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Abstract

Somatic stem cells can be cultured in-vitro and are attractive for cell and gene therapies, but their slow growth
in in-vitro culture affects survival and stemness and hinders clinical applications. Rho-associated kinase
inhibitor (ROCKi) has been used to overcome these obstacles. However, it risks changing the characteristics
of stem cells. We found that primary keratinocyte stem cells (KSCs) cultured with the ROCKi Y-27632 for
six days exhibited rapid proliferation while maintaining the ability to differentiate. Importantly, after
discontinuation of ROCKi treatment, KSC numbers and characteristics were indistinguishable from those in
non-treated cultures. We further confirmed that ROCKi treatment resulted in the activation of AKT and ERK
pathways, which could support cell survival and proliferation in keratinocytes. We thus concluded that
accelerating keratinocyte expansion with short-term ROCKi treatment does not exhaust KSCs’ self-renewal

and differentiation capacities, presenting a safe avenue for clinical applications.
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Introduction

Cultured epithelial sheets have been used in autologous epidermal sheet graft therapy for severe burns
and chronic ulcers for more than three decades'. This approach has recently been combined with gene therapies
for rare genetic skin diseases in which gene-corrected epithelial sheets from patients’ keratinocytes, including
keratinocyte stem cells (KSCs), are cultured and grafted onto patients with severe skin damage®*. Although
other gene therapeutic strategies for genetic skin conditions have been applied, ex-vivo gene-modified
epithelial sheet gene therapy has been the most successful one?>. The efficient expansion of KSCs in in-vitro
culture is important for epithelial sheet therapy. However, it remains a challenge to accelerate KSCs growth in
primary keratinocyte culture without adverse effects on KSC numbers and self-renewal potential.

Indeed, while human skin biopsies comprise 1-10% of KSCs, only 0.1-1% of KSCs typically survive
in-vitro cultivation®’. This is because dissociation of KSCs from their surrounding cells and extracellular
matrix can trigger apoptotic cell death, known as anoikis®. It is important to maintain the KSC population in
the culture as only KSCs have self-renewal capacity to give rise to transient-amplifying keratinocytes (TAs)
and all other forms of differentiated keratinocytes’. There are no unique markers to distinguish these
populations, particularly KSCs from TAs, but they can be identified using colony formation assays. Under
Green’s keratinocyte culture condition, heterogenous keratinocytes form three types of clones, which are
classified as holoclones, meroclones, and paraclones based on their morphology, size, and growth potential'®.
Holoclones have the highest proliferative capacity, with less than 5% aborted colonies upon sub-cultivation,
whereas meroclones and paraclones have 5%-95% and >95% aborted colonies upon sub-cultivation,
respectively'!. Holoclone-forming cells, therefore, have hallmarks of stem cells, while meroclone- and
paraclone-forming cells contain high proportions of TAs and terminally differentiated cells (TDs). Advances
in culture techniques have allowed holoclones to be sub-cultured in-vitro to produce a large number of
keratinocytes. Epithelial sheets can be formed once these cells attach to each other and stratify'>. Since
epithelial sheet gene therapy requires genetically modified KSCs to produce a large number of gene-corrected
keratinocytes for sheet formation, a low yield of holoclones/stem cells due to anoikis in freshly isolated
keratinocytes unduly prolongs culture time of epidermal sheets. This leads to the premature exhaustion of KSC
proliferative potential, the loss of KSC stemness, resulting in a short-lived epidermal sheet graft gene therapy

that hinders its clinical application’.
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The finding that rho-associated kinase inhibitor (ROCKi) helps evade anoikis-induced apoptosis in
cultured human embryonic stem cells is a potential solution!*!*, ROCKi has been reported to prevent anoikis
in embryonic, pluripotent, and prostate stem cells by activating protein kinase B (AKT) and inhibiting caspase
3131517 ROCK:i can also induce proliferation and growth of hair-follicle stem cells and astrocytes through the
activation of extracellular signal regulated kinase (ERK) signalling'®!°. Therefore, ROCKi has been widely
used in somatic stem cell culture, including limbal epithelial cells?, pluripotent stem cells?!, endothelial
progenitor cells??, and KSCs?.

Among the available ROCK inhibitors, the isoquinoline-derivative fasudil and the synthetic compound
Y-27632 are the most widely used. Fasudil has been approved in Japan to treat brain haemorrhages** and has
also been used in clinical trials on strokes®, brain blood flow?®, angina, and other cardiovascular disorders and
ocular diseases?>2’. ROCK is an effector in the small GTPase Rho pathway. It belongs to the protein kinases
A, G, and C family and has pleiotropic functions, including the regulation of cellular contraction, division,
polarity, motility, gene expression, and morphology®®. These functions vary with cell type and status, making
it necessary to assess the molecular consequences of ROCKI treatment on various somatic stem cells before it
is used clinically. Currently, it is unclear how ROCKi accelerates stem cell growth and whether the ‘forced’
proliferation affects the characteristics of stem cells.

We investigated these questions by culturing human primary keratinocytes including KSCs with Y-
27632 (hereafter referred as ‘ROCKi’, unless otherwise indicated). Cultured primary keratinocytes were
treated with ROCKIi for six days and compared to untreated cells using stem cell markers and single-cell
transcriptomics. We then withdrew ROCKi for six days and compared against untreated cells in the same way.
In addition, the possible signalling pathways associated with cell proliferation and differentiation following

ROCK:i treatment were investigated.


https://doi.org/10.1101/2022.06.28.497914
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.28.497914; this version posted June 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Results
Six-day ROCKi treatment accelerates colony formation in keratinocytes with effects reversed after
withdrawal

Freshly isolated keratinocytes with passage zero (P0O) containing heterogenous cell populations
including KSCs were cultured in Green’s keratinocyte culture medium with feeder cells and 10uM of ROCKi
for six days. The culture media were changed at day three, replenishing with fresh ROCKi. At day six, half of
the cells were harvested for evaluation (ROCKi-6D") while the remaining cells were continuously cultivated
for further six days without ROCKi (ROCKi-6D"6D"). Cells without ROCKi treatment but cultured with 0.1%
DMSO were harvested at these timepoints and used as negative controls (Control-6D~ and Control-6D 6D,
respectively) (Figure 1).

A 15-fold increase in colony forming efficiency (CFE) and growth rate were detected in ROCKi-6D"
cells compared to Control-6D~ cells, with the size of ROCKi-6D" cells significantly smaller than those in
Control-6D™ (Figure 2A-E, p<0.05). Control-6D~ keratinocytes formed tightly packed colonies in the first two
days of culture. Conversely, ROCKi-6D" keratinocytes were dispersed with loose connections for the first 2-
3 days but at day 4 started to form tightly packed colonies comparable to those in the Control-6D-
(Supplementary Figure S1). These morphological changes suggested that cells treated with ROCKi were in
a proliferating state. Since the mitochondrial content of stem cells is low when they are dormant but increases
upon activation and proliferation, mitochondrial mass/content were examined for ROCKi-6D"and Control-6D~
cells using Mitotracker Green assay. Two distinct cell populations, with low and high mitochondrial
mass/content, were observed in both ROCKi-6D" and Control-6D~ cells. However, ROCKi-6D" cells had
significantly larger populations with high mitochondrial mass than Control-6D~ cells (31.84% =+ 1.99% v
3.56% = 3.53%, n =3, p<0 .05) (Figure 2F and G). Further, cell staining with Mitotracker green showed that
cells with high mitochondrial mass were located at the periphery of the colonies (Supplementary Figure S2A
and B). Combining this with the observation that the proliferation marker keratin 14 (K14) was mainly
expressed in cells located in the periphery of the colonies (Supplementary Figure S2C-E), it strongly
suggests elevated activation of stem cells in the culture treated with ROCKi.

The expressions of protein markers related to cell proliferation, such as K14, Integrin-a6, Integrin-f1,
Aurora Kinase B, HMGB2, FOXM1, A-P63a and differentiation including K10, K7, K18, K19, KLF4, and

KLF5 in both ROCKi-6D* and Control-6D" cells were examined (Figure 2H). Most proliferation protein
6


https://doi.org/10.1101/2022.06.28.497914
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.28.497914; this version posted June 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

markers were significantly increased in ROCKi-6D" cells compared to Control-6D cells, except aurora kinase
B which was significantly reduced, and FOXM1 which remained unchanged. In contrast, the expression of
differentiation markers was significantly lower in ROCKi-6D" cells compared to Control-6D™ cells (Figure
2H, n=3, p<0.05).

Importantly, in cells which were treated with ROCKi for 6 days and then passaged and continuously
cultured for six additional days without ROCKi treatment (ROCKi-6D*6D"), the colony formation efficiency,
cell proliferation rate, cell size and mitochondrial mass in the cells returned to levels comparable to those of
non-treated cells (Control-6D 6D") (Figure 3A-G). The expression of protein markers related to cell

proliferation in ROCKi-6D*6D~ was also reduced to a level similar to that in the Control-6D 6D~ (Figure 3H).

Keratinocytes treated with ROCKi increased proliferation and maintained differentiation ability

The proliferation and differentiation potentials in cells with and without ROCKi treatment were
evaluated in the organotypic culture in-vitro. Fully differentiated multi-epidermal layers — including a basal
layer containing cube-shaped basal cells and supra-basal layers containing stratum spinosum, stratum
granulosum, and anucleated stratum cornium — were observed in cultures generated using Control-6D",
ROCKIi-6D", Control-6D-6D", and ROCKi-6D*6D" cells (Figure 4A and B). This suggested that ROCKi-
induced proliferation did not alter the differentiation ability of the cells. The expression and distribution of
protein markers related to proliferation (A-P63a) and differentiation (K10, involucrin, and filaggrin) were
examined. There were no differences in the expressions and distributions of K10, involucrin and filaggrin
(Figure 4C-J), but the expression of A-P63a increased in ROCK:i treated cells (ROCKi-6D") compared to
control cells (Control-6D") (Figure 4C and D). However, it looked no difference of A-P63a in the culture
following withdrawal of ROCKi treatment (ROCKi-6D"6D") compared to non-treated cells (Control-6D 6D~
), indicating that the change of proliferation following a short-term ROCKi treatment was transient (Figure
4D and O). As A-P63a is a marker for keratinocyte stem cells located in the basal layer of epidermis®, this
staining pattern further suggested that ROCKi might stimulate KSCs from quiescent to proliferative state and

thus accelerates KSC differentiation into TAs and, ultimately, TD cells.

Reversible changes in the transcriptome of keratinocytes after six-day ROCKi treatment
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The transcriptomes of ROCKi-treated and non-treated control cells were compared using single-cell
RNA sequencing (scRNAseq). Individual cells that passed the QC criteria were visualised in a uniform
manifold approximation and projection (UMAP) plot, where cells group based on the similarity of their
transcriptomes. Distinct clusters were observed between cells treated with ROCKi (ROCKi-6D") and non-
treated cells (Control-6D") (Figure SA), indicating transcriptomic differences between the groups. In contrast,
the transcriptomes became similar in cells following ROCKi’s withdrawal compared to untreated cells (Figure
5B), indicating similar transcriptomes. Quantification of overlapping cells clusters using DAseq*’ corroborated
this observation, showing that only 10% of ROCKi-6D" overlapped with Control-6D~ (Figure 5C), whereas
63% of ROCKi-6D"6D" overlapped with Control-6D 6D (Figure 5D).

Fifteen differentially expressed genes with fold changes of at least 2 (i.e. log: fold change >1 or <-1) in
ROCKIi-6D" compared to Control-6D" cells were identified. Nine genes were downregulated (KR77, KRT19,
IF127, DCBLD2, VIM, F3, THBSI, IGFBP7, ARHGAP29, EMPI, FST) and three genes upregulated (570048,
FABPS5, KRTDAP) (Figure SE). KRT7, KRT19, and VIM have been reported to be involved in cytoskeleton
formation and are upregulated in cancer cells*!**, while ARHGAP29 (which codes for Rho GTPase activating
protein 29) regulates Rho GTPase signalling by interacting with Rap*®. The upregulated genes S10048, FABPS,
and KRTDAP are associated with terminal differentiation of keratinocytes®>*. The differentially expressed
gene panel suggests that ROCKi might affect cytoskeletal assembly and influence KSCs’ differentiation into
TA cells. However, once the treatment was withdrawn, there were no genes with more than 2-fold changes
(Figure 5F). These results again indicated that withdrawal of ROCKi after a six-day treatment reverted its

effects not only at the protein level but also at the gene expression level.

ROCKIi treatment stimulated KSCs to differentiate into transient amplifying keratinocytes

The proportions of KSCs, TAs, and TDs in cultures with and without ROCKi treatment were measured
using the expressions of holoclone, meroclone, and paraclone markers described by Enzo, et al. *’. ROCKi-
6D had a smaller proportion of KSCs but increased TA and TD cell proportions compared to Control-6D~
(Figure 6A, 95% confidence interval around total absolute difference in proportions: [0.18, 0.25]). Following
withdrawal of ROCKi treatment, the proportions of KSCs, TAs and TDs cells were similar between ROCKi-
6D'6D~ and Control-6D 6D (Figure 6B, 95% confidence interval around total absolute difference in

proportions: [0, 0.02]). Since these confidence intervals do not overlap, the difference in cell type proportions
8
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between treated and control cells was significantly larger during ROCKi treatment than following its
withdrawal (p<0.05). Further, ROCKi-6D" cells had higher expression of holoclone-specific markers (4 URKB,
CCNA2, CKAP2L, FOXM1, HMGB2), proliferation markers (KRT14, TP63, BIRCS), and early differentiation
marker (KRT10) compared to Control-6D~ cells. However, after withdrawal of ROCKi, the expression of
holoclone-specific, proliferation and early differentiation markers was similar in both groups (Figure 6C).
The differentiation behaviour from KSCs to TAs and finally to TDs was analysed for each sample using
single-cell trajectory inference. (Figure 7A-D). The inferred pseudotime (differentiation progress) of each
cell revealed that ROCKi-6D" cells progressed significantly faster from KSCs to TA then to TD than that in
the Control-6D~ cells (Figure 7E, 95% confidence interval around the difference in cumulative pseudotime
distributions: [12.4, 15.5]). However, this acceleration disappeared once ROCKi treatment was discontinued,
with the differentiation behaviour of treated cells (ROCKi-6D*6D") becoming similar to that seen in untreated
ones (Control-6D~6D") (Figure 7E, 95% confidence interval around the difference in cumulative pseudotime
distributions: [1.7, 4.0]). Thus the difference between the differentiation trajectories of treated and control
cells is significantly larger during ROCKi treatment than following its withdrawal (p<0.05). These results
indicate that short-term ROCKi treatment accelerates the speed of differentiation from KSCs into TAs and
then to TDs, but this acceleration reverses once ROCKi treatment is discontinued. Importantly, following
withdrawal, the numbers of KSCs were also comparable, suggesting that ROCKi did not exhaust KSC self-

renewal capacity despite the acceleration of KSC growth during the treatment.

ROCKIi treatment rapidly activated AKT1/2 and ERK1/2 signalling

The activation of AKT1/2 and ERK1/2 were investigated to further understand ROCKi’s effects on the
cellular signalling related to keratinocyte proliferation. As ROCKi prevents dephosphorylation of myosin light
chain (MLC2) by inhibiting the activity of MLC phosphatase®®, MLC2 phosphorylation in cells treated with
ROCKIi was assessed. Phosphorylated MLC2 was decreased within 15 minutes and at its lowest 30 minutes
post-treatment (Figure 8A and B). Both AKT1 and AKT2 were activated with a significant increase in
phosphorylated AKT1 (Ser473) and AKT2 (Ser474) within 15 minutes of treatment (Figure 8A and C).
Further, the ERK1/2 signalling pathway — including the phosphorylated states of c-RAF (Ser338), MEK1/2
(Ser217/221), and ERK1/2 (Thr202/204) — were assessed. Cells treated with ROCKi significantly increased

the phosphorylation of c-RAF and MEK1/2 in 15 minutes. However, the level of phosphorylation of ERK1/2
9
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did not change (Figure 8A and D). These results indicate that ROCKi acts on primary human keratinocytes

by activating AKT1/2 and ERK1/2 signalling pathways.

10


https://doi.org/10.1101/2022.06.28.497914
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.28.497914; this version posted June 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Discussion

Epithelial sheet gene therapies require gene-modified KSCs to produce sufficient numbers of
proliferated and differentiated keratinocytes to form a sheet. Low KSC colony formation and inefficient
expansion of fresh isolated keratinocytes can unduly prolong epithelial sheet culture, resulting in the loss of
stemness of KSCs and further limiting self-renewal potential. This could hinder the clinical application of
epithelial sheet-based therapies. We thus investigated whether the in-vitro acceleration of keratinocyte culture
using ROCKi could preserve KSCs’ self-renewal properties and their ability to undergo terminal
differentiation.

Previous studies of ROCKi treatment in keratinocytes isolated from human neonatal foreskin observed
increase of keratinocyte proliferation at the peak of day 6 with a 50-fold increase in CFE?. Studies have also
shown that long-term exposure of keratinocytes to ROCKi increased proliferation without inducing any
neoplastic transformation®’. However, there was a report that longer treatments of ROCKi on cultured cells

t*°. These studies suggested

could potentially induce faster senescence after withdrawal of ROCKi treatmen
that ROCKi treatment is beneficial for effective expansion of keratinocytes, but long-term use of ROCKi in
culture may exhaust KSCs’ proliferation potential, leading to senescence and loss of stemness. We thus used
a short (six-day) ROCKi treatment to achieve increased cell survival and proliferation and hence efficiently
expand KSCs in-vitro at the beginning of primary keratinocyte culture. We compared stem cells after a six-
day treatment to untreated cells and also compared cells cultured for a further six days after ROCKi withdrawal
with untreated cells. We confirmed that the influence of short-term ROCKIi treatment on keratinocytes was
transient and reversible.

We observed a 15-fold increase in CFE during ROCKi treatment. This was lower than a previously
reported 50-fold increase®, possibly due to differences in tissue origin (the skin from donors with ear
reconstruction surgery in this study versus foreskin in Terunuma’s study), culture conditions, and donor-related
variability. Despite these differences, we confirmed by protein marker expression, single-cell transcriptomes
and pseudotime analysis that the accelerated proliferation of primary keratinocytes following six-day ROCKi

treatment was due to rapid KSC proliferation followed by differentiation into a large number of TA cells. Such

an initial boost in keratinocyte growth can save at least 1-2 weeks in the generation of epithelial sheets.
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We noted that ROCKi-treated keratinocytes were migrating non-cohesively with loose cell—cell contacts
and mesenchymal-like cell morphology at the first three-day ROCKi treatment but became tightly packed at
day 4. It has been reported that keratinocytes can undergo epithelial-to-mesenchymal transition (EMT) during
wound healing and stay in this intermediate state (known as mesophase) to meet a high demand of cell
proliferation required for wound closure*!. It has also been reported that keratinocytes treated with ROCKi
have fusiform-like phenotypes (spindle-shaped mesenchymal-like cells)** which is similar to cells with
depolymerized F-actin**. Rho-associated kinase (ROCK) can activate LIMK-kinase 1 (LIMK-1)*. As LIMK-
1 inactivates the actin depolymerization factor ADF/cofilin binding to F-actin to control actin dynamics,
inhibition of ROCK by ROCKIi can promote activation and binding of ADF/Cofilin to F-actin, leading to F-
actin depolymerization (i.e. loose cell—cell contacts / non-cohesive migration of cells). In addition, F-actin
depolymerization has been shown to be involved in epithelial mesenchymal transition (EMT)*. EMT plays an
essential role in wound healing where proliferation and migration of keratinocytes surrounding the wound is
spatiotemporally controlled*. It has been shown that ROCKi increased adhesion and wound healing properties
of human corneal endothelial cells*’. We speculated that isolating and culturing primary keratinocytes in-vitro
mimic the process of wound healing. In our primary keratinocyte culture, ROCKi may promote this ‘wound
healing’ by stimulating keratinocytes into EMT in the first 2-3 days of treatment, later reverting to their
epithelial state.

Mitochondrial content increases in stem cells changing from resting to activated states since resting stem

cells need high energy for their transformation to proliferating progenitors*-5

, which requires transition from
glycolysis to oxidative phosphorylation (mitochondria-based ATP production). Generally, mitochondrial mass
in the cell increases with the activation of mitochondrial biogenesis, a process of forming new and healthy
mitochondria >'2, We observed an increase in cell population with higher mitochondrial mass in ROCKi-
treated culture, but we did not detect changes in the transcriptional level of genes related to mitochondrial
biogenesis by scRNAseq. However, studies have found that the inhibition of mitophagy in cells could also
increase mitochondrial mass®®. This is because in somatic cells, mitophagy selectively eliminates damaged
mitochondria, whereas in stem cells, mitophagy may serve as a physiologic mechanism for the metabolic
rewiring of differentiating stem cells by removing old mitochondria and replacing them with new mitochondria

configured for the differentiated cell state*>>>%*, As in our study, cells with both higher mitochondrial mass

and K14 (marker of proliferation) expression were localised in periphery of the colonies, indicating higher
12
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mitochondrial mass cells are proliferated cells, we suspect that the increased mitochondrial mass after short-
term ROCKi treatment may be related to rapid differentiating KSCs to TA cells.

Transcriptome analysis at single-cell resolution revealed gene expression changes between treated cells
and non-treated cells during ROCKi treatment. However, these differences disappeared following its
withdrawal. This further supports that the influence of short-term ROCKi treatment is transient and reversible.
We used ANLN, AURKB, CCNA2, CKAP2L, FOXM1, HMGB2, LMNBI as holoclone marker, KRT14, TP63,
ITGAG6, ITB1, BIRCS as meroclone markers, and SERPINB3, SFN, KRT10, TGM1, IVL, SPINKS5 as paraclone
markers®’ to classify cells as KSCs, TAs, and TDs and analysed the differentiation behaviour. This illustrated
that the KSCs in ROCKi-treated cells differentiated to TA cells at a faster rate than non-treated cells. Combined
with the evidence that increased holoclone colonies and proliferation-related marker changes in ROCKi-treated
cells, it suggested that KSCs rapidly transformed to proliferating TA cells, thereby increasing the cell number
and/or colony number. This agrees with the increased mitochondrial mass in ROCKi-treated cells. Importantly,
the analysis further indicated that the proportion of KSCs in ROCKi-treated cultures was not reduced after
ROCK:i’s withdrawal, indicating that KSCs were not exhausted following short-term ROCKIi application.

We used an in-vitro 3D organotypic system to check whether cells treated with ROCKi maintained the
ability to terminally differentiate®. Both non-treated and ROCKi-treated cells were able to develop multiple
layers of epidermis with the expressions of related protein markers. Notably, the proliferation marker A-P63a
was clearly upregulated in the cultures generated using ROCKi-treated cells but reversed to the status similar
to non-treated cells once ROCKIi treatment was withdrawn. This further confirmed the transient effect of short-
term ROCKIi treatment. ROCK plays its biological function via AKT1/2 and ERK1/2 signalling, which is
involved in cell survival, growth, and proliferation. We have shown, in primary keratinocytes, that ROCKi
rapidly activated AKT1/2 and upstream kinases of ERK signalling, suggesting that the activation of AKT1/2
and ERK1/2 signalling was related to keratinocyte proliferation.

In conclusion, while short-term ROCK:i treatment improved KSCs’ survival and growth, the influence
on keratinocytes was transient, reversible, and did not affect KSCs’ characteristics. This could open a potential

avenue for clinical application.
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Methods
Skin samples and primary keratinocyte culture

Skin samples were obtained from healthy children (10- to 16-year-olds) undergoing plastic surgery for
ear reconstruction, following informed consent. This study was approved by the local ethics committee with
IRAS Project ID 279491. Fresh skin samples were processed within two hours for isolation and culture of
keratinocytes as described by Di, et al. *°. Briefly, subcutaneous and adipose tissue were carefully removed
from skin samples and the rest of the tissue was cut into small pieces (2 X 2 mm) and incubated with 0.02
U/mL neutral protease in PBS (Nordmark Pharma GmBH, Germany, #N0002936) for 3 hours at 37 °C to
detach epidermis from the dermis. The epidermis was then transferred to 0.25% trypsin in 0.01% EDTA
solution (Thermo Fisher Scientific, UK, #25200072) for 5 minutes to dissociate the epidermis into single cells.
The dissociated cell solution was neutralized with Green’s medium®. Cells in the suspension were pelleted.
After discarding the supernatant, pelleted cells were resuspended and plated out at a density of 4 x 10*cm? in
culture flasks containing lethally irradiated 3T3-J2 cells (i3T3) and cultivated in a humidified atmosphere at
37°C with 10% CO,. Subconfluent cells were passaged and re-seeded at a density of 1.5 x 10*/cm? with i3T3
in Green’s medium. Fresh isolated cells (PO) or cells with passage 1 (P1) were used in this study. All

keratinocyte cultures were co-cultivated with i3T3 at 3 x 10%/cm? unless specified.

ROCK inhibitor Y-27632, treatment regimen and cell sampling

The ROCKi inhibitor Y-27632 ((R)-(+)-trans-4-(1-aminoethyl)-N-(4-pyridyl)
cyclohexanecarboxamide-2) was purchased from AdooQ Bioscience (#A1101, CA). 10 mM stock solution
was prepared by dissolving ROCKi powder in 100% dimethyl sulfoxide (DMSO, Merck Life Science, UK,
#D8418) and filtered through 0.22uM syringe filters. The stock solution was then aliquoted and stored at -
20°C for the use in cell culture. A 1:1000 dilution of the stock solution was used to make a final concentration
of 10uM in culture medium.

Freshly isolated primary keratinocytes (PO) were seeded in 10cm dishes and cultured in the Green’s
medium containing 10uM of ROCK:i for six days. The culture medium was changed at day 3, replenishing
with fresh ROCK:i. Cells cultured in Green’s medium without ROCKIi but containing 0.1% DMSO were used
for controls and run with treated cells in parallel (Figure 1). Briefly, cells were seeded in triplicates for each

group for assays including cell growth rate and morphology, mitochondrial mass, single cell RNA sequencing
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(scRNAseq), and immunoblotting. Six days after seeding, cultured cells from both ROCK:i treated (ROCKi-
6D") and non-treated (Control-6D") groups were harvested using 0.05% trypsin in DPBS. Before trypsinization,
feeder layer was removed using 0.01% EDTA in DPBS for 30 seconds at room temperature. Trypsinized cells
were neutralized with culture media and centrifuged at 500g for 5 min at 4°C. Cell pellets were resuspended
in 0.5% fetal calf serum (FCS) in DPBS, and an aliquot was immediately proceeded for cell counting and cell
size determination using the automated cell counter (CellDrop BF, DeNovix Inc, DE). Half of the cells were
harvested at day 6 (ROCKi-6D") and divided into three portions for mitochondrial mass assay, single-cell RNA
sequencing analysis and immunoblotting. The remaining half cells were seeded back in triplicates at a density
of 1x10° cells per 10 cm dish and grown for a further six days without addition of ROCKi, and then were
harvested for analysis. Cells without ROCKi (Control-6D 6D~ and ROCKi-6D*6D") were processed in the

same way.

Immunoblotting

All antibodies used in this study are listed on Table S1.

Keratinocytes were lysed directly on the culture plate using 1x Laemmli sample buffer (BioRad, Herts,
UK, #1610747) supplemented with fresh S0mM DTT at room temperature. Cell lysates were passed through
20 gauge needle several times and then heated at 96°C for 5 minutes. Total protein concentration in each
sample was quantified using Pierce 660nM protein assay reagent (Thermo Fisher Scientific, Woolwich, UK,
#22662) supplemented with ionic detergent compatibility reagent (IDCR, Thermo Fisher Scientific,
Hampshire, UK, #22663). Equal amounts of total proteins were loaded in each lane, separated on Any kD
Mini-PROTEAN TGX Stain-Free Protein Gels (BioRad, UK, #4568126) and transferred on to 0.2 pum
Nitrocellulose membrane using Trans-Blot Turbo semi dry transfer system (BioRad, Herts UK). The
transferred membranes were blocked for 1 hour with 5% w/v non-fat milk in tris-buffered saline containing
Tween 20 (TBST, 19mM tris base, 137mM NaCl, 3mM KCI, 0.2% Tween 20, pH 7.4) for 1 hour and then
incubated with primary antibodies diluted in blocking solution overnight at 4 °C. Membranes were washed
three times (ten minutes each) in TBST before adding HRP-conjugated secondary antibodies for 2 hours at
room temperature. Membranes were washed three times (ten minutes each) in TBST and target proteins were
detected by using ECL Prime Western Blotting detection kit (SLS, UK, # RPN2232). Signal was visualized

and recorded using ChemiDoc MP imaging system (BioRad, Herts, UK). The membranes were re-used by
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stripping the previous antibodies using Restore Plus western blot stripping buffer (Thermo Fisher Scientific,
UK, #46430) and re-probed for the house-keeping protein glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as a loading control. Protein bands were quantified against GAPDH by optical densitometry using

Image Lab 6.1 software (BioRad, UK).

MitoTracker Green staining

Primary keratinocytes were loaded with MitoTracker Green (200 nM) and incubated at 37 °C for 30
minutes. Cells were then washed with DPBS and feeder cells were removed using 0.01% EDTA in DPBS for
30 seconds at room temperature. Cells were then harvested by 0.05% of trypsin in DPBS, pelleted and then re-
suspended in ice-cold 0.2% FCS in DPBS for flow cytometry analysis using CytoFLEX S (Beckman Coulter,
Bucks, UK). Cells were excited at 488 nm and the emission fluorescence was collected at 535 nm. 40,000 live

cells were analysed per sample.

3D organotypic culture

A 3D organotypic culture was performed as described by Di, et al. >, A de-epidermalised dermis (DED,
Euro Tissue Bank, BEVERWIJK, Netherlands) was used as a scaffold for generating 3D organotypic culture.
A metal ring with 1¢cm diameter was placed on the dermal side of the DED in a 35mm dish and 2 x 10° primary
human dermal fibroblast were seeded on the reticular side and cultured in the Green’s medium. After 24 hours,
the metal ring was removed, DED was flipped over (in the papillary side), and the metal ring was placed again
on the papillary side. 5 x10° primary keratinocytes were then seeded on the papillary side of the DED in
Green’s medium. After 48 hours, the metal ring was removed, and the DED culture was air-lifted by
transferring it on to a mesh so that reticular side of the DED was in contact with the culture medium and the
papillary side was in contact with air. Air-lifted DED with cells were cultured for 14 days, allowing the
keratinocytes to proliferate and differentiate. Primary keratinocytes from three different donors were used to
generate three biological replicates. Primary human fibroblast (passage 3 to 4) from same donor was used for

all 3D cultures.

Cryosectioning and immunostaining

In supplementary materials.
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Colony-formation assay

The colony forming efficiency (CFE) of the keratinocytes was determined by a colony-formation assay
as previously described!!. Keratinocytes were seeded in 10cm dishes at a density of 800 cells per dish. On day
6 and day 12, dishes cultured with cells were washed twice with DPBS and stained with 0.25% rhodanile blue
(Merck Life Science, UK, #121495) in 1% sulphuric acid/DPBS solution for 20 minutes at room temperature.
Dishes were washed several times with DPBS and air dried. Colony staining image were scanned at the setting
of 600 DPI using an HP Envy 4500 (HP, UK) scanner. A ruler was scanned at 600 DPI to measure the number
of pixels per millimetre. Colony numbers and areas were counted and measured using Fiji software
(https://imagej.net/software/fiji/). Briefly, images were converted to 8-bit grayscale. Uneven brightness of the
staining was adjust using adaptive median filter (r=2), the threshold was set to default, hollow colonies were
filled by using binary fill holes, and joined colonies were separated using binary watershed. Colonies > 1mm?
in area with the circularity of > 0.5 were counted as colonies.
To determine clonality of the colonies, six-day old colonies were trypsinised and seeded back in indicator
dishes and cultured for additional 12 days. Based on the size and circularity of the colonies on indicator dishes,
the parent colonies were identified as holoclone, meroclone, or paraclone!!. In this study, we did not perform

colony-type identification as we did the CFE assay on day 6 after ROCKi treatment.

Single-cell library preparation and RNA sequencing

Cultured keratinocytes were harvested and resuspended in ice-cold buffer containing 0.5% FCS in
DPBS. A small aliquot of the cell suspension was used to determine the percentage of live/dead cells by stained
with Acridine Orange/Propidium lodide (AO/PI) Cell Viability Kit (Vita Scientific, MD, #LGBD10012) and
counted by using LUNA-FL automated cell counter (Logos Biosystems, VA). Approximately 3,000 live cells
from each group were loaded into one channel of the Chromium Chip G using the Single Cell reagent kit v3.1
(10X Genomics, CA, US) for capturing single cell Gel-Bead Emulsion using the Chromium controller.
Following single cell capture, cells were lysed, and cDNA of individual cells were synthesized within the Gel-
Bead Emulsion and was used for library preparation. cDNA was amplified and size-selected using SPRISelect
(Beckman Coulter, Germany, #B23317) following the manufacturer’s protocol. 25ng of the size-selected

cDNA of each sample were used to construct Illumina sequencing libraries. Libraries were pooled at equal
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concentration and sequenced on the NovaSeq SP100 or NextSeq2000 Illumina sequencing platform at 50,000

reads per cell.

Generation of gene expression matrix of counts and quality control for scRNAseq

The gene expression count matrix was generated from scRNAseq raw sequences using cellranger®’ with
the standard cellranger pipeline consisting of the mkfastq, count, and aggr steps. Gene expression was analysed
using Seurat>®. Genes present in fewer than three cells and cells expressing fewer than 200 genes were excluded
from the analysis. Low-quality cells and barcodes corresponding to multiple cells or empty droplets were
removed by excluding cells associated with either an anomalous number of genes, number of molecules, or
percentage of mitochondrial DNA. Making the Gel-Bead Emulsion for each sample in separate wells made
these measures vary between each other. Hence, we used different thresholds for each sample as a universal
threshold would include low-quality cells in some samples and exclude high-quality cells in others
(Supplementary Figure S4). Non-keratinocytes were removed by excluding cells expressing (>1 count) of
markers of melanocytes (MLANA, PMEL, MITF) and mesenchymal-like cells (ACTG2, DLK1, MTRNR2L6,

MTRNR2L10, MTRNR2L7, MTRNR2L1, PRKAR2B, NR2F1)®.

Normalisation and cell cycle removal

Gene expression was normalised using sctransform®. The effect of cell cycle was mitigated by assigning
scores to each cell representing the probability of its being in different stages of the cell cycle (using Seurat’s
CellCycleScoring function) and then regressing out the difference between these scores using sctransform

(satijalab.org/seurat/archive/v3.1/cell_cycle vignette.html - "Alternative Workflow").

Dimensionality reduction and donor effect removal

Dimensionality reduction was carried out by principal components analysis (PCA) using the 3,000 most
highly variable genes as features. The 50 most significant components were used since there was no clear point
at which the generated components became less significant (Supplementary Figure S5). Inter-donor variation

was removed with Harmony®'.

Differential expression and differential abundance analyses
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Seurat was used for differential expression analysis of treated and control cells with its standard
Wilcoxon rank sum test. We used DAseq*® to measure the proportion of two cell populations that cluster

separately (detailed in supplementary methods).

Cell type proportion comparison

SCINA®? was used to compare the cell type proportions in the control and ROCKi-treated cells. Cell
type markers published by Enzo, et al. 37 were used to classify cells as either holoclone-forming (HF), mero-
or paraclone-forming (MP), or terminally differentiated (TD). Bootstrap resampling was used to estimate

confidence intervals around the total absolute differences between cell type proportions.

Trajectory analysis

Slingshot® was used to infer the differentiation trajectory for each sample class with the Harmony
reduction. The groups of non-treated and ROCKi-treated cells were combined for the inference procedure to
ensure that the pseudotimes were directly comparable. Three clusters were used for each sample
(approximately corresponding to holoclone-forming, meroclone-forming, and paraclone-forming cells) as the
input to Slingshot. The cluster likely to contain mostly holoclone-forming cells were used as the starting point
for each inferred trajectory. Trajectories were then compared by computing the 0.1%, 0.2, ..., 99.9"" 100™"
percentiles of the pseudotimes corresponding to each sample and calculating the mean absolute difference at
each percentile. Bootstrap resampling was used to estimate confidence intervals around the mean absolute

differences between the pseudotimes both during ROCK:i treatment and following its withdrawal.

Data availability

The rmarkdown notebook used to generate our single-cell RNAseq results is available at

github.com/george-hall-ucl/reversibility of rocki paper scrnaseq/blob/main/data _analysis for paper.md.
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Figure legends

Figure 1. Workflow of experiments and sample collections
Freshly isolated keratinocytes (passage 0) were divided into two populations, either with ROCKi (10uM Y-
27632) or without ROCKi treatment (0.1% DMSO) for six days. Half of the cells were harvested on day 6 and

the remaining cells were passaged and cultured without ROCKi for additional six days and then harvested.

Figure 2. Six-day ROCKi treatment efficiently increased proliferation of primary keratinocytes

Primary keratinocytes at passage 0 were cultured with (ROCKi-6D") and without (Control-6D") ROCK:i for
six days. Colonies were stained with Rhodanile blue (A). A significant increase in colony formation was
detected in ROCKi treated cells (ROCKi-6D*) compared to non-treated cells (Control-6D7) (B). The
morphology of cultured keratinocytes at day 6. Scale bar = 50um (C). Increased cell growth rate in treated
cells compared to non-treated cells (D). Decreased average cell size in treated cells compared to non-treated
cells (E). Histogram of mitochondrial mass in treated and non-treated cells stained with 200nM Mitotracker
Green and confirmed by flow cytometry (F). Significant increase in cell populations with high mitochondrial
mass in treated cells compared to non-treated cells (G). Left panel shows the images of representative
immunoblots probed with proliferation and differentiation markers (H). GAPDH was used as a loading control.
The right panel shows the densitometry analysis for immunoblots. Data are presented as mean = S.D., n=3, *

= p<0.05.

Figure 3. Cells reversed their proliferation status following withdrawal of ROCKi treatment

Control-6D~ and ROCKi-6D" cells were passaged once and cultured without ROCKi (Control-6D 6D and
ROCKIi-6D*6D") for additional six days. Colonies were stained with Rhodanile blue (A). No significant change
in colony formation was detected in treated cells compared to non-treated cells (B). The morphology of
cultured keratinocytes at day 6. Scale bar = 50um (C). Quantification of the cell growth rate in treated cells
compared to non-treated cells (D). Quantification of the change in average cell size in treated cells compared
to non-treated cells (E). Histogram of mitochondrial mass in treated and non-treated cells stained with 200nM
Mitotracker Green and confirmed by flow cytometry (F). Quantification of the change in cell population with

high mitochondrial mass in treated cells compared to non-treated cells (G). Left panel shows the images of
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representative immunoblots with proliferation and differentiation markers (H). GAPDH was used as a loading
control. The right panel shows the densitometry analysis for immunoblots. Data are presented as mean = S.D.,

n=3, * = p<0.05.

Figure 4. Cells treated with ROCKi for six days had proliferation and differentiation abilities similar to
non-treated cells

3D organotypic cultures were generated using cells with ROCKi treatment (ROCKi-6D"),without ROCKi
treatment (Control-6D~and Control-6D 6D"), and after withdrawing ROCKi treatment (ROCKi-6D*6D"). The
3D culture morphology examined by Haematoxylin and eosin (H&E) staining (A—E). Proliferation marker
AP63-0. and differentiation markers K10, involucrin (IVL), and filaggrin (FLG) were examined by
immunofluorescence staining (F-Y). Increased AP63-a expression was detected in ROCKi-6D*compared to
other groups of cells, but it was returned to the level to non-treated cells after withdrawal of ROCKI treatment.
Nuclei were stained by DAPI (blue). Scale bar = 40uM. The expression of these proteins in the skin are shown

inA,F, K, P,and U.

Figure 5. Single-cell transcriptomics: UMAP plots, DAseq analysis, and differential gene expression

UMAP plots were generated and compared between groups at day 6. Distinct clusters between non-treated
(Control-6D") and treated (ROCKi-6D") cells were observed (A), whereas cells from the ROCKi-withdrawn
(ROCKi-6D*6D") and non-treated (Control-6D-6D") groups clustered together (B). Differential abundance
analyses verified the overlap observed in (A) and (B): dark colours indicated little overlap between Control-
6D~ and ROCKIi-6D" cells (C) and light colours indicated much overlap between Control-6D~6D~ and ROCKi-
6D"6D~ (D). Volcano plots showing many differentially expressed genes between ROCKi-treated cells
(ROCKi-6D") and non-treated cells (Control-6D") (E) and far fewer between the ROCKi-withdrawn cells
(ROCKi-6D*6D") and non-treated cells (Control-6D~6D") (F). Number of genes in blue indicates significant

changes in expression levels.

Figure 6. Cell type proportions of cultured primary keratinocytes with and without ROCKi treatment
Cell type populations were analysed using the transcriptome of holoclone, meroclone, and paraclone markers.

Differences in cell type proportions was detected between non-treated cells (Control-6D~) and ROCKi-treated
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cells (ROCKIi-6D") (A), whereas these differences were greatly reduced between non-treated cells (Control-
6D 6D") and ROCKi-withdrawn cells (ROCKi-6D6D") (B). Dotplot showing the expression of markers for
holoclone-forming cells, mero-/paraclone-forming cells, and terminally differentiated cells in different
samples. The colour of each dot indicates the marker’s expression levels and its size indicates the proportion

of cells that express it (C).

Figure 7. Inferred differentiation trajectories and comparison of pseudotime distributions

Slingshot was used to infer the differentiation trajectories of Control-6D-, ROCKi-6D*, Control-6D 6D, and
ROCKIi-6D*6D" cells, respectively (A-D). Cell colour corresponds to the three clusters used as input to
Slingshot, which correspond to the three cell types. Cumulative distributions of the pseudotimes of Control-
6D and ROCKi-6D" (E). Cumulative distributions of the pseudotimes of Control-6D-6D~ and ROCKi-6D 6D~
(F). The colour surrounding the line in (E) and (F) corresponds to the cluster of the cell at that point. The

shaded portions in (E) and (F) correspond to the dominant cluster at each stage of differentiation.

Figure 8. ROCKIi activated AKT and MAPK signalling

Representative immunoblot images show the changes of phosphorylation of kinases involved in AKT and
MAPK signalling in cells treated with ROCKi at different time points (A). GAPDH was used as a loading
control. Densitometry quantification of immunoblot at different time points (B). Data were normalized to

GAPDH and are presented as mean £ S.D., n=3.
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