D). In undiffer-
entiated conditions of wild-type keratinocytes, LIF was near or
below experimental limits of detection by qRT-PCR, immunoblot,
and ELISA. LIF was not present in the unfiltered µLC/MS-MS based
keratinocyte secretome list, further indicating that its expression in
keratinocytes is low or absent. SFRP1 depletion in keratinocytes
led to increased LIF mRNA and protein expression (Fig. 6A–C).
Protein quantitation by immunoblot and ELISA showed relative
and absolute upregulation compared to control. Together, the
results from RNA and protein quantitation data indicated that LIF
is expressed at a low or negligible level in undifferentiated

Fig. 4 SFRP1 knockdown in human epidermal organoids. A Schematic diagram of a working model of SFRP1 in the interfollicular epidermis.
B Hematoxylin and eosin (H&E) staining on control and SFRP1-depleted epidermal organotypic tissues. Dotted black lines denote the
basement membrane. Black arrowheads highlight example regions of collections of progenitor keratinocytes. Scale bar, 150 µm.
C Quantification of basal curvature in (B). Each datapoint represents the curvature measurement of the basal layer of a sampled H&E
image. Data are median ± interquartile range. (n= 30 from three independent biological replicates, two-tailed unpaired student’s t-test).
D Quantification of epidermal area in (B). Each datapoint represents the relative area measurement of the epidermis of a sampled H&E image.
Data are median ± interquartile range. (n= 30 from three independent biological replicates, two-tailed unpaired student’s t-test).
E Immunofluorescence of epidermal organotypic tissues. Ki-67 marks proliferating keratinocytes. White dotted lines demarcate the basement
membrane. Scale bar, 150 µm. F Quantification of Ki-67 positive cells in (E). Each datapoint represents the count of Ki-67+ cells from a sampled
image, normalized to tissue length. Data are median ± interquartile range. (n= 30 from three biological replicates, evaluated with two-tailed
unpaired student’s t-test). G Immunofluorescence of keratin 10, filaggrin, and loricrin in control and SFRP1-depleted epidermal organotypic
tissues. Dotted white lines denote the basement membrane. Scale bar, 150 µm. H Quantitative RT-PCR of SFRP1 (isoform SFRP1_201, and total
SFRP1) and differentiation-associated genes (KRT1, KRT10, FLG, LOR) in organoid epidermis in control and SFRP1 depleted tissues.
I Immunoblot of FOXM1 in shControl and shSFRP1 primary keratinocytes over time course of in vitro differentiation. For relative quantitation,
FOXM1 signal was normalized to beta tubulin, and the shControl day 0 signal was set to 1. J SFRP1 mRNA expression in skin diseases. Gene
expression data from studies of keratinocyte cancers, psoriasis, and eczema were compiled. Selected studies included patient-matched
normal skin (NS). Two-sided t-tests were performed to compare expression in NS vs. disease states. Data are mean ± SEM. Sample sizes (n) for
each group depicted in figure. NS normal skin, AK actinic keratosis, IEC intraepidermal carcinoma, SCC squamous cell cancer, Pso psoriasis. P
values shown above pairwise comparisons.
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epidermal keratinocytes but was ectopically induced by SFRP1
depletion.
We wanted to evaluate if ectopic LIF expression contributed to

the increased proliferative potential phenotype seen with SFRP1

depletion. We performed a clonogenic assay comparing several
conditions: SFRP1 knockdown, LIF knockdown, and double SFRP1
and LIF knockdown (Fig. 6D, E). As shown before, depletion of
SFRP1 increased clonogenicity. However, dual knockdown of
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SFRP1 and LIF partially but incompletely blocked the increased
clonogenic phenotype observed with SFRP1 knockdown (Fig.
6F, G, and Supplementary Fig. 5E). Recombinant human LIF
protein (rhLIF), added directly to media in the clonogenicity assay,
was sufficient to increase colony formation, supporting the effect
of LIF in epidermal progenitors (Fig. 6F). Together, these results
indicated that the effect of SFRP1 on epidermal stemness is
mediated in part through a downstream induction of LIF
expression.
The best characterized function of SFRP1 is its regulation of Wnt

signaling. Activation of canonical Wnt signaling converges on
stabilization of beta-catenin (CTNNB1), which cooperates with
TCF/LEF transcription factors in the nucleus to activate target gene
expression [55]. We sought to determine if the effect of SFRP1 on
LIF expression and epidermal stemness could be attributed
entirely to its role in suppressing Wnt signaling. To do so, we
assessed LIF protein expression and clonogenic potential in
control, SFRP1 knockdown, CTNNB1 knockdown, and double
shSFRP1/shCTNNB1 knockdown (Fig. 6H). LIF was upregulated
after SFRP1 knockdown, and this induction was partially blocked
by concurrent CTNNB1 knockdown (Fig. 6I). Concordant with
these results, the induction of colony formation by SFRP1
knockdown was partly inhibited by simultaneous CTNNB1 knock-
down (Fig. 6J, K, and Supplementary Fig. 5F). In summary, these
results indicated that SFRP1 impacts epidermal clonogenic
potential largely through regulation of canonical Wnt signaling.
However, the data also reveal a previously unrecognized
contribution of SFRP1 to epidermal regulation through a canonical
Wnt-independent mechanism, including suppression of LIF.

DISCUSSION
The lack of a systematic catalog of the human epidermal
keratinocyte secretome has hindered progress in characterizing
new candidates involved in epidermal homeostasis and identify-
ing key regulatory proteins among them [12, 17]. In this study, we
performed mass spectrometry on conditioned media from
proliferating and differentiated keratinocytes, identifying
406 secreted proteins that constitute the human epidermal
keratinocyte secretome. This work addresses the existing knowl-
edge gap and provides an unbiased and more comprehensive
profile of the keratinocyte secretome. Furthermore, by optimizing
a screening strategy for secreted factors, we tested 119 proteins
that have been either minimally characterized or not studied at all,
offering new insights into skin biology.
Dissecting the functions of secreted proteins, which can act on

distant cells, presents a unique challenge. Pooled knockout
screens are ineffective because secreted factors from neighboring
wild-type cells can mask knockout effects. Alternative screening
approaches include gain-of-function strategies, such as individu-
ally applying recombinant protein candidates to test their effects,
or overexpressing gene candidates in a cell type that does not
ordinarily express those genes [56–62]. While productive, these
approaches can be resource-intensive. To overcome this hurdle,
we developed a colony formation-based CRISPR knockout screen
specifically designed to identify secreted factors regulating

epidermal progenitor stemness. Our CRISPR screen showed
technical robustness and reproducibility. This approach success-
fully prioritized eight candidate regulators from a set of 119,
highlighting its potential for parallel assessment of secreted
protein functions.
Among these candidates, we identified SFRP1 as a potent

extracellular inhibitor of epidermal progenitor proliferation. We
demonstrate that epidermal SFRP1 functions through its estab-
lished role of inhibiting Wnt signaling but also controls other
regulators, such as LIF. Wnt signaling in keratinocytes is complex
and context-dependent, with distinct ligands influencing prolif-
eration or differentiation. For example, Wnt16 promotes prolifera-
tion, whereas Wnt5a enhances calcium-induced differentiation,
both via B-catenin signaling [63, 64]. In our RNA-seq analysis,
SFRP1 depletion downregulated Wnt7a, a ligand known to
promote melanocyte differentiation via suppression of Notch
signaling [65]. The multifaceted role of Wnt signaling underscores
SFRP1’s potential to regulate critical aspects of skin biology, both
within keratinocytes and through interactions with other
cell types.
During the course of this research, the characterization of

mouse Sfrp1 knockout (Sfrp1-ko) skin was reported, with a focus
on its phenotype in hair follicle dynamics and propensity for skin
carcinogenesis [38, 43]. Notably, in the hair follicle, Sfrp1-ko
enhanced hair follicle stem cell proliferation and accelerated the
hair follicle cycle. While the interfollicular epidermis was initially
observed to be normal, later postnatal timepoints revealed an
increase in Ki-67+ staining, suggesting that Sfrp1 could play a role
in postnatal epidermal homeostasis. This observation raises the
possibility of a distinct function for Sfrp1 in maintaining epidermal
homeostasis after development, in contrast to its role in
embryonic development. In contrast to the mouse model, our
study uncovers the specific impact of SFRP1 depletion in human
epidermis, providing new insights into its potential role in adult
skin homeostasis and highlighting the translational relevance of
our findings.
In addition to SFRP1, other candidate hits from the screen are

attractive candidates to assess for roles in human epidermal
biology. Midkine (MDK), another hit from the screen, is a growth
factor cytokine that is induced upon wounding in a salamander
regeneration model [66] and is essential for wound epidermis
expansion after injury. In human skin, midkine overexpression is
observed in keratinocyte cancers [67] and can stimulate keratino-
cyte proliferation in vitro [68]. In normal physiologic conditions it
is expressed in basal epidermis, suggesting a potential role in
progenitor/stem homeostasis. Another screen hit, matrix remodel-
ing associated 5 (MXRA5), has also been associated with multiple
cancers [36, 69]. When knocked out in our screen, it showed
increased clonogenicity, indicating that it may function as a
repressor of epidermal stemness. These and other candidates from
the screen are promising candidates for further investigation.
We acknowledge that our experimental design has several

limitations. Secreted proteins were identified from conditioned
media of primary human keratinocytes in vitro, which may not
fully recapitulate secreted proteins in vivo. Propagation in culture
may alter expression of some secreted proteins compared to a

Fig. 5 SFRP1 inhibits Wnt signaling and other stemness regulators. A Heatmap of differential gene expression in SFRP1-depleted
keratinocytes. Differentially expressed genes (DEGs) between SFRP1-depleted and control keratinocytes were identified on day 0 and day 2
timepoints. DEGs were defined by threshold of p value ≤ 0.05 and | log2 (fold change)| > 1. B Top enriched GO terms (ranked by p-value)
related to Wnt signaling. C Heatmap of gene expression for representative genes in (B). D Top enriched GO terms (ranked by p value) related
to stem cell regulation. E Heatmap of gene expression for representative genes in (D). Genes associated with Wnt signaling are labeled in red.
F Distribution of SFRP1-associated differential ATAC-seq peaks across genomic regions. Differential peaks were defined by threshold p
value ≤ 0.05 and |fold change| > 1.5. G Top enriched Wnt GO (ranked by p value) of differential ATAC-seq associated genes. H Venn diagram of
DEGs in RNA-seq and differential peak-associated genes in ATAC-seq. I Chromatin accessibility plot at the LIF genomic locus (chr22:30, 240,
453- 30, 246, 759). Shadowed fold change peaks meet threshold of >1.5 (shSFRP1 vs. shControl). Tracks were aligned with Ensembl LIF
regulatory build and H3K27ac ChIP-seq data from foreskin keratinocytes.
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native tissue context. In addition, the keratinocyte secretome is
dynamic, and we know that the landscape of secreted proteins
will change in states of inflammation or disease. Additionally, as
part of our filtering strategy, we intersected our experimentally
detected proteins with the list of all secreted proteins reported in
the Human Protein Atlas project [70]. While this strategy removes
false-positive intracellular protein contaminants released from
low-level cell lysis, it may exclude true-positive secreted proteins.
The Human Protein Atlas designates secreted proteins based on
presence of signal peptides; proteins secreted by nonclassical

pathways, such as IL-1 [71, 72], would be excluded using these
criteria.
As a class, secreted proteins are more readily detected in body

fluids and tissue samples, making them valuable as potential
biomarkers and molecular signatures of disease [73, 74]. Secreted
proteins and extracellular membrane regions are critical to active
medical therapies, and represent the target for nearly 70% of
current US Food and Drug Administration-approved drugs [70].
However, for skin conditions, laboratory biomarkers are less
developed than for other organs and tissues, leaving an

B. Cheng et al.

11

Cell Death and Disease          (2025) 16:360 



opportunity for further development in dermatology and skin-
related health conditions.
In summary, we experimentally defined the repertoire of the

human epidermal keratinocyte secretome. Further, we developed
a colony formation-based CRISPR screen and identified SFRP1 as a
key inhibitor of keratinocyte progenitor proliferation. Mechan-
istically, SFRP1 functions in epidermal stemness regulation
through suppressing LIF expression in addition to Wnt signaling.
The results and screening approach presented in this work can
provide a strategy for identifying and functionally studying
secreted proteins that can contribute to better diagnosis and
treatment of skin disease.

MATERIALS AND METHODS
Primary human epidermal keratinocytes
Primary human neonatal keratinocytes were isolated from discarded
foreskin tissues harvested with informed consent under an approved UC
Irvine Institutional Review Board protocol. Keratinocytes were cultured in a
50:50 mixture of Keratinocyte-SFM and 154 media (Thermo Fisher
Scientific, Waltham, MA, USA, cat#10724-011 and cat#M-154-500) with
manufacturer-recommended supplements and 1x Antibiotic-Antimycotic.
293 T cells and 3T3 cells were cultured in DMEM medium supplemented
with 10% fetal bovine serum and 1x Antibiotic-Antimycotic. All cells were
cultured at 37 °C at 5% CO2.

Collection of conditioned media and protein identification
Primary neonatal human epidermal keratinocytes, pooled from three
unrelated donors, were seeded in 150mm tissue culture dishes. For the
undifferentiated progenitor state, keratinocytes were seeded at 5 × 106

cells per dish and maintained in subconfluent conditions for 48 h. For
differentiation of keratinocytes, 3 ×107 keratinocytes were seeded onto a
150mm dish and visualized 12 h later to confirm full confluence. The
media was supplemented to 1.2 mM calcium with calcium chloride. The
confluent cells were maintained for 8 days, replacing calcium-
supplemented media every two days. Conditioned media from both
undifferentiated and differentiated conditions were harvested 48 h after
media change. Media was centrifuged at 500 × g for 10min to pellet cell
debris. The supernatant was collected and concentrated through a low
protein-binding polyethersulfone column with 3 K cutoff (MacroSep, Pall
Life Sciences, Port Washington, NY, USA). The concentrated conditioned
media were loaded onto a well of a 4–12% gradient, 1.0 mm Bis-Tris
NuPAGE gel and resolved by electrophoresis. Equivalent total supernatant
protein mass was loaded for each lane. The gel was stained with
Coomassie Blue (Thermo Fisher). Each lane of protein lysate was divided
into 9 gel slices of equal area and provided for proteomics analysis.
Proteins were resolved by micro capillary reverse phase HPLC directly
coupled to the nano-electrospray ionization source of an LTQ-Orbitrap
mass spectrometer (µLC-MS/MS). The µLC-MS/MS and the spectra analysis
were performed by the Harvard Mass Spectrometry and Proteomics
Resource Laboratory (Cambridge, MA, USA) to generate the list of proteins.
A false discovery rate of 0.1 was applied based on a reverse database

strategy, and background contaminants were excluded based on the
facility’s repository of common background proteins in human proteomics
experiments.

Secretome GO term analysis
To assess for Gene Ontology enrichment, the secretome gene list was
analyzed by the NIH Database for Annotation, Visualization and Integrated
Discovery (DAVID) tool. The background list for analysis was comprised of
15,129 genes expressed in control keratinocyte RNA-seq results, defined as
those genes meeting a minimum expression threshold of >1 count based
on a geometric average of all samples.

Cas9-expressing keratinocyte cell line
To generate a Cas9-expressing keratinocyte cell line, the Cas9-Flag-P2A-
puromycin cassette was removed from the pLentiCRISPRv2 plasmid and
cloned into the pLEX MCS vector digested with BamHI and XhoI. Next,
the puromycin resistance cassette was swapped for a blasticidin
resistance cassette, generating the vector pLEX-Cas9-Blast. Lentivirus
was generated with pLEX-Cas9-Blast and infected into the clone 103
keratinocyte cell line [75]. After selection in blasticidin, selected
keratinocytes were plated at low dilution to expand individual
keratinocyte clones. After expansion, cell colonies were isolated and
further propagated. Protein lysates of each clone were evaluated by
FLAG immunoblot (anti-FLAG, Cell Signaling, Danvers, MA, USA,
cat#14793, 1:1000) to identify clones with the highest levels of Cas9
expression. A high-expressing clone (103-Cas9 B2 clone 11, herein
referred in this manuscript as Cas9-keratinocyte) was used for the
CRISPR screen. The cellular growth and differentiation behavior of Cas9-
keratinocyte was tested to verify its ability to form clones in a
clonogenic assay, its capacity for differentiation when plated to
confluence and elevated calcium, and its comparable staining to
primary keratinocytes for b-galactosidase, as a proxy marker for
senescence.

CRISPR secretome sgRNA library design
Cas9 guide sequences targeting the 118 secreted protein candidates, 12
non targeting controls, and core essential genes (EIF3A, RPL11, RPLP2,
U2AF1) were extracted from the Brunello human sgRNA library [27]. Four
independent sgRNAs for each candidate and control gene were used in
the library. For all sgRNAs a “G” was prepended to the sgRNA sequence to
facilitate transcription by the Pol III promoter. Synthesized oligonucleotides
were ordered as a pool (IDT).

CRISPR secretome sgRNA library construction
The sgRNA oligo pool was resuspended in IDTE buffer pH 8.0 at a
concentration of 400 ng/µl. To convert the oligos to double-stranded DNA
and generate homologous overhangs for InFusion cloning, a PCR was
performed with primers of CRISPR sgRNA-fwd and CRISPR sgRNA-rev
(Supplementary Table 1), with the protocol of [98 °C × 10 s, 58 °C × 10 s,
72 °C × 10 s] 6 cycles. The PCR product was purified by column purification
and cloned into linearized pSICO-(F + E) vector restriction digested with
Esp3I and Smil at a molar ratio of 10:1 insert:vector. The total copy number

Fig. 6 LIF promotes epidermal progenitor renewal and is inhibited by SFRP1. A Quantitative RT-PCR of SFRP1 and LIF mRNA in control vs.
SFRP1-depleted keratinocytes across an in vitro differentiation time course (day 0-2-4). SFRP1_201, isoform SFRP1_201; SFRP1, total SFRP1;
LIF_201, isoform LIF_201; LIF, total isoforms. Data are mean ± SEM. (n= 4, multiple paired student’s t-test). p values denoted above
comparisons. B Immunoblot of LIF protein in control vs SFRP1-depleted primary keratinocytes across an in vitro differentiation time course.
Relative intensity of LIF is denoted, using shSFRP1 at day 4= 1.0 for comparison. C ELISA of LIF in control vs. SFRP1-depleted primary
keratinocytes. shControl was set to 1 for comparison. Data are mean ± SEM. (n= 2, two-tailed ratio student’s t-test). D Immunoblot of SFRP1 in
primary keratinocytes following control, SFRP1 knockdown (shSFRP1), and/or LIF knockdown (shLIF). Relative intensity of SFRP1 is denoted
and normalized to beta tubulin. sgControl was set to 1 for comparison. E ELISA of LIF in primary keratinocytes following control, shSFRP1, and/
or shLIF. Data are mean ± SD. shControl was set to 1 for comparison. (n= 3, one-way ANOVA with a Tukey’s HSD post hoc test). F Crystal violet
staining of keratinocyte colonies generated following treatment with shControl, shSFRP1, shLIF, and/or recombinant human LIF (rhLIF).
G Quantification of colony formation in (F). ShControl was set to 1 for comparison. Data are means ± SD. (n= 6, one-way ANOVA with a Tukey’s
HSD post hoc test). H Immunoblot of primary keratinocyte protein lysates following treatment with shControl, shSFRP1, and/or ß-catenin
knockdown (shCTNNB1). Relative intensity of SFRP1 and CTNNB1 is denoted and normalized to beta tubulin. shControl was set to 1 for
comparison. I ELISA of LIF in primary keratinocytes following control, shSFRP1, and/or shCTNNB1. Data are mean ± SD. shControl was set to 1
for comparison. (n= 2, one way ANOVA with Tukey’s HSD). J Crystal violet staining of keratinocyte colonies generated following treatment
with shControl, shSFRP1, and/or shCTNNB1. K Quantification of colony formation in (J). ShControl was set to 1 for comparison. Data are
means ± SD. (n= 6, one-way ANOVA with a Tukey’s HSD post hoc test).

B. Cheng et al.

12

Cell Death and Disease          (2025) 16:360 



of cloned insert for the InFusion reaction was determined to exceed 1000x
coverage of the CRISPR secretome library to maintain library complexity.
Transformed E. coli competent cells were incubated with SOC medium
with shaking for 1 h at 37 °C and transferred to LB medium to incubate
overnight with shaking. The plasmid library pool was harvested by
maxiprep, and next-generation sequencing of the library was performed to
confirm library diversity. Sequencing confirmed presence of 499 out of 500
library sgRNAs.

CRISPR secretome lentiviral library production
The CRISPR secretome lentiviral library was produced in 293T cells with
polyethyeneimine (PEI) transfection of the CRISPR secretome sgRNA library
plasmids with packaging plasmids pUC-MDG and pCMV-Δ8.91. Lentiviral-
containing supernatant was harvested 72 h after transfection, passed
through a low protein-binding filter, and concentrated 30 times (v/v) using
Lenti-X concentrator. Functional viral titer was established by performing
titrations of virus on Cas9-keratinocytes and assessing infection efficiency
by viable cell survival after puromycin treatment. A multiplicity of infection
of 0.16 was used for the CRISPR screen.

Colony formation assay
For quantification of stem cell potential, keratinocytes were seeded at low
density on a bed of feeder fibroblasts and cultivated to form stem cell
colonies over 12 days. To prepare feeders, 3T3 fibroblasts were first treated
with mitomycin C (15 µg/ml) for 2 h at 37 °C to block cell division. The
feeder layer was prepared by plating 4.6 × 106 mitomycin C-treated
fibroblasts onto 10-cm dishes and incubated overnight. The next day,
10,000 secretome CRISPR library-infected keratinocytes were seeded onto
each dish in KGM (Keratinocyte Growth Medium). KGM medium is
composed of 10% fetal bovine serum, adenine at 2.7 µg/ml, cholera toxin
at 2.8 ng/ml, hydrocortisone at 40 ng/ml, insulin at 4.94 µg/ml, recombi-
nant human EGF at 10 ng/ml, 0.1% v/v T/T3 mix, and 1X antibiotic-
antimycotic. T/T3 mix was made by combining 1 volume of T (5 mg/ml)
with 99 volume of T3 (136 ng/ml).
Keratinocyte colonies were cultured for 12 days with KGM media

replaced every 3 days. At the endpoint, 3T3 cells were removed by
washing with DPBS. For the CRISPR screen, colonies from twenty-five 10-
cm dishes were pooled and collected, and genomic DNA harvested.

Analysis of CRISPR screen results
To assess sgRNA abundance at each timepoint, genomic DNA was
amplified using two step PCR to append Illumina compatible sequences.
The first PCR reaction (PCR1) was performed using 4.3 µg (1200x library
coverage) of genomic DNA from each timepoint using a mixture of forward
primers (PCR1-fwd01+fwd02+fwd03+fwd04) and a reverse primer (PCR1-
rev). The forward primers contain a mixture of random (N) nucleotides
added to generate a sequence stagger and improve complexity and
clustering during early steps of Illumina sequencing. Primer list is shown in
Supplementary Table 1. PCR1 was performed with the protocol: 98 °C 2:00,
[98 °C 10 s, 55 °C 15 s, 68 °C 20 s] 10 cycles.
The second PCR step (PCR2) was performed using the purified PCR1

product as a template. Each condition was amplified with the same PCR2-
fwd primer but had unique reverse primer barcodes to permit multiplexing
(D709-D712). PCR2 was performed with the protocol: 98 °C 2:00, [98 °C 10 s,
55 °C 15 s, 68 °C 20 s] 8 cycles.
PCR2 amplification products were gel-purified and quantified with

NEBNext Library Quantification Kit for Illumina, followed by the NGS
sequencing (NovaSeq 6000). NGS sequencing results were analyzed by
CRISPRCloud2 (https://crispr.nrihub.org). The FASTA file of the 500 guide
RNAs in the CRISPR secretome library and FASTQ files of samples in the
screen (day0_replicate1, day0_replicate2, day12_replicate1, day12_repli-
cate2) were the input of the analysis, and Survival and Dropout screen type
was selected.

RNA interference-mediated gene knockdown
For short hairpin-targeted gene knockdown of SFRP1, shRNAs were cloned
into the linearized pLKO.1 vector digested with AgeI and EcoRI. The hairpin
sequences are listed in Supplementary Table 2. Lentivirus was produced in
293 T cells with polyethyeneimine (PEI) as described above. For infection,
5 × 105 primary keratinocytes were infected with shControl or shSFRP1 in
50:50 media containing 3 μg/ml polybrene. After overnight incubation,
cells were grown in keratinocyte media supplemented with 1 μg/ml
puromycin for 72 h.

sgRNA-mediated gene knockout
For sgRNA-targeted gene knockout of SFRP1 or LIF via CRISPR-Cas9,
sgRNAs were cloned into linearized pSICO-(F + E) vector restriction
digested with Esp3I and Smil. The sgRNA sequences are listed in
Supplementary Table 2.
For lentivirus co-infection in primary keratinocytes, lentivirus was

combined prior to infection: 50% shControl + 50% shControl, 50%
shControl+ 50% shSFRP1, 50% shControl + 50% shLIF or shCTNNB1, and
50% shSFRP1 + 50% shLIF or CTNNB1. The total amount of lentivirus and
cell number were the same as that used for single target infections.

Colony formation assay and crystal violet staining
6 × 105 mitomycin C-treated 3T3 were seeded onto one well of 6-well plate
and incubated overnight. The next day, 1200 keratinocytes were seeded
onto each well. Clones were propagated for 12 days with media changed
every 3 days. At the endpoint, fibroblasts were dislodged by washing with
DPBS. Colonies were fixed in methanol: acetone (1:1) for 5 min, air-dried for
5 min, and stained with 0.02% crystal violet for 3 min. Cells were air-dried
and imaged. Colony area and number counting were performed using
ImageJ software, with 1000 square pixels set as a minimum threshold to
exclude non-colony staining.

Supernatant, RNA, and protein collection
Cells were seeded onto 6-well (for day 0) or 24-well (for days 1-4 of
differentiation) plates at a density of 2.5 × 105 cells/well. Media were
changed the following day with 50:50 media (for day 0) or 50:50 media
supplemented with 1.2 mM calcium (for days 1–4). At each timepoint the
supernatant and cells were harvested, and cell debris depleted from
supernatants by centrifugation at 1000 × g for 10min.
RNA was harvested for qPCR analysis using primers shown in

Supplementary Table 3.
Protein lysates were harvested with RIPA buffer and quantitated with

BCA Protein Assay kit. Antibodies used in western blot were: anti-beta-
tubulin (DSHB, Iowa City, IA, USA, cat#E7, 1:1000), anti-SFRP1(Cell signaling,
cat#3534, 1:1000), anti-LIF (Proteintech, Rosemont, IL, USA, cat# 26757-1-
AP, 1:300), anti-β-Catenin (Cell signaling, cat#4270, 1:1000), anti-FOXM1
(Cell signaling, cat#20459, 1:1000), IRDye 680RD Goat anti-rabbit (LI-COR,
Lincoln, NE, USA, cat#926-68071, 1:10,000), IRDye 800CW Donkey anti-
mouse (LI-COR, cat#926-32212, 1:10,000).
Supernatant was used in ELISA for SFRP1 detection (Abcam, Fremont,

CA, USA, cat#Ab277082). Supernatant concentrated through Nanosep with
3 K Omega Centrifugal Filters (Pall, cat#0D003C33) was used in western
blot for SFRP1 detection and in ELISA for LIF detection (Abcam,
cat#ab242228).

Organotypic culture
Air-dried devitalized human dermis was mounted onto 1.7-cm × 1.7-cm
supports, and 5 × 105 keratinocytes were seeded onto the basement
membrane. Tissue was grown in KGM media at an air-liquid interface for
7 days, with media changed every 2 days. For shControl and shSFRP1
infected primary keratinocytes, half of the tissue was collected in Buffer
RLT Plus, shredded with Mini-BeadBeater (BIOSPEC, Bartlesville, OK, USA),
and followed by total RNA isolation. Half of the tissue was embedded in
O.C.T. Compound, sectioned on a cryostat at 7-μm thickness, visualized
with hematoxylin and eosin staining or immunofluorescence staining.

Recombinant human protein treatment
For rhSFRP1 treatment, recombinant Human sFRP-1 (bio-techne R&D
systems, Minneapolis, MN, USA, cat#5396-SF) was added to KGM media at
a concentration of 1 ng/ml. For rhLIF treatment, recombinant Human LIF
(bio-techne R&D systems, cat#7734-LF) was added to KGM media of colony
formation assay at a concentration of 20 ng/ml. Recombinant protein was
refreshed with each media change.

Hematoxylin and eosin staining
Sections were fixed with 4% formaldehyde for 10min, followed by
incubation with 0.2% Triton-X 100 in PBS for 5 min. Hematoxylin
incubation was applied for 12min, followed by tap water, 1% acid alcohol,
tap water, 0.2% ammonia, tap water, and final wash with 95% ethanol.
Eosin was applied for 30 s, followed by two washes with 100% ethanol, and
two washes of xylene. Dried slides were mounted with permount
mounting medium and visualized with an EVOS M5000 Imaging System.
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Quantification of the basal curvature was performed by Kappa-Curvature
Analysis in Fiji [76]. Open B-Spline was chosen as the input type. A total of
thirty H&E sections for shControl and shSFRP1 were measured, from three
biological replicates, with ten images samples from each replicate.

Immunofluorescence staining
Organotypic culture tissue sections were mounted onto polysine slides.
Sections were fixed for 10min in 4% formaldehyde in PBS for KRT10,
methanol for FLG, or acetone for LOR and Ki67. Slides were blocked in PBS-
Tween (0.1%) with 5% normal goat serum for 1 h. Sections were incubated
with primary antibodies in PBS-Tween (0.1%) with 2% serum overnight at
4 °C. Then incubated with secondary antibodies in PBS-Tween (0.1%) with
2% serum for 45min at RT. Slides were washed with PBS-Tween (0.1%)
three times, incubated with Hoechst stain (Cell signaling, cat#4082) for
2 min, washed with PBST and Milli-Q water, then mounted with Prolong
Gold antifade reagent (Invitrogen, cat#P36934) and coverslips. Antibodies
were: anti-Cytokeratin 10 (Abcam, cat#76318, 1:1000), anti-filaggrin (Santa
Cruz, Santa Cruz, CA, USA, cat#sc-66192, 1:200), anti-loricrin (BioLegend,
San Diego, CA, USA, cat#90501, 1:200), anti-Ki67 (Invitrogen, cat#MA5-
14520, 1:00). Alexa Fluor 555 goat anti-rabbit and goat anti-mouse (Thermo
Fisher Scientific, cat#A21428 and cat#A21422, 1:500). Slides were visualized
with EVOS M5000 Imaging System. Ki67 positive cells were counted by
ImageJ software.
Immunofluorescence staining was also performed on cells (for

β-galactosidase, Cell Signaling, cat# 27198 and cleaved caspase-3, Cell
Signaling, cat#9664) or colonies (for Ki67) seeded on chamber slides.

RNA-sequencing
Primary keratinocytes of two independent biological replicates were
infected with shControl or shSFRP1 and selected for 72 h with puromycin.
Total RNA was harvested using RNeasy Plus Mini Kit and sequenced on an
Illumina NovaSeq 6000 with 150-nucleotide paired-end reads to a depth of
>17 million reads per sample, achieving a minimal mean quality score
above 35. RNA-seq analysis was performed in Partek Flow. The input of the
fastq files (day0_replicate1, day0_replicate2, day2_replicate1, day2_repli-
cate2) was trimmed from both ends to a minimal quality score of 30.
Trimmed reads were aligned to the human reference genome (hg38) using
STAR. Gene expression was quantified to the hg38 Ensembl release 105
annotation, and differential analysis was performed by Gene Specific
Analysis, applying a low count filter of 1 and default normalization
methods of CPM (counts per million). Differentially expressed genes (DEGs)
were filtered based on a threshold of p ≤ 0.05 and |log2(fold change)| > 1.
For the background list for Gene Ontology analysis, genes that had at least
one count in at least one sample, as well as a geometric average of gene
counts of all samples > 1.0 were included.

Assay for transposase-accessible chromatin with sequencing
Primary keratinocytes from two independent biological replicates were
infected with shControl or shSFRP1 and selected for 72 h with puromycin.
5 × 104 cells were pelleted and lysed using 50 µl lysis buffer. The mixture
was washed with dilution buffer and centrifuged at 500 × g for 10 min at
4 °C. The supernatant was aspirated and the cell pellet was resuspended in
50 µl of transposition mixture and incubated at 37 °C for 30min in a
thermomixer. Transposition fragments were isolated using the Zymo DNA
Clean and Concentrator-5 kit.
Eluted DNA was amplified with 2.5 µl of 25 µM primer Ad1.noMX, 2.5 µl

of 25 µM primer Ad2.Index with barcode, and 25 µl of 2x NEBNext master
mix, with the protocol: 72 °C for 5 min, 98 °C for 30 s, 98 °C for 10 s, 63 °C for
30 s, 72 °C for 1 min, with steps 3–5 repeated 4 times. The primers are in
Supplementary Table 4. Quantitative PCR was performed to determine the
optimal number of PCR cycles using an aliquot of the pre-amplified
mixture [77, 78]. The remaining pre-amplified mixture was further
amplified using the optimal number of cycles and purified using the
Zymo DNA Clean and Concenrtrator-5 kit.
Library quantification was performed using the NEBNext Library Quant

for Illumina and sequenced on NovaSeq S4 platform with paired-end reads
to a depth of >80 million reads per sample with a minimal mean quality
score >34.

Analysis of ATAC-sequencing
ATAC-seq analysis was performed in Partek Flow. The input of the FSTQ
files (shControl_replicate1, shControl_replicate2, shSFRP1_replicate1,

shSFRP1_replicate2) were aligned to Homo sapiens(human)-hg38, index
Ensembl Transcripts release 105 with BWA-MEM. Aligned reads were
filtered for duplicates, and MACS was used to call peaks. The peaks were
quantified to regions with strict paired-end compatibility, with mini-
mum region size of 50 and minimum 50% of base overlap. The region
counts were normalized then annotated with hg38, annotation model
Ensembl Transcripts release 105. Differential analysis was performed
using Gene Specific Analysis with lowest average coverage filter of 1,
and differential regions were filtered by a threshold of p ≤ 0.05 and |fold
change| > 1.5 (shSFRP1 vs. shControl). Gene set enrichment was
performed on differential regions with hg38, gene set database
2022_02_01, with the same background gene list used for RNA-
sequencing analysis.

Single-cell RNA sequencing analysis
Single-cell transcriptomics datasets of human neonatal foreskin
epidermis (GSE147482) [79] were downloaded from the NCBI GEO
database (https://www.ncbi.nlm.nih.gov/geo/). The raw count matrix
was generated using the CellRanger Pipeline (version 2.1.0, 10x
Genomics), aligned to the human reference genome (GRCh38). The
Seurat R package (v4.3.0) was used to combine all cell libraries into a
merged Seurat object. Genes detected in <3 Cells were removed. Low-
quality cells were further filtered based on sample-specific QC metrics,
with thresholds applied to individual samples: - Replicates 1, 2, 4, and 5:
Cells with >500 and <5000 detected genes per cell, <30,000 UMI counts
per cell, and <15% mitochondrial gene expression was retained;
Replicate 3: Cells with >500 and <6,000 detected genes per cell,
<50,000 UMI counts per cell, and <20% mitochondrial gene expression
was included in the analysis.
Single-cell data from each sample was processed for doublet detection.

Raw counts were normalized using the NormalizeData() function with a
scale factor of 10,000, and variable features were identified using
FindVariableFeatures() with 2000 genes. Principal component analysis
(PCA) was performed, and the first 30 principal components were used for
dimensionality reduction via uniform manifold approximation and
projection (UMAP). Clustering was conducted using the FindNeighbors()
and FindClusters() functions with 30 PCA components and a resolution
parameter of 0.5. The doublets were predicted with DoubletFinder (v2.0)
[80]. No discrete doublet-enriched cluster was identified and few doublets
were observed in the dataset.
For visualization, the five samples were integrated using the FindInte-

grationAnchors() and IntegrateData() functions with default parameters.
UMAP visualization and clustering were performed on 30 principal
components with a resolution parameter of 0.5. The expression levels of
canonical marker genes were used to annotate biological cell types within
each cluster of the total population, including KRT5, KRT14, and COL17A1
(basal keratinocytes, BAS); MKI67 (proliferating basal keratinocytes, BAS-P1/
P2); KRT1 and KRT10 (spinous keratinocytes, SPN); SPINK5 (granular
keratinocytes, GRN); PMEL (melanocytes, MEL); SOSTDC1 (appendage-
related cells, APD); PECAM1 (endothelial cells, EC); and CD207 (Langerhans
cells, LC).
To assess the effects of cell cycle heterogeneity on basal cell states, cell

cycle phase annotation was performed using Seurat’s CellCycleScoring()
function with cell cycle gene sets provided by Seurat.

Statistical analysis
Immunoblot bands, immunofluorescent staining, colony formation area
and number were quantitated with ImageJ software (version 1.54i).
Quantification of epidermal organoid tissues features was performed by
ImageJ software (for Ki67-positive cell count, epidermal area) and Fiji
software (version 2.14.0/1.54 f, for basal curvature). The details of the
quantification are indicated in the methods.
Data are presented as the mean ± standard deviation (SD) or standard

error (SEM), or median ± interquartile range. For experiments reporting
SEM, replicates are primary epidermal keratinocytes derived from distinct
biological donors. For two group comparisons, statistical analysis for
significance was determined using Student t-test with a threshold of
p ≤ 0.05 considered to be significant. For comparisons involving three or
more groups, statistical analysis for significance was determined using one-
way ANOVA with a Tukey’s HSD post hoc test with a threshold of p ≤ 0.05
considered to be significant. GraphPad Prism 10 (GraphPad Software) was
used to execute statistical comparisons, with significant p values presented.
The details of statistical analysis are indicated in the figure legends.
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