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SUMMARY

Several methods for generating human-skin-equivalent (HSE) organoid cultures are in use to study skin
biology; however, few studies thoroughly characterize these systems. To fill this gap, we use single-cell tran-
scriptomics to compare in vitro HSEs, xenograft HSEs, and in vivo epidermis. By combining differential gene
expression, pseudotime analyses, and spatial localization, we reconstruct HSE keratinocyte differentiation
trajectories that recapitulate known in vivo epidermal differentiation pathways and show that HSEs contain
major in vivo cellular states. However, HSEs also develop unique keratinocyte states, an expanded basal
stem cell program, and disrupted terminal differentiation. Cell-cell communication modeling shows aberrant
epithelial-to-mesenchymal transition (EMT)-associated signaling pathways that alter upon epidermal growth
factor (EGF) supplementation. Last, xenograft HSEs at early time points post transplantation significantly
rescue many in vitro deficits while undergoing a hypoxic response that drives an alternative differentiation
lineage. This study highlights the strengths and limitations of organoid cultures and identifies areas for po-
tential innovation.

INTRODUCTION

Skin is an essential organ with many roles, including forming a

water-tight barrier, aiding thermoregulation, and acting as a sen-

sory organ.1 To fulfill these roles, the keratinocytes that consti-

tute the epidermis must replenish themselves while withstanding

a constant barrage of chemical, physical, pathological, and

radiological insults from their environment.2,3 The field of skin

research has largely been driven by in vivo mouse models that

show that healthy skin is critical for an organism’s well-being

and that disruption of many of its functions can lead to a drastic

decline in quality of life.4,5 While mice are suitable to define the

basic architecture and homeostatic signaling of skin, the anat-

omy, microstructure, and heterogeneity of mouse skin is inher-

ently different from human skin.1,6 For instance, mice have a

distinct density of hair follicles and eccrine glands, a layer of stri-

ated muscle found beneath the hypodermis, a lack of melano-

cytes in the interfollicular epidermis (IFE), and absence of rete

ridges. These differences impact epidermal homeostasis,

wound repair, and the severity of certain skin disorders, pointing

to a need for a more human-equivalent model system to study

human-specific aspects of skin biology.5

Three-dimensional (3D) organoid cultures have long been a

tool to investigate complex tissue interactions.7,8 Typically

composed of primary cells isolated from patient samples, the

idea of building an organ from its basic components is an attrac-

tive premise that has profound scientific implications.9 From

gaining molecular insight by simplifying development and ho-

meostasis to their essential parameters to the translational

promise of a gold-standard system to test drugs or a farm sys-

tem to grow replacement tissues, 3D organoid cultures are gain-

ing popularity as an elegant and relevant model system to study

human biology. Current technologies include generating com-

plex skin in spherical cell aggregates from human pluripotent

stem cells,10,11 using conventional scaffolds, such as hydro-

gels12–14 or bioprinting,11,15,16 to assemble dermal and keratino-

cyte layers with other relevant cells, and organs-on-a-chip that

allow active perfusion and spatiotemporal control at the micro-

scale level.17

However, 3D cultures are not without their limitations. For

instance, despite human-skin-equivalent (HSE) organoid cul-

tures showing a high degree of morphological similarity to their

in vivo counterparts, their composition and culture conditions

vary greatly from lab to lab, which can affect interpretation of
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similar experiments.9–11,16,18,19 Many components of the in vivo

systemare lacking, such as vasculature and immune cells, which

limits the size of cultures and their response to experimental

stimuli.9 Many studies defining HSEs have shown marked mo-

lecular differences in basal and terminal gene expression that

suggest that epidermal differentiation is not quite analogous to

the in vivo counterparts.20,21 Given the variability that exists be-

tween culture systems and their limited characterization, it can

be difficult to determine which conditions are best suited for a

particular experiment (Figures S1A and S1B). Knowledge of

the capacity and limitations of these systems is paramount to

accurately interpret results.

Recently, several labs have published single-cell omics

studies examining the strengths and weaknesses of a variety

of organotypic culture systems. These include organoids

mimicking the central nervous system,22 gastric system,23 intes-

tinal system,24 and gastrulation.25 Human skin spheroids have

recently been developed from human pluripotent stem cells

that differentiate into spherical cell aggregates where cyst-like

skin emerges, composed of stratified epidermis, fat-rich dermis,

pigmented hair follicles with sebaceous glands, and rudimentary

neural circuitry.10 Although these skin spheroids resemble fetal

facial skin, their long incubation period and small size are not

ideal for genetic manipulation of individual cell types or for graft-

ing in the clinic. HowHSEs built using conventional scaffolds like

devitalized dermis compare with their in vivo counterparts is un-

clear, despite being ideally suited to address the deficiencies of

spherical skin organoids.

Our lab, alongside others, has recently shown that human

epidermis is more heterogeneous than previously thought.26–29

Using single-cell RNA sequencing (scRNA-seq) and subsequent

in vivo validation, we spatially resolved four distinct basal stem

cell populations within human IFE and delineated multiple

spinous andgranular cell populations that contributed to a hierar-

chical differentiation lineage supporting multi-stem-cell

epidermal homeostasis models.27 Collectively, these studies

have highlighted the complexity of the epidermis and its cell-

cell interactions. The extent to which HSEs can recapitulate the

cell type heterogeneity, cell-cell signaling, and differential gene

expression of in vivo human skin remains unclear. To address

this issue, we probed the transcriptomes of three HSE variants,

two in vitro HSEs and one xenografted HSE, and examined the

differences in comparison with in vivo human skin at the single-

cell level. We found that all HSEs remarkably contained the rele-

vant cellular statesof their in vivocounterparts, but eachHSEalso

possessed unique cell states not found during homeostasis. An

expanded basal program, terminal differentiation defects, and

ectopic epithelial-to-mesenchymal transition (EMT) signatures

predominate fibroblast- and Matrigel-derived HSEs, whereas

xenografting HSEs onto immunodeficient mice largely rescued

the various defects at the cost of inducing hypoxic conditions.

RESULTS

Histological characterization of HSEs
To compare commonly used in vitro HSEs with in vivo human

epidermis, we chose to use devitalized human dermis as the

scaffold for growing the HSEs because we reasoned that

the extracellular matrix composition more accurately mimics

the endogenous surface for keratinocyte stratification than a

collagen-based hydrogel. We utilized the two most common

HSE variants, where primary human keratinocytes are seeded

on top of devitalized dermis at the air-liquid interface, and the

dermis is either treated with Matrigel (GelHSEs)30 or seeded

with primary human dermal fibroblasts (FibHSEs)8 to supply

necessary signals for keratinocyte stratification (Figure 1A). Ker-

atinocyte stratification occurs under both conditions by day 7,

where the HSEs show a tightly packed columnar basal cell layer,

multiple irregular polyhedral squamous cell layers, several flat-

tened granular cell layers, and a thin stratum corneum (Fig-

ure 1B). Histologically, the HSEs largely remain the same up

through day 28, except for a thickening of the stratum corneum

and a general spreading out of keratinocytes at all epidermal

layers. Proliferation was reduced in the HSEs over time, and

day 28 tissue showed less proliferation compared with neonatal

or adult epidermis, with no significant change in apoptosis

(Figures 1C, 1D, S1A, and S1B). FibHSEs possess a significantly

thicker living epidermal layer than the GelHSEs (Figure 1E). We

chose to continue our analysis with day 28 HSEs because of

the morphological similarity to in vivo tissue and to avoid active

re-stratification or injury programs that may be operating at

earlier time points.

Epidermal homoeostasis is disrupted in HSEs
To define the cellular states of keratinocytes derived from HSEs,

we isolated viable single cells from day 28 HSEs and subjected

Figure 1. Defining HSE cell populations using scRNA-seq

(A) Diagram of the human-skin-equivalent (HSE) organoid culture setup.

(B) Hematoxylin and eosin (H&E) staining of Matrigel-grown HSEs (GelHSEs) and fibroblast-seeded HSEs (FibHSEs) after 7, 14, 21, and 28 days of growth on

devitalized human dermis. Neonatal epidermis from foreskin and adult epidermis from the leg are shown for comparison. Scale bars, 100 mm.Dashed lines denote

the epidermal-dermal junction.

(C) Immunostaining of KI67 (red) and DAPI (blue) in human neonatal skin (top left), adult abdominal skin (bottom left), day 28 GelHSEs (top right), and day 28

FibHSEs (bottom right). Scale bars, 100 mm. Dashed lines denote the epidermal-dermal junction.

(D and E) Quantification of (D) KI67+ cells and (E) average thickness of living epidermal cell layers in human neonatal skin, adult abdominal skin, day 28 GelHSEs,

and day 28 FibHSEs. n = 3 each sample. Significance was determined by Tukey’s HSD (honestly signifiant difference) test. *p < 0.05. n.s., not significant. Error

bars represent the standard error of the mean (SEM).

(F) Seurat clustering of 15,573 single cells isolated from four HSE libraries (two GelHSEs and two FibHSEs) and two in vivo neonatal epidermis libraries using

uniform manifold approximation and projection (UMAP) embedding. Libraries are split by sample type. Dashed lines encompass HSE-unique keratinocytes.

(G–I) Dot plots of the top differentially expressed marker genes for (G) in vivo clusters, (H) GelHSE clusters, and (I) FibHSE clusters.

(J–L) Percentage of total cells within each cluster split by sample type (J). A Monte Carlo permutation test shows the significance of the changes in proportion of

each cell type for the FibHSEs (K) and GelHSEs (L) relative to the in vivo datasets. Bars represent 95% confidence interval determined via bootstrapping.
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Figure 2. HSEs display altered expression patterns and lineage paths

(A–D) Immunostaining of (A) the terminal differentiation markers FLG and LOR, (B) the structural proteins DSG1 and COL17A1, (C) the BAS stem cell markers

KRT15 and KRT19, and (D) the HSE-unique markers PSCA and VIM. Shown are human neonatal skin (top), day 28 GelHSEs (center), and day 28 FibHSEs

(bottom). Feature plots (right) show RNA expression of the indicated markers for each sample type. Scale bars, 100 mm. Dashed lines denote the epidermal-

dermal junction.

(E) Pseudotime inference of epidermal keratinocytes from the integrated datasets.

(legend continued on next page)
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them to droplet-enabled scRNA-seq to resolve their individual

transcriptomes (Figure S1C). We processed a total of 4,680 cells

from two FibHSEs (including fibroblasts) and 4,172 cells from

two GelHSEs before performing quality control analysis on indi-

vidual libraries using the R package Seurat (Figure S1D). The

cells from each replicate FibHSE were clustered in an unsuper-

vised manner and tentatively annotated as keratinocytes or fi-

broblasts, using the marker genes KRT14 and KRT10 to identify

keratinocytes and TWIST2 and COL6A1 to identify fibroblasts

(Figure S2). Keratinocytes were then subset from our HSE data-

sets and integrated with interfollicular keratinocytes from two

in vivo human neonatal epidermal datasets that were previously

generated by our lab27 (Figures S3A and S3B). One cluster ap-

peared to be low-quality cells that passed our initial quality con-

trol thresholds because the number of genes detected, unique

molecular identifiers (UMIs), and percent mitochondrial gene

expression for each cluster appeared far lower than those of

the other clusters (Figure S3C). Although it is possible that this

cluster represents a genuine cell state in our HSEs, we excluded

them from our downstream analyses because of their metrics

and the lack of gene expression markers to identify them. Cell

types were then annotated based on known marker genes

from the in vivo dataset, which differed from the marker genes

of the HSE datasets (Figures 1F–1I and S3D–S3F). Remarkably,

many of the major in vivo cellular states were found in the in vitro

HSEs, including the full complement of in vivo basal cell states.

Based on our previous characterization of basal (BAS) stem

cell communities,27 BAS-I–BAS-IV represented approximately

27.3% of the in vivo cells, 55.6% of FibHSEs, and 22.0% of

GelHSEs and were enriched for known BAS keratinocyte marker

genes, including PTTG1,RRM2, KRT15, and PCNA, respectively

(Figures 1J, S3G, and S3H). The ratios of BAS-I and BAS-II

cycling cells remained largely similar between the in vivo tissue

and FibHSEs, while GelHSEs had a reduction in cycling cells.

BAS-III cells are enriched in both HSEs, with FibHSEs possess-

ing over 3.5 times as many cells in this cluster than the in vivo tis-

sue, whereas BAS-IV cells are depleted in the GelHSEs

compared with the in vivo environment (Figure 1J). Intriguingly,

an HSE cell state clustered separately from the in vivo cells

and was annotated HSE-1 (Figure 1F). HSE-specific keratino-

cytes constituted 0.6% of FibHSEs and 9.3% of GelHSEs (Fig-

ure 1J). 10 of 12 cell type proportions were significantly changed

in GelHSEs compared with the in vivo datasets, while only 6 of 12

were significantly different in FibHSEs (Figures 1K and 1L). Both

HSEs had a higher proportion of BAS-III and HSE-I cells and a

lower proportion of the spinous (SPN) cell clusters SPN-2,

SPN-4, and SPN-5, and the granular (GRN) cluster GRN-2

compared with the in vivo state.

Despite the relatively normal histological appearance of the

HSEs, there is an expansion of KRT14+ cell layers and disrupted

epidermal differentiation in the GelHSE and FibHSE cultures

(Figures 2A and S3I). The expanded KRT14+ cell layers do not

proliferate outside of the BAS layer in contact with the basement

membrane (Figure 1C), and differentiation markers such as

DSG1, FLG, and LOR are still restricted from the BAS-most layer

(Figures 2A and 2B). The BAS cell marker KRT15 does remain

restricted to the BAS -most layer of the HSEs, whereas KRT19

shows selective expansion in GelHSEs (Figure 2C), suggesting

that suprabasal KRT14+ cells are not fully functioning BAS cells

and are likely to be differentiating without fully turning off the BAS

cell state. The mesenchymal marker VIM, which is normally

restricted to fibroblasts, melanocytes, and Langerhans cells of

in vivo skin, shows high RNA expression in GelHSE BAS kerati-

nocytes and VIM+ protein expression in GelHSE and FibHSE

BAS keratinocytes (Figures 2D and S4), suggesting a partial

EMT state. This partial EMT state is not entirely unexpected

given the signals the keratinocytes are receiving from the Matri-

gel and culture medium, with the GelHSE showing the greatest

expression of VIM. Cell-cell contacts and terminal differentiation

are also disrupted in HSEs, with DSG1 protein no longer

restricted to cell-cell contact sites, FLG protein expression

turning on early in SPN cell layers, and FLG and LOR no longer

restricted to the GRN layers (Figures 2A and 2B). The HSE-spe-

cific cluster HSE-1 is readily identified by one of its marker

genes, PSCA (Figure 2D). PSCA encodes for a GPI-anchored

membrane glycoprotein typically found in BAS cells of the pros-

tate, the lining of the urinary tract, the mucosal epithelium of the

gastrointestinal tract, and in the outermost layer of mouse fetal

skin from embryonic day 15 (E15)–(E17).31 Staining for PSCA

demonstrated that these keratinocytes are exclusively localized

to the outermost epidermal layers (Figures 2D and S4A) and may

indicate a remnant embryonic program that is reactivated as a

result of growth factors in the culture medium.

Considering the apparent uncoupling of markers from their

respective cell states, we averaged the RNA expression of every

cell in each cluster and calculated a Pearson correlation between

the HSE and in vivo clusters (Figures S5A–S5E). Both in vivo da-

tasets were compared with each other to establish the highest

expected Pearson correlation between cell states. With respect

to the HSEs, the most highly correlated clusters were the BAS

cell populations. Interestingly, the majority of HSE clusters

showed the highest correlation with the in vivo BAS-III cluster,

suggesting that the BAS-III transcriptional program is not shut

off during HSE differentiation. Additionally, the Pearson correla-

tion decreases as keratinocytes differentiate, reinforcing that ter-

minal differentiation is disrupted in HSEs. The correlation be-

tween the in vivo tissue and FibHSEs is higher overall than that

of GelHSEs, indicating that global RNA expression in FibHSEs

more accurately mimics in vivo human epidermis.

HSEs have altered lineage paths
Next, we examined how the HSE-specific clusters altered the in-

ferred lineage trajectory of epidermal differentiation. We gener-

ated pseudotime and cell lineage inferences of the integrated

keratinocytes using Monocle332 and SoptSC33 and partially

reconstructed the expected BAS-SPN-GRN keratinocyte

(F) Cell lineage diagram of keratinocytes from the integrated datasets. Edge weights denote the probability of transition to each cluster. Dot size denotes number

of cells.

(G) Splicing kinetics depicted as RNA velocity streams calculated using the Python package scVelo.

(H) Quantification of Cellular Entropy (x) using the R package SoptSC.
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differentiation trajectory (Figures 2E and 2F). BAS keratinocytes

expressingKRT15were placed at the beginning of the trajectory,

and cells expressing the terminal differentiation gene FLG were

placed toward one of the trajectory termini (Figure 2F). Intrigu-

ingly, HSE-1 was placed at a distinct trajectory terminus away

from the GRN cell states, generating a BAS-SPN-HSE differenti-

ation trajectory (Figure 2F).

To better define the BAS-SPN-HSE differentiation trajectory,

we analyzed the splicing kinetics of every cell using scVelo’s

dynamical modeling, to infer the future state of each cluster.34

We subset cells from each tissue from the integrated dataset

andmodeled themseparatelywhile keeping their spatial relation-

ship within the integrated UMAP space intact (Figure 2G). The

in vivo epidermal dataset showed the expected BAS-III and

BAS-IV velocity vectors pointing toward the SPN clusters and

SPN velocity vectors pointing toward the GRN clusters, recon-

structing theBAS-SPN-GRNdifferentiation trajectory (Figure2G).

While the FibHSE trajectory largely followed the aforementioned

trend, many BAS and SPN velocity vectors for GelHSEs point to-

ward the HSE-1 cluster, with an undefined flow of vectors be-

tween the SPN andGRNclusters, suggesting that terminal differ-

entiation may be disrupted and that HSE-1 may represent an

alternative differentiation trajectory terminus in the GelHSEs.

We next used SoptSC’s cellular entropy estimator to infer the

entropy of each cluster to determine the relative stability of each

cellular state.27 High entropy suggests a high probability that a

cell will transition into another state, and low entropy indicates

a low probability that a cell will transition into another state.

The in vivo epidermal dataset shows low entropy for the BAS

and GRN clusters, indicating that these are stable states,

whereas the SPN clusters have high probabilities of transitioning

to a new state (Figure 2H). These in vivo entropy values reinforce

the idea that, when differentiation is initiated in the SPN state,

there is momentum to reach terminal differentiation in the GRN

state as an endpoint, with high energy costs to stop at any inter-

mediate stage. For the GelHSE and FibHSE datasets, BAS-III,

BAS-IV, and GRN-1 remain stable states, suggesting that these

states are robust to perturbations and remain a core lineage tra-

jectory in the HSEs (Figure 2H).

HSEs exhibit abnormal signaling associated with EMT
We sought to infer how intercellular communication is altered in

the HSEs using CellChat, a bioinformatic tool that predicts inter-

cellular communication networks using ligands, receptors, and

their cofactors to represent known heteromeric molecular com-

plexes instead of the standard one ligand/one receptor gene

pair.35 CellChat detected 18 significant signaling pathways in the

in vivo dataset and the HSEs recapitulated 16 of the 18 pathways

(Figures S5F–S5H; Table S1). However, the HSEs also showed an

extended network of significant signaling pathways, with 35 in

GelHSEs and 36 in FibHSEs. A subset of these pathways, such

as LAMININ, CD99, CDH1, EPHB, and MPZ, show similar

signaling profiles across the in vivo and HSE tissues, whereas

the other pathways show marked differences (Figures S5F–

S5H). Many of the outgoing and incoming signals in the in vivo da-

taset predominantly come from or go to the BAS-III and GRN-1

clusters, suggesting that these stable cell states have great influ-

ence over tissue function (Figure S5F). While BAS-III and GRN-1

are still signaling hubs in the GelHSE and FibHSE datasets,

HSE-1-specific signaling exerts a wide influence over GelHSEs,

whereas all four BAS clusters actively signal in FibHSEs, with little

contribution to or from HSE-specific clusters.

Given the abnormal VIM expression in HSE BAS keratinocytes

that is normally found in mesenchymal cells, we decided to

explore EMT signaling in HSEs.We focused on epidermal growth

factor (EGF) signaling, a well-documented inducer of EMT.36

EGF signaling in in vivo epidermis mainly comes from the differ-

entiated GRN or more differentiated SPN cell populations and

signals to the BAS stem cell and early SPN populations (Fig-

ure 3A). However, sender EGF signaling is expanded to the

BAS and early SPN populations in the HSEs, coinciding with

the appearance of VIM+ BAS cells (Figures 2D and 3A). The

HSE-1 cluster is involved in sending and receiving EGF pathway

signals in GelHSEs. Interestingly, the ligands and receptors facil-

itating EGF signaling are substantially altered in both HSEs

compared with the in vivo state (Figures 3B and 3C). AREG-

EGFR signaling is overrepresented in both HSEs, and the

AREG ligand is expressed in most HSE-cultured keratinocytes

(Figures 3B and 3C). EREG and TGFA ligands also specifically

contribute to EGF signaling in the HSEs, whereas HBEFG-

EGFR signaling is reduced compared with the in vivo state

(Figures 3B and 3C). These ligands have all been implicated in

EMT induction by activation of the EGFR/ERK/nuclear factor

kB (NF-kB) signaling pathway.37–42

Several other genes associated with EMT, such as LAMC2

and LGALS1, are also expressed in HSEs (Figure 3D). LAMC2

is a regulator of the EMT phenotype, and silencing LAMC2 re-

verses EMT by inactivating EGF signaling,43,44 whereas LGALS1

promotes EMT andmay be a biomarker of this process.45,46 Both

HSE cultures have high levels of LAMC2 and LGALS1 expression

in all BAS populations and lower expression levels in more differ-

entiated keratinocytes (Figure 3D), supporting the notion that

many of the HSE BAS cells may be undergoing EMT. VIM,

LAMC2, and LGALS1 expression is higher in the Matrigel-sup-

portedGelHSEs comparedwith the FibHSE cultures. The epithe-

lial cell marker CDH1 is negatively correlated with VIM and

shows higher expression in VIM- HSE keratinocytes compared

with the in vivo state (Figure 3D), suggesting that VIM+ keratino-

cytes may lose contact with the underlying basement mem-

brane, potentially explaining the small gaps we observe between

BAS keratinocytes and the basement membrane in older HSE

cultures (Figure 1B). Furthermore, LAMC2 shows high-probabil-

ity interactions with several integrins expressed in BAS keratino-

cytes, including ITGA6, ITGB4, ITGB1, and the cell-surface

glycoprotein CD44 (Figure 3E). CD44 undergoes complex alter-

native splicing, and at least one of these isoforms is implicated in

EMT.47,48 An EMT genemodule consisting of 19 genes frommul-

tiple EMT studies was used to score the EMT signature in the

different samples (Table S2). GelHSEs had the highest EMT

score, followed by FibHSEs and the in vivo dataset (Figure 3F).

SLUG (SNAI2), an EMT-inducing transcription factor,49 was pre-

sent in the nuclei of keratinocytes throughout all living layers of

the HSEs, while human abdominal skin had little to no observ-

able staining, further supporting the EMT signature (Figure 3G).

Primary human keratinocytes are regularly cultured with EGF

to increase the number of viable passages.50 To define the
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Figure 3. HSEs possess an EMT-like gene expression signature driven by EGF signaling

(A) Cell-cell communication networks predicted for the EGF signaling pathway inferred using the R package CellChat. Edge weights represent the probability of

signaling between cell clusters.

(B) Relative contributions of each ligand, receptor, and cofactor group to the cell-cell communication predicted in (A).

(C) Feature plots showing the expression patterns of EGFR and each of the ligands contributing to the EGF signaling network.

(D) Violin plots of relative gene expression for positive markers (VIM, LAMC2, and LGALS1) and negative markers (CDH1) of EMT.

(E) Visualization of signaling probability scores of ligand-receptor/co-receptor pairs involving LAMC2 for GelHSE and FibHSE datasets. In vivo datasets had no

imputed signaling interactions involving LAMC2. Dot size represents p value.

(F) Feature plots (top) and violin plots (bottom) showing the relative EMT gene score for each cell and cluster, separated by sample type.

(G) Immunostaining of SLUG in the FibHSE, GelHSE, and in vivo samples. Scale bar, 100 mm.

(H) Immunostaining of VIM in FibHSEs supplemented with the indicated concentrations of EGF. Quantification of VIM staining intensity is shown on the right. n = 3

each condition. One-tailed Student’s t test was used to determine significance. *p < 0.1. Scale bar, 100 mm.
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relationship between EGF signaling and VIM+ BAS cells,

FibHSEs were grown in normal growth medium that includes

EGF for 1 week to induce epidermal stratification, and then the

medium was replaced with new growth medium that was sup-

plemented with either 03 , 13 , 23 , or 43 EGF for an additional

week (Figures 3H and S4B). The HSE growth medium uses

10 ng/mL of EGF at 13 concentration. FibHSEs were used

instead of GelHSEs despite the greater GelHSE EMT score

because of the inability to remove EGF from Matrigel. Removal

of EGF resulted in a significant decrease in VIM expression in

FibHSE keratinocytes (Figure 3H), whereas further EGF supple-

mentation increased VIM expression (Figure S4B). These data

suggest that EGF supplementation may be a major driver of

EMT in HSE cultures.

Given that EMT is associated with many transcriptional

changes51,52 that may result in unique cell states that we did

not detect when examining all keratinocytes, we subclustered

the BAS-specific keratinocytes and found 8 distinct cell states

labeled BAS-1–BAS-8 (Figure S4C). BAS-1 and BAS-8 were pri-

marily composed of HSE-specific BAS cells, whereas BAS-4

was primarily found in the in vivo state (Figures S4D–S4F). The

BAS-1 and BAS-8 clusters have a higher expression of VIM

than the other clusters and have a higher EMT score, indicating

that the keratinocytes expressing an EMT signature separate out

from the other BAS populations and are primarily composed of

HSE-specific BAS cells (Figures S4G and S4H).

Xenografting partially rescues HSE abnormalities
Despite using devitalized human dermis as a substrate, HSE or-

ganoid cultures have a simplified cellular composition that lack

system-level aspects of normal skin, such as a fully functioning

vasculature, immune system, and innervation. One way to

circumvent some of these issues is to xenograft HSE cultures

onto mice to more accurately mimic endogenous conditions.7

To explore how the cellular states and transcriptional profile of

HSEs were altered when xenografted onto mice, we grew three

GelHSE cultures for 1 week and subsequently grafted them onto

a wound bed created within the dorsal back skin of non-obese

diabetic (NOD)-severe combined immunodeficiency (SCID)

gamma (NSG) mice, where they remained for 24 additional

days before dissecting the tissue for scRNA-seq (Figures 4A

and 4B). NSG mice were chosen because of their ability to

engraft skin at very high levels and perivascular infiltration of im-

mune cells.53 Cell suspensions from the three xenografts were

pooled prior to sequencing. The xenograft dataset was aligned

and annotated twice: once using the human reference genome

A B C D

F

E G

Figure 4. Xenografting rescues terminal differentiation, cell-cell adhesion, and organoid-specific programs

(A) Schematic of the strategy to xenograft HSE tissue.

(B) H&E staining of xenograft tissue. Scale bars, 100 mm. Dashed lines denote the epidermal-dermal junction.

(C) Seurat clustering of single cells isolated from pooled xenograft libraries (n = 3 samples pooled prior to sequencing) and two neonatal epidermal libraries and

displayed using UMAP embedding. Libraries are split by sample type. Dashed lines encompass xenograft-unique clusters.

(D) Percentage of total cells within each cluster split by sample type.

(E) Monte Carlo permutation test showing the significance of the changes in proportion of each cell type for the xenograft relative to the in vivo datasets. Bars

represent 95% confidence interval determined via bootstrapping.

(F) Pearson correlation of average RNA expression of each cluster compared with all other clusters between the in vivo datasets (left) and between the xenograft

dataset and both in vivo datasets (right).

(G) Immunostaining of the indicated markers in HSE xenografted tissue. Feature plots show RNA expression of the indicated markers on the right. Scale bars,

100 mm. Dashed lines denote the epidermal-dermal junction.
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Figure 5. Hypoxia-driven transcriptional changes are observed in xenografts

(A and B) Pseudotime inference (A) and cell lineage diagram (B) of epidermal keratinocytes from the integrated in vivo and xenograft datasets. Edge weights

denote the probability of transition to each cluster. Dot size denotes number of cells.

(C) Quantification of x using the R package SoptSC.

(D) Feature plots showing SBSN and COL17A1, marking differentiated and undifferentiated keratinocytes, respectively.

(E) Splicing kinetics depicted as RNA velocity streams calculated using the Python package scVelo.

(legend continued on next page)
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GRCh38 and again using the mouse genome mm10. Mitochon-

drial gene expression and RNA features were used to identify

mouse and human cells (Figures S6A and S6B). Human cells

havemore nuclear andmitochondrial RNA reads aligning to a hu-

man reference genome, and the same is true for mouse reads

and a mouse reference genome (Figures S6C and S6D). After

removingmouse cells, the dataset was comparedwith the in vivo

epidermal datasets in the samemanner as our HSE analyses.We

excluded one cluster from our downstream analysis that ap-

peared to be low-quality cells that passed our initial quality con-

trol thresholds because the number of genes detected and UMIs

appeared to be far lower than those of the other clusters, and the

percentage of mitochondrial gene expression appeared to be

higher, suggesting that these were likely apoptotic cells

(Figures S6E and S6F). Surprisingly, we observed three xeno-

graft-unique clusters in the xenograft alongside the expected

BAS, SPN, and GRN keratinocyte clusters (Figure 4C).

The xenograft-unique clusters were designated XENO-1–

XENO-3 and collectively comprise�49.2% of the total xenograft

cells (Figure 4D). To better define the difference between the

HSE and XENO cellular states, we subset and integrated the

HSE-unique cells (HSE-1) with the xenograft-unique cells

(XENO-1–XENO-3). The xenograft-unique keratinocytes cluster

separately from the HSE-unique cells (Figure S6G), suggesting

that the HSE-specific keratinocytes are unique to organoid cul-

ture and that the xenograft-unique keratinocytes are new cellular

states induced after engraftment.

All of the in vivocellular statesarepresent in the xenograftHSEs

(Figures 4C and 4D). However, the proportions of BAS-III and

BAS-IV keratinocytes are not similar to each other, with BAS-III

proportions being much higher and BAS-IV being lower in the

xenograft than in the in vivo setting (Figures4Dand4G), a relation-

ship found in the GelHSE and FibHSE cultures (Figure 1H) and

suggesting that the abnormal BAS cell proportions are not

rescued by engraftment. The correlation between in vivo cell

states improves in the xenograft cultures compared with the

HSE cultures, and the BAS-III state is no longer expanded into

the SPN and GRN states (Figure 4F vs. Figure S5). Histologically,

the xenografts appear relatively normal, with someBAS keratino-

cytes adopting a cuboidal morphology (Figure 4B). Terminal dif-

ferentiation appears to be rescued because RNA expression

and immunofluorescence staining of FLG and LOR are now

restricted to the GRN layer, and cell-cell contacts appear more

normal, with DSG1 now localizing to cell-cell contact sites (Fig-

ure 4I), suggesting that barrier formation, which is disrupted in

HSE cultures, may be rescued upon engraftment. The BAS cell

states still appear to be partly disrupted,where total RNA expres-

sion for all four BASclusters in the xenograft have the highest cor-

relation with in vivo BAS-III rather than their respective cluster

(Figure 4F), and KRT14 protein and RNA are still expanded into

suprabasal layers (Figure 4I). Several BAS cell markers are now

appropriately expressed in their corresponding cell states

compared with the HSE cultures (PTTG1 with BAS-I, RRM2

with BAS-II, and ASS1 and KRT19 with BAS-III), with COL17A1

still showing abnormal expression (Figure S6H). The two

abnormal features of the HSE cultures, the partial VIM+ EMT-

like state and remnant PSCA+ embryonic program, are no longer

detected in the xenograft tissue (Figure 4I), suggesting that the

two abnormal programs seen in the HSEs are rescued. All three

XENO clusters had higher GLUT1 RNA and protein expression

(Figure S7A), while XENO-3 showed an enrichment for KRT16

expression at the RNA and protein levels (Figure S7B). KRT16 is

expressed in the SPN layer of human epidermis, but its localiza-

tion has shifted to the GRN layer, demonstrating another change

in cell state. The xenograft-unique clusters notwithstanding, the

xenograft tissue more closely reflects the in vivo state compared

with the HSE cultures with restored terminal differentiation, cell-

cell adhesion, and partially restricted BAS programs.

Xenograft HSEs contain two distinct transcriptional
trajectories
To characterize how the XENO clusters influence the keratino-

cyte differentiation trajectory, we employed pseudotime analysis

overlayed onto the UMAP of the integrated in vivo and xenograft

epithelial cells and found that xenografted keratinocytes likely

follow two distinct transcriptional trajectories from BAS to GRN

cells (Figures 5A and 5B). The XENO states are highly stable,

along with the BAS-III state, whereas the other BAS, SPN, and

GRN states are more unstable in the xenograft compared with

their in vivo counterpart (Figure 5C). The inferred trajectory

showed a progression from least differentiated to most differen-

tiated for the xenograft-unique cell clusters, with progression

from the highest COL17A1+ state (XENO-1) to increasing

SBSN+ expression (XENO-3) (Figure 5D). The splicing kinetics

further support two distinct differentiation trajectories, a BAS-

SPN-GRN and a BAS-XENO-GRN trajectory, possessing uni-

form velocity streams flowing from one state to the next (Fig-

ure 5E). The abundance of the XENO cluster cells (Figure 4D)

suggests that the BAS-XENO-GRN differentiation trajectory is

more favored in the xenograft.

When we compare the relative information flow for the xeno-

graft and in vivo datasets for each significant imputed pathway,

several pathways show exclusive enrichment in the xenograft

(OCLN, MIF, GRN, ANGPTL, NECTIN, and THBS) as well as the

in vivo (PTN, NRG, CADM, insulin growth factor [IGF], and

PROS) datasets (Figure 5F; Table S1). All of the pathways that

(F and G) Significant cell-cell communication networks inferred using the R package CellChat.

(H) Metaclustering of xenograft cells into xenograft-unique and non-unique cohorts.

(I) Heatmap showing the top 200 differentially expressed genes (DEGs) between the two metaclusters. The x axis represent cells from the xenograft dataset, and

the y axis represents DEGs. Yellow represents relatively higher expression, while purple represents relatively low expression.

(J) Gene Ontology (GO) analysis of the top DEGs shown in (I). Blue bars indicate biological processes upregulated in xenograft-unique cells; red bars indicate

biological process downregulated in xenograft-unique cells.

(K) Feature plots showing expression of a hypoxia gene module consisting of 34 hypoxia-related genes.

(L) Immunostaining of HIF1-a in human neonatal epidermis and xenograft tissue. Quantification of the nuclear HIF1-a stain is shown on the right. Significance was

determined by unpaired two-tailed t test. *p < 0.001. Error bars represent standard error of the mean (SEM).

(M) Immunostaining for KRT15 (left), KRT10 (center), and LOR (right). Pseudocoloring represents fluorescence intensity. Scale bars, 100 mm.
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are unique to xenografts are also present in at least one of the

HSE cultures (Table S1). Although their functional roles within

the HSE cultures are unclear, their known roles in skin biology

suggest significant remodeling of the tissue and the extracellular

environment. THBS signaling mainly originates in the BAS-III and

XENO-1, whereas ANGPTL signaling mainly originates in

XENO-2 and XENO-3 clusters (Figure 5G), and both are known

to promote angiogenesis,54,55 suggesting that the XENOclusters

within the xenograft tissue may be hypoxic because of a lack of

vasculature and the wound healing process from the xenograft

technique. NECTIN signaling shows promiscuous signaling

throughout each cluster (Figure 5G), which is to be expected

given its role in cell adhesion and skin morphogenesis.56 The

MIF signaling pathway largely signals to XENO-1 and XENO-2

clusters (Figure 5G) and has been shown to be upregulated dur-

ing wound healing in mice.57

Hypoxia partially drives transcriptome-wide changes in
xenograft-unique cells
Because xenograft-unique signaling pathways indicate signifi-

cant tissue remodeling, likely from the wounding process for

engraftment, including enrichment for pathways that promote

angiogenesis, we hypothesized that hypoxia may be a driving

force behind the alternative transcriptional trajectory in the

XENO clusters. This would align with the increased GLUT1

expression, a downstream target gene of the hypoxia transcrip-

tion factor HIF1A, throughout all epidermal layers of the xeno-

graft (Figure S7A). To explore this possibility, xenograft cells

were metaclustered into two groups: xenograft-unique (XENO-

1–XENO-3) and non-unique clusters (BAS, SPN, and GRN) (Fig-

ure 5H). The xenograft-unique and non-unique metaclusters

showed unique gene expression signatures (Figure 5I), and

Gene Ontology analysis was performed on the top 100 marker

genes for each metacluster using the MSigDB Hallmark 2020

database (Figure 5J). The most significantly enriched term for

the xenograft-unique metacluster identified hypoxia, whereas

the most significantly depleted pathway was oxidative phos-

phorylation (Figure 5J), which has been shown to be down-regu-

lated in response to hypoxia.58 To explore this relationship

further, we created a hypoxia gene module using Seurat’s

gene module function, which included a manually curated list

of 34 genes that have been experimentally shown to be upregu-

lated in response to hypoxia and/or possess a hypoxia response

element in the promoter region59–62 (Table S2). The hypoxia gene

module showed enhanced gene expression in the xenograft-

unique metacluster with enrichment in all XENO clusters (Fig-

ure 5K), suggesting that the xenograft tissue is under hypoxic

conditions. To validate the gene expression module, we immu-

nostained the xenografted HSE for the transcription factor

HIF1A and found that nuclear HIF1A expression is significantly

higher in the xenografts than in the in vivo tissues (Figure 5L),

suggesting that hypoxia is contributing to widespread transcrip-

tional changes in the xenografted keratinocytes. To define the

relationship between hypoxia and HSE tissue architecture, we

cultured FibHSEs for 14 days at 3%O2 tomimic endogenous ox-

ygen conditions.63,64 Hypoxic FibHSEs expressed higher GLUT1

(Figure S7C), a downstream target gene of hypoxia and HIF1A,65

indicating that these tissues were hypoxic under the new culture

conditions. The hypoxic HSEs showed a partially repaired BAS

program with KRT15 showing more uniform BAS enrichment

compared with normoxic conditions (Figure 5M). The differentia-

tion program also appeared to be partially rescued with KRT10

expression in the SPN and GRN compartments compared with

the sporadic staining under normoxic conditions and LOR

showing more restriction to the GRN layer. These data suggest

that culturing HSEs under hypoxic conditions mimicking physio-

logical levels instead of atmospheric oxygen levels likely im-

proves the BAS and terminal differentiation programs of HSEs.

DISCUSSION

HSEs have long served asmodels of human IFE in place ofmurine

skin.7,18,66,67Wehave shown thatBAScell heterogeneity in our or-

ganoids fully mimics in vivoBAS cell heterogeneity during homeo-

stasis, with most of the differentiated states also present. Howev-

er, HSE cultures exhibited signaling patterns characteristic of EMT

events; contained organoid-unique cell states not found in in vivo

neonatal epidermis, where the cells were initially isolated; and

showed differentiation abnormalities. Xenografting GelHSE cul-

tures onto NSGmice rescuedmany of the defects in HSE cultures

but harbored xenograft-unique cell states likely driven by hypoxic

conditions. These hypoxic conditions would likely last until the

transplanted tissues reach homeostasis and wound repair path-

ways cease. For instance, the wounding keratins KRT6/KRT16

were expressed in the grafted region on days 16 and 37 in HSEs

transplanted onto humans, with their expression disappearing a

year after transplantation.68 Similarly, KRT14 was expressed in

all layers of the epidermis until a year post grafting, where it

resumed normal BAS layer expression, suggesting that the tissue

did not reach homeostasis until a year post grafting.68 However,

transplantation of HSEs onto burn patients or recent transplanta-

tion of HSEs to cure junctional epidermolysis bullosa demonstrate

their clinical importance and remains the gold standard.69

Although BAS cell heterogeneity was intact in the HSE and

xenograft tissues, the proportions of BAS-III cells were enriched

and BAS-IV cells were depleted compared with the in vivo state.

BAS-III cells typically sit atop the rete ridges in vivo, whereas

BAS-IV cells lie at the bottom of rete ridges.27 However, this

spatial environment is lost in the HSEs because the devitalized

human dermis tends to flatten out during processing (Figure 1B),

suggesting that spatial positioning may be important to specify

the correct proportion of BAS-III-to-BAS-IV cells. The BAS-III

state also shows more stability than BAS-IV, and BAS-III tran-

scripts are retained throughout most of the other cellular states,

suggesting that the BAS-III program is not sufficiently shut down

and may be the underlying cause of the differentiation defects

seen in the SPN and GRN layers. Inappropriate signals from

the dermis may also be the cause of the BAS defects. Although

BAS cells in both HSEs expressed canonical BAS layer markers,

they also expressed EMT-specific genes, such as VIM, LAMC2,

and LGALS1. Expression of these genes was higher in the

GelHSEs but still present in FibHSEs, suggesting that, while Ma-

trigel may be enhancing EMT-like programs, replacing Matrigel

with primary human dermal cells is not sufficient to induce the

appropriate in vivo expression programs and may be due to

the culture medium. Our results also suggest that HSEs may
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represent a wound regeneration or development model because

of their EMT features and inappropriate expression of KRT14.51

We identified a PSCA+ keratinocyte population, which we de-

noted HSE-1, unique to HSEs. Curiously, Psca expression oc-

curs in the outermost layers of murine skin epithelium during

E15–E17.31 During this time, the outermost epithelial layer of

the murine epidermis is the periderm, which forms during strati-

fication at E11.5 and disaggregates between E16 and E17, when

barrier formation occurs.70 The periderm temporally expresses

different marker genes as the epidermis differentiates, such as

Krt17 during early stages and Krt6 during later stages.70 Psca

is upregulated in E18.5 murine epidermis of Cyp26b1�/� mice,

which retains the periderm, suggesting that Psca may be a

marker gene of the periderm at later stages. Taken together,

these data suggest that primary keratinocytes from newborn

epidermal tissue may retain enough plasticity to differentiate

into prenatal cell types that are no longer found postnatally.

Staining for KRT4, a reported periderm marker,71 is found to

be expressed in the GelHSEs and FibHSEs in all layers, but it

is also detected lightly in adult abdominal skin, and therefore it

is unclear whether this supports our hypothesis (Figure S8).

The presence of abnormal cell states and altered differentia-

tion patterns in organoid cultures have been observed in a variety

of tissues,4 including skin,9 using more conventional methods.

Matrigel is used in the majority of organoid systems4 and more

than likely induces effects similar those observed here. Recent

studies using scRNA-seq to characterize organoid cultures of

other tissue types have also identified abnormal cell populations

present in their organoid cultures. For instance, melanoma-like,

neuronal-like, and muscle-like cells were found using scRNA-

seq of kidney organoids,72 which were consistent with previous

observations using conventional methods in this system.

scRNA-seq analysis of human intestinal and brain organoids

used random forest classifiers to identify the cell types in their or-

ganoid cultures;73,74 however, doing so precludes the possibility

of classifying cells as anything other than predefined types. This

is true of any supervised machine learning algorithm and can be

misleading when examining cellular heterogeneity.

Despite the transcriptional and molecular differences we see

in HSE organoid cultures, they still are attractive systems for

investigative dermatology and are superior to 2D tissue culture

of primary keratinocytes. Both HSE culture conditions form fully

stratified tissues, generate the majority of in vivo cellular states,

and largely reach homeostatic conditions after transplantation.

Although xenografted HSEs are still utilizing wound repair pro-

grams 24 days post engraftment, allowingmore time for the graft

to heal would presumably return it to a fully homeostatic state.

Potential ways to improve HSEs to more faithfully mimic in vivo

skin could include addition of cell types such as Langerhans

cells, melanocytes, endothelial cells, and other immune cells.

Altering culture conditions or bioengineering 3D scaffolds may

also help restrict BAS and terminal differentiating programs to

their proper cellular states.

Limitations of the study
Limitationsof thestudy includehowweculture theHSEorganoids.

Contrary to our results, other studies do not observe any FLG and

LOR expression defects when generating fibroblast-seeded

HSEs. This difference may be due to the variations in culturing

methods. For instance, HSEs can be completely submerged in

medium formultiple daysprior to raising them toanair-liquid inter-

face to promote stratification,75 generated with immortalized ker-

atinocyte cell lines,76 or seeded onto collagen layers.77 The extent

to which these changes resolve the underlying differentiation de-

fects or give rise to new issues remains unclear. More pertinent

to our study, hypoxia and angiogenesis are causally linked to

wound repair, which collectively induces substantial molecular

and morphological changes to tissues during repair.78,79 While

we cannot rule out wound repair as the major cause of transcrip-

tional changes in our xenograft HSEs, hypoxia was among the

most prominent differences between the xenograft HSE and the

in vivo cell states. Because the epidermis is not directly supplied

with blood, in vivo oxygen levels range between 0.5% and

8%.63,64 Culturing FibHSEs under hypoxic conditions at 3% O2

versus normoxic atmospheric conditions at 18%–20% O2

inducedmolecular changes that partially resembled the xenograft

HSEs, suggesting that culturing HSEs under hypoxia may be ad-

vantageous and in agreement with other findings.60
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26. Solé-Boldo, L., Raddatz, G., Sch€utz, S., Mallm, J.-P., Rippe, K., Lonsdorf,

A.S., Rodrı́guez-Paredes, M., and Lyko, F. (2020). Single-cell transcrip-

tomesof the human skin reveal age-related loss of fibroblast priming.Com-

mun. Biol. 3, 1–12. https://doi.org/10.1038/s42003-020-0922-4.

27. Wang, S., Drummond, M.L., Guerrero-Juarez, C.F., Tarapore, E., Ma-

cLean, A.L., Stabell, A.R., Wu, S.C., Gutierrez, G., That, B.T., Benavente,

C.A., et al. (2020). Single cell transcriptomics of human epidermis iden-

tifies basal stem cell transition states. Nat. Commun. 11, 4239. https://

doi.org/10.1038/s41467-020-18075-7.

28. Reynolds, G., Vegh, P., Fletcher, J., Poyner, E.F.M., Stephenson, E., Goh,

I., Botting, R.A., Huang, N., Olabi, B., Dubois, A., et al. (2021). Develop-

mental cell programs are co-opted in inflammatory skin disease. Science

371, eaba6500. https://doi.org/10.1126/science.aba6500.

29. Cheng, J.B., Sedgewick, A.J., Finnegan, A.I., Harirchian, P., Lee, J., Kwon,

S., Fassett, M.S., Golovato, J., Gray, M., Ghadially, R., et al. (2018). Tran-

scriptional programming of normal and inflamed human epidermis at sin-

gle-cell resolution. Cell Rep. 25, 871–883. https://doi.org/10.1016/j.cel-

rep.2018.09.006.

30. Maruguchi, T., Maruguchi, Y., Suzuki, S., Matsuda, K., Toda, K., and Is-

shiki, N. (1994). A new skin equivalent: keratinocytes proliferated and

differentiated on collagen sponge containing fibroblasts. Plast. Reconstr.

Surg. 93, 537–544.

31. Ross, S., Spencer, S.D., Lasky, L.A., and Koeppen, H. (2001). Selective

expression of murine prostate stem cell antigen in fetal and adult tissues

and the transgenic adenocarcinoma of the mouse prostate model of pros-

tate carcinogenesis. Am. J. Pathol. 158, 809–816. https://doi.org/10.1016/

S0002-9440(10)64028-X.

32. Cao, J., Spielmann, M., Qiu, X., Huang, X., Ibrahim, D.M., Hill, A.J., Zhang,

F., Mundlos, S., Christiansen, L., Steemers, F.J., et al. (2019). The single-

cell transcriptional landscape of mammalian organogenesis. Nature 566,

496–502. https://doi.org/10.1038/s41586-019-0969-x.

33. Wang, S., Karikomi, M., MacLean, A.L., and Nie, Q. (2019). Cell lineage

and communication network inference via optimization for single-cell tran-

scriptomics. Nucleic Acids Res. 47, e66. https://doi.org/10.1093/nar/

gkz204.

34. Bergen, V., Lange, M., Peidli, S., Wolf, F.A., and Theis, F.J. (2020). Gener-

alizing RNA velocity to transient cell states through dynamical modeling.

Nat. Biotechnol. 38, 1408–1414. https://doi.org/10.1038/s41587-020-

0591-3.

35. Jin, S., Guerrero-Juarez, C.F., Zhang, L., Chang, I., Ramos, R., Kuan, C.-

H., Myung, P., Plikus, M.V., and Nie, Q. (2021). Inference and analysis of

cell-cell communication using CellChat. Nat. Commun. 12, 1088. https://

doi.org/10.1038/s41467-021-21246-9.

36. Kim, J., Kong, J., Chang, H., Kim, H., and Kim, A. (2016). EGF induces

epithelial-mesenchymal transition through phospho-Smad2/3-Snail

signaling pathway in breast cancer cells. Oncotarget 7, 85021–85032.

https://doi.org/10.18632/oncotarget.13116.

37. Aharonov, A., Shakked, A., Umansky, K.B., Savidor, A., Genzelinakh, A.,

Kain, D., Lendengolts, D., Revach, O.-Y., Morikawa, Y., Dong, J., et al.

(2020). ERBB2 drives YAP activation and EMT-like processes during car-

diac regeneration. Nat. Cell Biol. 22, 1346–1356. https://doi.org/10.1038/

s41556-020-00588-4.

38. Eapen, M.S., Sharma, P., Thompson, I.E., Lu, W., Myers, S., Hansbro,

P.M., and Sohal, S.S. (2019). Heparin-binding epidermal growth factor

(HB-EGF) drives EMT in patients with COPD: implications for disease

pathogenesis and novel therapies. Lab. Invest. 99, 150–157. https://doi.

org/10.1038/s41374-018-0146-0.

39. Liu, S., Ye, D., Xu, D., Liao, Y., Zhang, L., Liu, L., Yu, W., Wang, Y., He, Y.,

Hu, J., et al. (2016). Autocrine epiregulin activates EGFR pathway for lung

metastasis via EMT in salivary adenoid cystic carcinoma. Oncotarget 7,

25251–25263. https://doi.org/10.18632/oncotarget.7940.

40. Shostak, K., Zhang, X., Hubert, P., Göktuna, S.I., Jiang, Z., Klevernic, I.,
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S., Pereira, T., Ylä-Herttuala, S., Poellinger, L., Brismar, K., and Catrina,

S.B. (2008). Stabilization of HIF-1alpha is critical to improve wound healing

in diabetic mice. Proc. Natl. Acad. Sci. USA 105, 19426–19431. https://

doi.org/10.1073/pnas.0805230105.

79. Gurtner, G.C., Werner, S., Barrandon, Y., and Longaker, M.T. (2008).

Wound repair and regeneration. Nature 453, 314–321. https://doi.org/10.

1038/nature07039.

80. Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck,

W.M., Hao, Y., Stoeckius, M., Smibert, P., and Satija, R. (2019). Compre-

hensive integration of single-cell data. Cell 177, 1888–1902.e21. https://

doi.org/10.1016/j.cell.2019.05.031.

81. Becht, E., McInnes, L., Healy, J., Dutertre, C.-A., Kwok, I.W.H., Ng, L.G.,

Ginhoux, F., and Newell, E.W. (2018). Dimensionality reduction for visual-

izing single-cell data using UMAP. Nat. Biotechnol. 37, 38–44. https://doi.

org/10.1038/nbt.4314.

82. Hao, Y., Hao, S., Andersen-Nissen, E., Mauck, W.M., Zheng, S., Butler, A.,

Lee, M.J., Wilk, A.J., Darby, C., Zager, M., et al. (2021). Integrated analysis

of multimodal single-cell data. Cell 184, 3573–3587.e29. https://doi.org/

10.1016/j.cell.2021.04.048.

Cell Reports 42, 112511, May 30, 2023 15

Article
ll

OPEN ACCESS

https://doi.org/10.1002/dvdy.20033
https://doi.org/10.1002/dvdy.20033
https://doi.org/10.1111/j.1600-0625.2010.01194.x
https://doi.org/10.1016/j.biocel.2010.07.010
https://doi.org/10.1016/j.biocel.2010.07.010
https://doi.org/10.1038/s41598-018-23794-5
https://doi.org/10.1038/s41598-018-23794-5
https://doi.org/10.1038/s41598-019-44204-4
https://doi.org/10.1038/s41598-019-44204-4
https://doi.org/10.1074/jbc.M901790200
https://doi.org/10.1038/sj.jid.5700522
https://doi.org/10.1038/sj.jid.5700451
https://doi.org/10.1038/sj.jid.5700451
https://doi.org/10.1242/jcs.082370
https://doi.org/10.1074/jbc.270.36.21021
https://doi.org/10.1111/j.1600-0781.1997.tb00105.x
https://doi.org/10.1111/j.1600-0781.1997.tb00105.x
https://doi.org/10.1111/jocd.13069
https://doi.org/10.1371/journal.pone.0174389
https://doi.org/10.1038/nature24487
https://doi.org/10.1016/j.semcdb.2017.08.021
https://doi.org/10.1371/journal.pgen.1004048
https://doi.org/10.1038/s41467-019-13382-0
https://doi.org/10.1016/j.stem.2018.11.016
https://doi.org/10.1016/j.stem.2018.11.016
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.1111/joa.12942
https://doi.org/10.1089/ten.TEA.2015.0139
https://doi.org/10.1089/ten.TEA.2015.0139
https://doi.org/10.1002/term.2858
https://doi.org/10.1073/pnas.0805230105
https://doi.org/10.1073/pnas.0805230105
https://doi.org/10.1038/nature07039
https://doi.org/10.1038/nature07039
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1038/nbt.4314
https://doi.org/10.1038/nbt.4314
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-KRT14 BioLegend Cat#906004; RRID:AB_2616962

Rabbit anti-KI67 Abcam Cat# ab15580; RRID:AB_443209

Rabbit anti-COL17A1 Abcepta Cat# AP9099c; RRID:AB_10613016

Rabbit anti-KRT19 Cell Signaling Technology Cat# 13092; RRID:AB_2722626

Mouse anti-KRT15 Santa Cruz Biotechnology Cat# sc-47697; RRID:AB_627847

Rabbit anti-VIM Cell Signaling Technology Cat# 12826; RRID:AB_2798037

Mouse anti-PSCA Santa Cruz Biotechnology Cat# sc-80654; RRID:AB_1128761

Mouse anti-FLG Santa Cruz Biotechnology Cat# sc-66192; RRID:AB_1122916

Mouse anti-DSG1 Santa Cruz Biotechnology Cat# sc-137164; RRID:AB_2093310

Mouse anti-SLUG Santa Cruz Biotechnology Cat# sc-166476; RRID:AB_2191897

Rabbit anti-KRT16 Thermo Fisher Scientific Cat# PA5-99172; RRID:AB_2818105

Rabbit anti-cCASP3 Cell Signaling Technology Cat# 9579; RRID:AB_10897512

Rabbit anti-KRT4 Proteintech Cat# 16572-1-AP; RRID:AB_2134041

Rabbit anti-GLUT1 Proteintech Cat# 21829-1-AP; RRID:AB_10837075

Rabbit anti-HIF1a Proteintech Cat# 20960-1-AP; RRID:AB_10732601

Rabbit anti-LOR Abcam Cat# ab85679; RRID:AB_2134912

Alexa Fluor 488 Jackson ImmunoResearch Cat# 715-545-150; RRID:AB_2340846;

Cat# 711-545-152; RRID:AB_2313584

Cy3 AffiniPure Jackson ImmunoResearch Cat# 711-165-152; RRID:AB_2307443;

Cat# 111-165-003; RRID:AB_2338000

Biological samples

Human skin New York Firefighters

Skin Bank

http://www.cornellsurgery.org/pro/

services/burn-surgery/skin-bank.html

Chemicals, peptides, and recombinant proteins

PEN/STREP GIBCO 15140-122

Keratinocyte Medium (KCSFM) Life Technologies 17005042

DMEM GIBCO 11995

Ham’s F12 Cambrex 12-615F

FBS GIBCO 10437-028

Adenine Sigma A-9795

Cholera Toxin Sigma C-8052

Hydrocortisone Calbiochem 3896

Insulin Sigma I-1882

EGF Invitrogen 13247-051

Transferrin Sigma T-0665

Ciprofloxacin Hydrochloride Serologicals 89-001-1

Matrigel Corning 354234

Critical commercial assays

Chromium Single Cell 3ʹ
Library & Gel Bead Kit v2

10x Genomics PN-120237

Chromium Single Cell 3ʹ
Library & Gel Bead Kit v3

10x Genomics PN-1000075

Chromium Single Cell A Chip Kits 10x Genomics PN-120236

Chromium i7 Multiplex Kit 10x Genomics PN-120262

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Scott Atwood (satwood@

uci.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The datasets generated in this study have been deposited in the GEO database under accession number GSE190695 (GEO:

GSE190695). These data are publicly available as of the date of publication. Accession numbers are listed in the key resources

table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human tissue samples
Human clinical studies were approved by the Ethics Committee of the University of California, Irvine. All human studies were per-

formed in strict adherence to the Institutional Review Board (IRB) guidelines of the University of California, Irvine (2009-7083). We

have obtained informed consent from all participants. All available discarded and deidentified tissues were used to generate primary

cells for cell and organoid culturing. Each cohort of organoids initiated on separate days used cells from a distinct subject. Human

cadaver skin from the New York Firefighters Skin Bank was devitalized and used as a scaffold for organoid culturing.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw scRNA-seq data This paper GEO: GSE190695

Experimental models: Cell lines

Primary human keratinocytes Hospital Maternity Ward N/A

Primary human fibroblasts Hospital Maternity Ward N/A

Experimental models: Organisms/strains

NSG Mouse Jackson Laboratory 005557

Software and algorithms

Cell Ranger 2.1.0 10x Genomics https://support.10xgenomics.com/

single-cell-geneexpression/software/

downloads/latest

Cell Ranger 3.1.0 10x Genomics https://support.10xgenomics.com/

single-cell-geneexpression/software/

downloads/latest

Seurat v3 Stuart et al.80 https://satijalab.org/seurat/articles/

archive.html

scVelo v0.2.4 Bergen et al.34 https://scvelo.readthedocs.io/

UMAP Becht et al.81 https://github.com/lmcinnes/umap

CellChatDB, CellChat v1.5 Jin et al.35 https://github.com/sqjin/CellChat

Monocle3 Cao and Spielmann et al.32 https://cole-trapnell-lab.github.io/

monocle3/papers/

SoptSC Wang et al.33 https://github.com/WangShuxiong/

SoptSC

Matlab MathWorks https://www.mathworks.com/products/

new_products/release2019b.html

R R core https://www.r-project.org/

Python Python Software Foundation https://www.python.org/
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Cell culture
Human primary keratinocytes and dermal fibroblasts were isolated from discarded neonatal foreskin. As such, all cells and organoids

are of male origin. Primary human keratinocytes were cultured in Keratinocyte Serum Free Medium supplemented with Epidermal

Growth Factor 1-53 and Bovine Pituitary Extract. Primary human fibroblasts were maintained in DMEM with 10% FBS and 1%

PEN/STREP. Cells were cultured in a 5% CO2 incubator at 37
�C.

Animal model details
Female NOD scid gamma mice aged 12-14 weeks were used as the experimental model in this study. The NOD scid gamma mice

were housed under standard conditions with ad libitum access to food and water. The mice were maintained in a temperature- and

humidity-controlled environment with a 12-hour light/dark cycle. All maintenance, care, and experiments have been approved and

abide by regulatory guidelines of the Institutional Animal Care and Use Committee of the University of California, San Diego.

Human skin equivalent organoid culture
Primary human keratinocytes were cultured in Keratinocyte Serum Free Medium supplemented with Epidermal Growth Factor 1-53

and Bovine Pituitary Extract (Life Technologies; 17005042). Generation of organotypic skin cultures were performed as described in

Li and Sen, 2015. Briefly,�500K control cells were seeded on devitalized human dermis and raised to an air/liquid interface to induce

differentiation and stratification over the indicated number of days with culture changes every two days. Prior to seeding keratino-

cytes, either Matrigel was applied to the underside of the devitalized dermis or primary human dermal fibroblasts were centrifuged

into the devitalized dermis. To evaluate the effect of oxygen levels on 3D skin cultures, FibHSEs were cultured as previously

described and exposed to either normoxia (18-20% oxygen) or hypoxia (3% oxygen) at the air-liquid interface for 14 days. To mea-

sure changes from EGF supplementation, culture medium was switched to Keratinocyte Serum Free Medium supplemented with

Bovine Pituitary Extract and variable concentrations of Epidermal Growth Factor 1-53 (Life Technologies; 17005042) after one

week for one additional week of culturing.

Human skin equivalent xenograft model
Human neonatal epidermal keratinocytes (Thermo Fisher Scientific; C0015C) were maintained in Epilife medium (Thermo Fisher:

MEPI500CA) supplemented with HGKS (Thermo Fisher: S0015). To generate skin equivalents, 10̂ 6 cells were seeded onto devital-

ized human dermis and maintained in an air-liquid interface for 7 days. Stratified epithelial tissue was then grafted onto 12-14 week

old female NOD scid gamma mice (Jackson Laboratory: 005557). Bandages and sutures were removed 2 weeks after surgery and

healthy grafts were harvested 10 days later.

METHOD DETAILS

Preparation of devitalized dermis
Cadaver human skin was acquired from the New York Firefighters Skin Bank (New York, New York, USA). Upon arrival at UC Irvine,

the skin was allowed to thaw in a biosafety cabinet. Skin was then placed into PBS supplemented with 4X Pen/Strep, shaken vigor-

ously for 5 minutes, and transferred to PBS supplemented with 4X Pen/Strep. This step was repeated two additional times. The skin

was then placed into a 37�C incubator for 2 weeks. The epidermis was removed from the dermis using sterile watchmaker forceps.

The dermis was washed 3 times in PBS supplemented with 4X Pen/Strep with vigorous shaking. The dermis was then stored in PBS

supplemented with 4X Pen/Strep at 4�C until needed.

Primary cell isolation
Discarded and de-identified neonatal foreskins were collected during routine circumcision from UC Irvine Medical Center (Orange,

CA, US). The samples were either processed for histological staining, single cell RNA-sequencing, or primary culture. No personal

information was collected for this study. For primary cell isolation, fat from discarded and de-identified neonatal foreskins were

removed using forceps and scissors and incubated with dispase epidermis side up for 2 hours at 37�C. The epidermis was peeled

from the dermis, cut into fine pieces, and incubated in 0.25% Trypsin-EDTA for 15minutes at 37�C and quenched with chelated FBS.

Cells were passed through a 40mm filter, centrifuged at 1500rpm for 5 minutes, and the pellet resuspended in Keratinocyte Serum

Free Medium supplemented with Epidermal Growth Factor 1-53 and Bovine Pituitary Extract (Life Technologies; 17005042). Cells

were either live/dead sorted using SYTOX Blue Dead Cell Stain (ThermoFisher; S34857) for single cell RNA-sequencing or incubated

at 37�C for culture.

Cell sorting
Following isolation, cells were resuspended in PBS free of Ca2+ andMg2+ and 1%BSA and stained with SYTOX Blue Dead Cell Stain

(ThermoFisher; S34857). Samples were bulk sorted at 4�C on a BD FACSAria Fusion using a 100mm nozzle (20 PSI) at a flow rate of

2.0 with a maximum threshold of 3000 events/sec. Following exclusion of debris and singlet/doublet discrimination, cells were gated

on viability for downstream scRNA-seq.
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Histology and immunohistochemistry
Frozen tissue sections (10mm) were fixed with 4% PFA in PBS for 15 minutes. Following fixation, tissue sections were stained with

Hematoxylin and Eosin following standard procedures. Sections were stained with Gill’s III (Fisher Scientific; 22050203) for 5minutes

and Eosin-Y (Fisher Scientific; 22050197) for 1 minute. Tissue sections were visualized under a light microscope under 10x objective

lens after mounting with Permount mounting medium (Fisher Scientific; SP15-100). For immunostaining, tissue sections were fixed

with 4% PFA in PBS for 15 minutes. 10% BSA in PBS was used for blocking. Following blocking, 5% BSA and 0.1% Triton X-100 in

PBS was used for permeabilization. The following antibodies were used: chicken anti-KRT14 (1:500; BioLegend; SIG-3476), rabbit

anti-KI67 (1:500; Abcam; ab15580), rabbit anti-COL17A1 (1:100; OneWorld Labs; ap9099c), rabbit anti-KRT19 (1:250; Cell signaling;

13092), mouse anti-KRT15 (1:500; Santa Cruz; sc-47697), rabbit anti-VIM (1:500; Cell Signaling; D21H3), mouse anti-PSCA (1:500;

Santa Cruz; sc-80654), mouse anti-FLG (1:500; Santa Cruz; sc-66192), mouse anti-DSG1 (1:500; Santa Cruz; sc-137164), mouse

anti-SLUG (1:500; Santa Cruz; sc-166476), rabbit anti-KRT16 (1:500; Invitrogen; PA5-99172), rabbit anti-cCASP3 (1:500; Cell

Signaling; 9579T), rabbit anti-KRT4 (1:500; Fisher Scientific; 16572-1-AP), rabbit anti-GLUT1 (1:500; Proteintech; 218291AP), rabbit

anti-HIF1a (1:500; Proteintech; 501733175), and rabbit anti-LOR (1:500; Abcam; ab85679). Secondary antibodies included Alexa

Fluor 488 (1:500; Jackson ImmunoResearch; 715-545-150, 711-545-152) and Cy3 AffiniPure (1:500; Jackson ImmunoResearch;

711-165-152, 111-165-003). Slides were mounted with Prolong Diamond Antifade Mountant containing DAPI (Molecular Probes;

P36962). Confocal images were acquired at room temperature on a Zeiss LSM700 laser scanning microscope with Plan-

Apochromat 20x objective or 40x and 63x oil immersion objectives. Images were arranged with ImageJ, Affinity Photo, and Affinity

Designer.

Droplet-enabled single cell RNA-sequencing and processing
Cell counting, suspension, GEM generation, barcoding, post GEM-RT cleanup, cDNA amplification, library preparation, quality

control, and sequencing was performed at the Genomics High Throughput Sequencing Facility at the University of California, Irvine.

Transcripts were mapped to the human reference genome (GRCh38) using Cell Ranger Version 3.1.0.

Quality control metrics Post-Cell Ranger assessment
For downstream analyses, we kept cells which met the following filtering criteria per biological replicate per condition: >200 and

<5000 genes/cell, and <10% mitochondrial gene expression. Genes that were expressed in less than 3 cells were excluded. Data

were normalized with a scale factor of 10,000. Following downstream integration and clustering, one cluster in the In Vivo,

GelHSE, and FibHSE integrated dataset, HSE-2, had an average of 469 unique genes expressed and 805 UMIs indicating that these

are low quality cells. Similarly, one cluster in the In Vivo and Xenograft integrated dataset, XENO-4, had an average of 807 unique

genes expressed and 1881 UMIs. This cluster was also excluded from downstream analysis.

Analysis and visualization of processed sequencing data
Seurat82 and SoptSC33 were implemented for analysis of scRNA-seq data in this study. Seurat was performed in R (version 4.2.1) and

was applied to all the datasets in this study. To select highly variable genes (HVGs) for initial clustering of cells, we performed Principal

Component Analysis on the scaled data for all genes included in the previous step. For clustering, we used the function FindClusters

that implements Shared Nearest Neighbor modularity optimization-based clustering algorithm on 20 PC components. A nonlinear

dimensionality reduction method, UMAP, was applied to the scaled matrix for visualization of cells in two-dimensional space using

20 PC components. The marker genes for every cluster compared with all remaining cells were identified using the FindAllMarkers

function. For each cluster, genes were selected such that they were expressed in at least 25% of cells with at least 0.25-fold

difference.

Pseudotime and lineage inference
Pseudotime and lineage analysis were performed using Monocle3 and SoptSC, respectively. Briefly, pseudotime was calculated as

the shortest path distance between cells and root cell on the cell-to-cell graph constructed based on the similarity matrix. Root cell

was identified by the user in Monocle3. Visualization of the cell trajectories was obtained using UMAP. Cell states were visualized

using abstract lineage trees. Lineage trees are obtained by computing the minimum spanning tree of the cluster-to-cluster graph

based on the shortest path distance between cells. Pseudotime was projected on the lineage tree such that the order of each state

(cluster) was defined as the average distances between cells within the state and the root cell. The root cell for DPTwas selected from

the BAS-I cluster.

RNA velocity
RNA velocity was estimated based on the spliced and unspliced transcript reads from the single-cell data. We followed the standard

process of the velocyto pipeline to generate the spliced and unspliced matrices by applying velocyto.py to the data from the Cell

Ranger output (outs) folder. Only interfollicular epidermal keratinocytes and the HSE unique keratinocytes were used to calculate

velocity vectors. RNA velocity was estimated using the python package scVelo and then the velocity fields were projected onto

the UMAP space produced by Seurat. Default settings were used for the rest of the parameters.
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Probabilistic cell-cell signaling networks
The R package CellChat was used to infer, analyze, and visualize cell-cell communication from our scRNA-seq data. The prepro-

cessed and normalized data from the Seurat objects were used as input for creating the CellChat objects. All known molecular in-

teractions, including the core interaction between ligands and receptors with multi-subunit structure and additional modulation by

cofactors, are integrated into a mass action-based model to quantify the communication probability between a given ligand and

its cognate receptor. The signaling communication probability between two cell groups is modeled by considering the proportion

of cells in each group across all sequenced cells. An option is provided for removing the potential artifact of population size when

inferring cell-cell communication.

Cellular entropy estimation
Cellular Entropy (x) measures the likelihood that a cell will transition to a new state (i.e., from one cluster to another). Lower entropy

values indicate that the cell remains in a steady state, while higher entropy values imply the cell inheritsmultiple state properties and is

more likely to transition to a new state. Via the non-negative matrix factorization step in SoptSC, the probability of each cell assigned

to each cluster is calculated.

EMT & hypoxia gene modules
Genemodules were created using Seurat’s AddModuleScore function and visualized using the FeaturePlot function. The genes used

in each genemodule weremanually curated from literature with a focus on gene expression studies involving keratinocytes. All of the

genes used in both genemodules along with the citations for the specific study that characterizes the gene’s role in EMT and hypoxia

can be found in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the mean ± standard error of mean (SEM), as indicated. The sample sizes in each plot have been listed in the

Results section and Figure Legends where appropriate. For differential gene expression analysis between cell clusters and data rep-

resented as violin plots, two-tailed Wilcoxon rank sum test was performed using R (https://www.r-project.org/). For comparison of

cell population changes, a permutation test was performed using R. A significance threshold of p < 0.01 was used for definingmarker

genes of each cell cluster. For data presented in box or bar plots, an unpaired two-tailed Student’s t-test was used when comparing

two groups and a one-way ANOVA followed by Tukey’s HSD was used when comparing three or more groups.
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