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Abstract

Relative to conventional two-dimensional (2-D) culture, three-dimensional (3-D) suspension 

culture of epithelial cells more closely mimics the in vivo cell microenvironment regarding cell 

architecture, cell to matrix interaction, and osmosis exchange. However, primary normal human 

keratinocytes (NHKc) rapidly undergo terminal differentiation and detachment-induced cell death 

(anoikis) upon disconnection from the basement membrane, thus greatly constraining their use in 

3-D suspension culture models. Here, we examined the 3-D anchorage-free growth potential of 

NHKc isolated from neonatal skin explants of 59 different individuals. We found that 40% of all 

isolates naturally self-assembled into multicellular spheroids within 24 h in anchorage-free 

culture, while 60% did not. Placing a single spheroid back into 2-D monolayer culture yielded 

proliferating cells that expressed elevated levels of nuclear P63 and basal cytokeratin 14. These 

cells also displayed prolonged keratinocyte renewal and a gene expression profile corresponding to 

cellular heterogeneity, quiescence, and de-differentiation. Notably, spheroid-derived (SD) NHKc 

were enriched for a P63/K14 double-positive population that formed holoclonal colonies and 

reassembled into multicellular spheroids during 3-D suspension subculture. This study reveals 

marked phenotypic differences in neonatal keratinocyte suspension cultures isolated from different 

individuals and present a model system that can be readily employed to study epithelial cell 

behavior, along with a variety of dermatological diseases.
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1. Introduction

Three dimensional (3-D) culture systems provide unique platforms to study complex 

biological processes in vitro, particularly cell proliferation, differentiation, motility, and 

stress response. While 3-D spheroid cultivation methods are well established in certain tissue 

types such as mammary and colorectal epithelium, efficient 3-D epithelial spheroid systems 

for primary human skin epidermis are lacking. This challenge lies in keratinocytes’ 

sensitivity to surface-detachment, as basal keratinocyte renewal is tightly regulated by cell 

attachment to the basement membrane. In fact, normal human keratinocytes (NHKc) initiate 

terminal differentiation programs upon cell-surface detachment, eventually resulting in 

suspension-induced cell death (anoikis) (Green, 1977; Wakita and Takigawa, 1999; Guo and 

Jahoda, 2009).

While several reports have indicated that skin spheroid cultures possess enhance 

regenerative capacities (Zong et al., 2012; Toma et al., 2005), and that epidermosphere 

culture can improve skin cells’ potency (Borena et al., 2014; Higgins et al., 2010; Kang et 

al., 2012; Vollmers et al., 2012), most of these studies have been conducted in animals or 

with human dermal fibroblasts, with virtually no reports thoroughly characterizing the 

regenerative effects of 3-D spheroid culture using NHKc. Here, we describe a 3-D spheroid 

growth method to cultivate NHKc stem cells from neonatal foreskin tissue and use this 

system to investigate the spheroid forming capacity of NHKc isolates derived from 59 

individual donors. By thoroughly characterizing skin epidermal spheroid cultures in 3-D 

regenerative states, we observed that most strains (60%) fail to autonomously form 

spheroids and readily undergo cell death when seeded in 3-D suspension. However, 

approximately 40% of NHKc strains can autonomously aggregate into multicellular 

epidermospheres and retain prolonged cellular growth in culture. When 3-D 

epidermospheres are placed into 2-D monolayer culture, the adherent spheroids expressed a 

transcriptome signature corresponding to ectoderm commitment and epidermal 

reconstitution. Strikingly, spheroid-derived NHKc (SD-NHKc) expressed marked induction 

of stem cell reprogramming factors and readily restored K14/P63 double-positive colonies 

that maintained enhanced regenerative properties. Our findings present NHKc 3-D spheroid 

cultivation and spheroid re-plating as an effective method for epidermal skin stem/progenitor 

cell enrichment from neonatal human skin and can be employed as an excellent cell-based 

model system to study complex cellular processes, such as tissue repair and cancer, as well 

as a variety of dermatological ailments in primary ex-vivo cultures.

2. Materials and methods

2.1. Cell culture

NHKc were isolated from neonatal foreskin as previously described (Akerman et al., 2001) 

and cultured according to Woappi et al. (Woappi et al., 2018). Briefly, KSFM media 
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(Thermo Fisher Scientific Waltham, MA) was supplemented with 1% PenStrep/10 mg/ml 

gentamycine, 50 μg/mL bovine pituitary extract, 20 ng/ml EGF, 10 ng/ml basic fibroblast 

growth factor, 0.4% bovine serum albumin (BSA), and 4 μg/ml insulin. This cell culture 

medium is referred to as KSFM-stem cell medium (KSFM-scm). The normal adult human 

skin cell line L5Ep was obtained from the BWH Cell Culture Core.

2.2. 3D spheroid formation assay

Cultured NHKc (2x104 cells) were seeded into a 96-well roundbottom plate coated with a 

polymerized mixture of agarose (1.4%) and KSFM-scm. Cells were maintained in 

suspension for 24–96 h until they self-aggregated into spheroids. Multicellular epidermal 

spheroids were plated back into 2-D monolayer culture after 48 h and spheroid-derived (SD) 

cells were left to proliferate. Proliferating SD-NHKc were trypsinized, tested again for 

spheroid formation, then newly formed spheroids were again placed into 2-D monolayer 

culture to produce secondary SD-NHKc cultures. Cell size and morphology was determined 

using Lumenera Infinity 1 software (Lumenera Corporation, Ottawa, ON).

2.3. 3D organotypic cell culture assay

The method for organotypic culture was adapted from Dongari-Bagtzoglou and Kashleva 

(Dongari-Bagtzoglou and Kashleva, 2006). Briefly, seeding rafts were assembled by mixing 

Culturex 3-D Matrix (Sigma-Aldrich St. Louis, MO) with 4 × 105 NIH 3 T3 fibroblasts (1:3, 

v/v) in 200 μL/well of DMEM/10% FBS, in 6 well plates with Transwell culture inserts 

(VWR) and incubated at 37oC for 2 h. Dermal gel rafts were equilibrated after 24 h using 4 

mL complete DMEM/10% FBS at 37oC until gels contracted. Medium was then withdrawn 

and 1 × 106 keratinocytes in 200 μL of complete KSFM were seeded on top of the raft and 

incubated for 2 h at 37 °C. Subsequently, skin equivalent on top of the insert was covered 

with complete KSFM, while DMEM/10% FBS filled the bottom of the well, coming in 

contact with the bottom surface of the skin equivalent. Plates were cultivated for 7 days—

changing the medium every 2 days. At day 7, medium was withdrawn from the top and skin 

equivalents lifted to air–liquid interface, with KSFM/5% FBS/ 1mM calcium chloride at the 

bottom of the inserts, for 16 more days at 37 °C, changing the medium every other day. At 

day 16, skin equivalents were processed for H&E staining.

2.4. Low density growth assay

Cells were plated at low density (10,000–20,000 cells/dish) into duplicate 100-mm dishes, 

and fed KSFM-scm every 4 days, until ~ 25% confluence, then fed every 2 days. Cultures 

were serially passaged (1:100) in 100-mm dishes until cell proliferative capacity was 

exhausted. Cell numbers and viability were determined using Countess Automated Cell 

Counter (Invitrogen, CA). Cumulative population doublings were calculated according to the 

formula: population doublings = log(N/N0) / log2, where N represents the total cell number 

obtained at each passage and N0 represents the number of cells plated at the beginning of the 

experiment (Ma et al., 2015). Duplicate dishes were stained with 10% Giemsa to assess 

colony size and morphology.
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2.5. Colony-forming efficiency assay

Spheroid non-forming NHKc (NF-NHKc) and spheroid forming NHKc (SF-NHKc) cultures 

were plated at 10,000 cells/dish in duplicate wells of a 6-well plate and fed once with 8 mL 

of medium, then incubated for 10–20 days. Cells were fixed with methanol, then stained 

with 10% Giemsa. Colony forming efficiencies (C.F.E) were calculated as colony number 

per dish divided by the original number of cells seeded. For 2-D-attached spheroid culture, 

C.F.E was determined by obtaining the ratio of colonies generated from each seeded 

spheroid to the original number of cells contained within the seeded spheroid.

2.6. Real-time PCR

Total RNA was isolated from cells using the All Prep DNA/RNA Mini Kit (Qiagen, CA) 

according to the manufacturer’s protocol. Reverse transcription was carried out with 1 μg of 

total RNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Real-time PCR 

was performed using iQ SYBR Green Supermix (Bio-Rad) following the manufacturer’s 

instructions. Amplicon products were validated by agarose gel electrophoresis (2% v/v). 

GAPDH was used as an internal control. All samples were assayed in triplicate. The primer 

sequences used for real-time PCR are shown in Supplementary Table 1. We considered 

“Edge” cells to be all cells contained within the compact spheroid ring and “outside” cells 

those floating around the compact spheroid ring, completely detached from the spheroid 

structure. Each group was isolated separately for PCR analysis.

2.7. Immunohistochemistry

Cells were grown on coverslips coated with poly-lysine until 75% confluent. The cells were 

then washed twice in ice-cold phosphate buffered saline (PBS), fixed with 4% 

paraformaldehyde for 20 min at room temperature, permeabilized with 0.5% Triton in 1% 

glycine and then blocked using 0.5% BSA and 5% goat serum for 30 min at room 

temperature. Samples were then incubated with antibodies against P63 (Thermo Scientific, 

catalog # 703809, 1:200 dilution), and cytokeratin 14 (Santa Cruz Biotechnology, catalog 

#sc-53253, 1:200 dilution) in blocking solution overnight at 4 °C. Samples were then 

washed three times with PBS containing Tween 20 (PBST), followed by incubation with 

FITC-and Alexa 568- conjugated secondary antibodies (Invitrogen, 1:1000 dilution). Nuclei 

were also stained with 4', 6-diamidino-2-phenylindole (DAPI) (Invitrogen, 1:5000 dilution) 

before cells were mounted. Cells were observed using a Nikon Eclipse E600 microscope and 

a Zeiss confocal laser-scanning microscope.

2.8. Cell lineage tracing assay

2-D monolayer cultures were transfected with 1 μg the pMSCV-IRES-EGFP plasmid vector 

carrying the enhanced green fluorescent protein (eGFP) gene using the Promega TransFast 

kit (Madison, WI). Cells were trypsinized and seeded (2x104 cells) as 3-D spheroid 

suspension cultures. After 24 h eGFP-expressing spheroids were plated into monolayer 2-D 

cell culture. Cells were tracked with a Zeiss Axionvert 135 fluorescence microscope using 

Axiovision Rel. 4.5 software. The number of eGFP-expressing cells was determined by 

quantifying a calibrated pixel-by-pixel ratio between the green fluorescent image channel 

and the phase contrast image using ImageJ software.
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2.9. Fluorescent activated cell sorting analysis

Cells (2–4 × 106 cells/ml) were stained with FITC-conjugated anti-integrinα6 (Abcam, 

Cambridge, MA; catalog number ab30496) and PE conjugated anti-EGFR (BD Pharmingen 

San Jose, CA; catalog number 555997) both at 1:50 dilutions. Flow cytometry analysis was 

performed using a BD FACSAria II flow cytometer (BD Biosciences, San Jose, CA).

2.10. Microarray processing and analysis

Total RNA was isolated from mass cultures of a single NHKc donor and spheroids derived 

from the same donor, in triplicate, using the Qiagen RNeasy Plus Micro Kit, according to the 

manufacturer’s protocol. RNA quality was assessed using an Agilent 2100 Bioanalyzer and 

RNA Integrity Numbers (RIN) ranged from 9.0 to 9.1. Microarray experiments were 

performed using the Affymetrix platform. Total RNA samples were amplified and 

biotinylated using GeneChip WT PLUS Reagent Kit (Affymetrix/Thermo Fisher Scientific). 

Briefly, 100 ng of total RNA per sample was reverse transcribed into ds-cDNA using NNN 

random primers containing a T7 RNA polymerase promoter sequence. T7 RNA polymerase 

was then added to cDNA samples to amplify RNA, and then RNA was copied to ss-cDNA 

and degraded using RNase H. ss-cBNA molecules were then fragmented and labelled with 

biotin. Amplified and labeled samples were hybridized to GeneChip HuGene 2.0 ST Arrays 

(Affymetrix/Thermo Fisher Scientific) for 16 h at 45 °C using a GeneChip Hybridization 

Oven 640 and a GeneChip Hybridization, Wash, and Stain Kit (Affymetrix/Thermo Fisher 

Scientific). Hybridized arrays were washed and stained using GeneChip Fluidics Stations 

450 (Affymetrix/Thermo Fisher Scientific). Arrays were scanned using a GeneChip Scanner 

3000 7G system and computer workstation equipped with GeneChip Command Console 4.0 

software (Affymetrix/Thermo Fisher Scientific). Following completion of array scans, probe 

cell intensity (CEL) files were imported into Expression Console Software (Affymetrix/

Thermo Fisher Scientific) and processed at the gene-level using Affymetrix’s HuGene-2_0-

st library file and Robust Multichip Analysis (RMA) algorithm to generate CHP files. After 

confirming data quality within Expression Console, CHP files containing log2 expression 

signals for each probe were then imported into Transcriptome Analysis Console Software 

version 3.0.0.466 (Affymetrix/Thermo Fisher Scientific) to analyze cell type specific 

transcriptional responses using one-way between-subject analysis of variance.

2.11. Statistical analysis

Data were expressed as the mean ± standard deviation (SD). Differences between mean 

values were analyzed using Student’s t-test. P < 0.05, P < 0.01 or P < 0.001 were considered 

statistically significant and indicated in the figures by *, ** or *** respectively.

3. Results

3.1. NHKc isolates derived from neonatal skin epidermis display autonomous spheroid 
self-assembling ability in 3-D suspension culture

To investigate the anchorage-independent growth potential of NHKc isolates, NHKc cultures 

derived from skin explants of various donors were seeded into 96-well round-bottomed 

plates coated with a semisolid polymerized mixture of agarose and KSFM-scm (Fig. 1A). In 
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this 3-D condition, cells grow as self-aggregating suspension spheroids of reproducible 

sizes. Intriguingly, we observed that 3-D suspension cultures obtained from some NHKc 

isolates displayed an ability to aggregate into multicellular spheroids -spheroid-forming 

NHKc (SF-NHKc) - while other isolates consistently failed to self-assemble into spheroids 

throughout their time in suspension culture - spheroid non-forming NHKc (NF-NHKc) (Fig. 

1B). Moreover, when transferred back to 2D monolayer culture, SF-NHKc spheroids 

generated proliferating keratinocytes, while transferring of cells from NF-NHKc suspensions 

did not yield any proliferating cells (Fig. 1B). To assess the status of cellular differentiation 

in suspension cultures, we measured mRNA levels of the late-differentiation gene involucrin 

(IVL) as well as the EGF receptor (EGFR) in SF-NHKc and NF-NHKc isolates cultivated in 

3-D suspension for 72 h. We found that suspension cultures from NF-NHKc and SF-NHKc 

exhibited a 35-fold and 21-fold respective increase of IVL mRNA, relative to adherent 

monolayer mass cultures (Fig. 1C). This marked upregulation of involucrin mRNA 

expression indicate that suspension culture considerably stimulated terminal differentiation 

in both NF-NHKc and SF-NHKc. In contrast, EGFR mRNA levels exhibited a 45-fold 

greater increase in NF-NHKc compared to SF-NHKc, relative to levels found in monolayer 

mass cultures (Fig. 1C). These results indicate that 3-D cultures from SF-NHKc were more 

resistant to suspension-induced terminal differentiation than 3-D cultures from NF-NHKc.. 

We also determined that NHKc from an adult skin cell line (4 technical replicates) were 

incapable of self-aggregating into spheroids during 3-D suspension culture, while 40% (24 

of 59 isolates) of neonatal foreskin derived NHKc readily formed spheroids in 3-D culture 

conditions (Fig. 1D, E and Table 1). These findings indicate that some neonatal NHKc 

isolates can better resist detachment-induced differentiation and detachment-induced cell 

death (anoikis), and that this phenotype is linked to the developmental stage of the host 

tissue. These intriguing findings compelled us to conduct more thorough molecular 

phenotypic characterization of 3-D human neonatal spheroid cultures and their 

corresponding spheroid-derived cell populations.

3.2. Suspension spheroid cultures display orchestrated cell kinetics during 3D growth

To determine the movement kinetics of spheroid-forming cells during their cultivation in 

suspension, monolayer-cultured SF-NHKc were transfected with a plasmid transiently 

expressing enhanced green fluorescent protein (eGFP) and seeded in 3-D agar suspension 

(Fig. 2A–B1). Interestingly, we observed that most cells progressively aligned along the 

spheroid edge within 6 h, then some gradually began migrating out of the aggregated 

spheroid (Fig. 2C, D). By tracking the movement of eGFP-expressing spheroid cells, we 

quantified cell proportions present in different regions of the spheroid throughout its time in 

suspension. We observed that while the spheroid is full of cells at the start of the assay, the 

center is progressively hollowed over time, leaving behind a compact aggregate of cells in 

the shape of a ring. However, cells located outside of the spheroid increased in number by 

10-fold. By day 15, over 59% of all eGFP-labelled spheroid cells were located outside of the 

spheroid (Fig. 2E), while cells remaining within the spheroid formed a dense hollow ring of 

cells (Fig. 2F, F1; Supplemental Fig. 1). The basal markers P63 and cytokeratin 14 (K14) 

were undetectable within the dense hollow ring (Fig. 2F, F1). mRNA for the terminal 

differentiation marker IVL was increased 27.1-fold in cells of the dense hollow ring, while 

cells present outside the ring expressed reduced levels of IVL (Fig. 2G). These results 
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indicate that the dense ring of cells was largely composed of terminally differentiated 

progenies, while cells that traveled outside were more resistant to differentiation.

3.3. 2-D Time-lapse imaging of spheroid-derived cells reveals dynamic cellular behavior 
upon transfer to monolayer culture

To gain further insight into the clonal fate of spheroid-derived cells, a single eGFP-

expressing spheroid was transferred into an empty 2-D polystyrene cell culture dish and 

movement of eGFP-positive SD cells (SDGFP) was tracked over several days (Fig. 3A). We 

found that the center of the 2-D plated spheroid became necrotic (Fig. 3J–J1), while the 

surviving lower layer of epithelial cells grew out. Similar to patterns observed during 

suspension culture, SDGFP migrated outwardly into empty spaces around the dish, 

generating monolayer sheets along their paths (Fig. 3B–F). Notably, within 12 days in 

culture, SDGFP were aligned along the edge of colonies, on the side most distal to the 

adherent spheroid, and progressively expanded the colony’s surface area (Fig. 3E, F). Dual 

immunostaining of cells found along the colony edges revealed that they intensely expressed 

K14 and nuclear P63 (Fig. 3G–G3). When tracking a single SDGFP in culture, we found that 

it could regenerate a dividing basal K14+/P63+ colony (Fig. 3H, I). Given that SD progenies 

played such a direct role in colony renewal, we aimed to further characterize their colony 

regenerative patterns. Colony formation analysis demonstrated that SD cells migrated in a 

centrifugal configuration to form colonies around the distal spheroid focal point (Fig. 3J, J1). 

Notably, areas of the dish with confined space were void of colonies (Fig. 3J), suggesting 

that detection of empty open space triggered epidermal renewal by SD cells, typical of re-

epithelization patterns following wound repair. Strikingly, the configuration of multicellular 

spheroids after their attachment in 2-D monolayer culture was reminiscent of the 

organization of the stratified epidermis, with the 2-D attached spheroid recapitulating 

features of a cornified envelope and the propagating epidermal cell sheets underneath 

behaving as the basal layers (Fig. 3J–K1). Moreover, secondary SD-NHKc cultures 

accumulated more population doublings (PD) and displayed small-sized cells that could be 

subcultivated for over 10 weeks as monolayers (Fig. 3M–O). These observations indicate 

that SD-NHKc are a proliferating population of basal keratinocytes, with characteristics of 

stem and transit-amplifying cells (TAC) of the skin epidermis.

3.4. Spheroid re-plating assay activates regenerative gene programs

To gain further transcriptional insight into the lineage and differentiation fates of NHKc 

during suspension growth culture, we studied the expression of basal and suprabasal 

epidermal genes in 3-D spheroid suspensions and their corresponding SD-NHKc cultures, 

relative to primary 2-D monolayer cultures (Fig. 4A). First, we investigated the cytoplasmic 

intensities of basal K14 in NHKc during all three stages of the epidermal spheroid formation 

assay (Fig. 4B), i.e. 2-D monolayer mass culture, 3-D spheroid suspension culture, and 3-D-

to-2-D generated SD-NHKc cultures. We found that NHKc colonies isolated from fresh skin 

explants expressed intense levels of K14 (Fig. 4B1, B4). K14 expression was also detected 

during 3-D spheroid culture, particularly in cells found along the edge of the suspension 

spheroid (Fig. 4B2, B5). Furthermore, when transferred into 2-D monolayer plastic culture, 

proliferating SD-NHKc located along the spheroid’s edge also maintained intense levels of 

cytokeratin 14 (Fig. 4B3, B6). These data revealed that despite the induction of suprabasal 
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markers seen in spheroid suspensions, a fraction of basal K14+ keratinocytes are 

continuously maintained throughout the spheroid formation assay. Real time RT-PCR 

analysis revealed that spheroid cells exhibit a 2.12-fold increase in mRNAs encoding K14, 

while SD cultures expressed a 3.97-fold increase, in comparison with mass-cultured NHKc 

(Fig. 4C). Moreover, we observed a 6.29-fold upregulation in mRNAs encoding K15 in 

spheroid cells, while SD cultures expressed a 3.45-fold increase. Spheroid cells also 

expressed a 6.44-fold increase in mRNAs encoding K5, while SD cultures expressed a 3.02-

fold increase. Notably, spheroid suspensions equally expressed significantly higher levels of 

the suprabasal epithelial markers filaggrin, involucrin, and K10, as compared to mass 

cultures and SD-NHKc (Fig. 4D), suggesting that keratinocytes cultivated as suspension 

spheroids undertake a variety of differentiation commitments, with some cells retaining 

basal features and others undergoing terminal differentiation. The marked reduction in 

suprabasal markers seen in SD cells suggest that cells able to proliferate from the spheroid 

after suspension culture are likely those that halt terminal differentiation processes. To 

determine how spheroid suspension culture affected epidermal proliferation programs, we 

measured the mRNA expression levels of pan-P63, delta NP63, and Ki-67 in cells collected 

at each stage of the spheroid re-plating assay. We found that SD-NHKc expressed a 4.95-

fold increase in mRNA encoding pan-P63, a 2.37-fold increase in mRNA encoding delta 

NP63, and a 1.84-fold increase in mRNA encoding Ki-67 compared to corresponding mass 

cultures (Fig. 4E). Conversely, spheroid suspensions expressed a mere 1.67-fold increase in 

pan-P63, a 0.32-fold upregulation of delta NP63, and undetectable levels of Ki-67 (Fig. 4E). 

These data indicate that cell proliferation is substantially diminished in NHKc suspension 

cultures, which led us to question whether the reduced gene expression of proliferation 

markers seen in spheroid cultures was a mere indication of postmitotic cells or was also 

suggestive of the presence of slow-cycling self-renewing cells. To this aim, we measured 

relative mRNA expression levels of genes encoding transcription factors involved in self-

renewal and found that spheroid cultures expressed a 4.89-fold increase in Nanog, a 20.51-

fold increase in OCT-4, a 10.12-fold increase in SOX2, and a 17.10-fold increase in KLF4, 

whereas these levels decreased dramatically in spheroid-derived cells cultivated as 2D 

monolayer cultures (Fig. 4F). Taken together, these findings reassert that spheroid formation 

is largely mediated by basal stem cell populations that readily suspend proliferation 

programs during suspension culture and reactivate them upon attachment to plastic culture. 

Furthermore, these findings demonstrate that in addition to inducing keratinocyte 

differentiation, self-assembling 3-D spheroid culture equally triggers cells to halt 

differentiation or to initiate de-differentiation programs associated with self-renewal.

3.5. 2-D attached spheroids present gene signatures characteristic of epidermal skin 
formation

To better understand the transcriptional states and changes occurring in spheroids after their 

transfer in 2-D culture, we employed microarray analysis to examine gene expression 

profiles of 3-D-to-2-D transferred spheroids 24 h after attachment in monolayer culture 

compared to corresponding monolayer mass cultures maintained in 2-D culture throughout 

the study. Hierarchical clustering analysis detected 565 genes differentially expressed 

between 2-D adherent spheroids vs. monolayer mass cultures, with 380 genes upregulated 

and 185 genes downregulated (Fig. 5A–D). Several upregulated genes corresponded to 
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signatures of hair and skin envelope formation, such as the marked induction of sciellin 

(SCEL), late cornified envelope (LCE3E), and SPINK5 (Fig. 5B, C, F). Furthermore, the 

profile of upregulated upstream regulators showed a significant induction of epidermal 

stratification markers, notably EGFR (z-core = 2.2) and P63 (Z-score = 1.5) (Fig. 5G). 

Signatures of mechanically induced cellular stress were also observed in 3-D-to-2-D 

transferred spheroids, such as the induction of DSG1 and the upstream activation of NFkB 

(Fig. 5F–G). Gene Ontology analysis identified several distinct epidermal developmental 

processes stimulated during spheroid transfer to 2-D monolayer culture, including ectoderm 

commitment, proliferation of skin cells, and keratinocyte differentiation (Fig. 5H). Taken 

together, these findings outline the varied transcriptional processes activated in multicellular 

spheroids upon transfer to 2-D monolayer culture and demonstrate that spheroid transfer to 

2-D monolayer culture primes skin cells for epidermal reconstruction.

3.6. Spheroid-derived cells display enhanced regenerative properties in 3D organotypic 
skin culture

To investigate the functional output from transcriptional changes taking place in SD-NHKc, 

we performed skin regeneration assays with SD-NHKc and autologous 2D monolayer 

cultures using the 3D organotypic skin culture system. Despite the limited stratification of 

the epithelia in the skin equivalents, we found that SD-NHKc generated significantly thicker 

epidermal layers than autologous SF-NHKc monolayer cultures (Table 2; Supplemental Fig. 

2C–D). Conversely, 3D suspensions from NF-NHKc were incapable of producing an 

epithelium in organotypic rafts (Table 2; Supplemental Fig. 2A). Interestingly, we did not 

observe a difference in epidermal regeneration abilities between monolayer cultures of NF 

and SF NHKc cells (Table 2; Supplemental Fig. 2B–D). Together, these functional studies 

suggest that SD-NHKc are a population of cells adapted for epidermal reconstruction with a 

greater capacity for tissue regeneration than cells continuously maintained as 2D monolayer 

cultures.

3.7. Autonomous 3-D spheroid cultures exhibit transcriptional profiles reminiscent of 
skin diseases

To explore the gene expression profiles of the spheroid-derived cells, we performed 

Ingenuity Pathway Analysis (IPA) on all genes differentially expressed in 2-D attached 

spheroids relative to monolayer mass cultures. Our results indicate that these cells have gene 

expression profiles reminiscent of skin diseases, inflammation, and cancer (Fig. 6A) and 

share gene changes with various disease/processes involving epithelial cells, in high 

throughput ex-vivo systems (Fig. 6B).

4. Discussion

In this study we describe a methodology to cultivate human skin epidermal spheroids in 3-D 

suspension culture and demonstrate that certain strains of neonatal human keratinocytes are 

intrinsically resistant to suspension-induced cell death (anoikis). Although we did not find 

major differences in colony forming efficiencies between freshly-isolated primary cultures 

from spheroid forming or spheroid non-forming NHKc strains, we found that spheroid-

forming ability was generally greater in primary cultures that expressed lower cell surface 
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levels of EGFR. These observations strengthen earlier reports by our group describing 

interindividual variability in epidermal NHKc EGFR levels (Akerman et al., 2001; Woappi 

et al., 2018; Bheda et al., 2008), and corroborate several findings depicting EGFRlow 

expressing NHKc as spheroid-forming keratinocyte stem cells (KSC) (Vollmers et al., 2012; 

Bheda et al., 2008; Fortunel et al., 2003; Le Roy et al., 2010; Takeuchi et al., 2001; Zyzak et 

al., 1994; La Fleur et al., 2012; Sun et al., 2005).

Somewhat expectedly, we found that skin from neonatal tissue have a greater ability to 

generate multicellular spheroids compared to a cell line derived from adult skin, 

corroborating observations made in equine and mouse epidermis (Borena et al., 2014; 

Vollmers et al., 2012). Moreover, the epidermal spheroid re-plating assay models the 

phenomenon of epithelial spread (epiboly, in the embryo) (Lei et al., 2017; Luo et al., 2011) 

mimicking a more primitive differentiation state. What makes human newborn skin 

specimens unique for epidermal stem cell studies is their inherently greater reserves of 

EpSCs and the virtual absence of genomic insults that frequently accumulate in adult tissue 

(Gago et al., 2009; Pirisi et al., 1988; Van Der Schueren et al., 1980). These attributes allow 

for more genetically precise investigations of factors driving epidermal cell activation in 

normal human skin. Interestingly, 2-D attached spheroids equally recapitulated the in vivo 
spatial orientation of skin development, with basal K14+ cells localized underneath the 

adherent spheroid and the differentiated cells limited to the superficial surface of the 

attached spheroid. It is likely that the attachment of spheroids onto a plain 2-D polystyrene 

cell culture dish is interpreted as a ‘loss of local confluence’ (Guo and Jahoda, 2009; Roshan 

et al., 2016) by SD-NHKc, thus triggering mechanotransduction resulting in colony 

initiation and epidermal restoration. Functional studies of SD-NHKc revealed that cells most 

proximal to the explant were smaller in size, divided more frequently, and stained positively 

for basal epidermal markers, corroborating similar reports by (Mazzalupo et al., 2002) 

(Mazzalupo et al., 2002). However, we did not observe that cells distal to the spheroid were 

much larger or flattened. Contrarily, distal cells also remained small in size and stained 

positive for keratin 14 and P63, mimicking the wound-edge regeneration dynamics of human 

skin in vivo. Several of the phenotypic features of SD-NHKc showed great similarities with 

wound edge keratinocytes (Fitsialos et al., 2007; Patel et al., 2006).

We found that spheroid suspensions maintained elevated expressions of mRNAs encoding 

pluripotent reprogramming factors, corroborating observations in esophageal and oral 

keratinocytes 3-D spheroid and organoid cultures (DeWard et al., 2014; Klicks et al., 2019). 

Gene Ontology analysis also revealed ectodermal commitment as a pathway significantly 

activated in surface-attached spheroids, indicative of the presence of a primitive cell 

population extant within neonatal spheroid cultures, while the broad array of gene signatures 

present within NHKc spheroids reflects a mosaic of cell fate commitments (Mo et al., 2013; 

Pastrana et al., 2011; Rybak et al., 1813). These findings indicate that spontaneous spheroid 

formation favors embryonic-like cell de-differentiation in neonatal NHKc (Wong et al., 

2019). This process bestows functional regenerative advantages, as displayed by SD-NHKc 

cells’ greater ability to generate organotypic skin equivalents. The shear tension created 

during the self-assembling of cells in suspension likely triggers a topologically dependent 

feedback similar to the one described in skin organoids (Yu et al., 2019; Grebenyuk and 

Ranga, 2019). Our findings closely resembled the classic proliferative zone maps of 3D non-
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scaffold spheroids and the epithelial planarization patterns outlined by several investigators 

(Luo et al., 2011; Costa et al., 2016). This is reminiscent of stretch-induced keratinocyte 

expansion patterns (Aragona et al., 2020) and reveals that spheroid cultures retain 

spaciotemporal inclinations that direct cellular fate in culture. It is likely that epidermal stem 

cells are sensitive to the post-embryonic stage of the tissue of origin. These findings 

reinforce earlier reports demonstrating that young skin can more quickly repair wounding in 

a manner consistent with a post-embryonic clock, and not due to healing by wound 

contraction (Lei et al., 2017; Keyes et al., 2017).

We also observed a cystic conformation in spheroids after several days in suspension. In this 

conformation, cells undergoing apoptosis were found around the center, while K14+ outer 

cells encircled the aggregate, similarly to previous reports (Lei et al., 2017; Halpern et al., 

1966). It is possible that uncommitted basal stem/progenitor populations present within 

primary NHKc cultures are signaled to remain in, or revert to, a less differentiated state 

during suspension culture, while committed progenitors (CP) are directed into terminal 

differentiation. A precise ratio between EpSCs, early TAC, and CP may therefore be critical 

in calibrating spheroids’ regenerative potency and lineage choice in culture. Our data add to 

the growing body of evidence demonstrating that progenitor cells can switch between 

quiescence, de-differentiation, and activation depending on microenvironmental signals and 

tissue regenerative needs (Roshan et al., 2016; Clayton et al., 2007; Doupé et al., 2012; 

Horsley et al., 2008; Tumbar et al., 2004), and corroborate reports that 3-D cultivation of 

mammalian cells acts as a reprogramming tool capable of reverting differentiated cells to a 

more primitive state (Borena et al., 2014; Rybak et al., 1813; Liu et al., 2009; Shamir and 

Ewald, 2014).

5. Conclusion

Taken together, our findings have many implications. First, the complex behaviors exhibited 

by primary NHKc during suspension culture provide new insight into elements that 

influence basal cell homeostasis and outlines the broad array of cell plasticity stimulated 

during keratinocyte spheroid culture. Moreover, most EpSC studies have been conducted in 

mice with a single genetic background. Whereas studies performed on a variety of human 

newborn skin are better representative of the genetic diversity found across humans. This 

may have a more significant impact on mammalian epidermal studies than previously 

appreciated. For instance, the stark differences seen in spheroid-forming abilities between 

NHKc strains isolated from different individuals may be evidence of intrinsic, potentially 

congenital traits influencing person-to-person basal stem cell densities or propensity for 

basal stem/progenitor cell activation. 3-D epidermal spheroid re-plating assay using neonatal 

keratinocytes also presents an opportunity for numerous cell-based study of several 

dermatological ailments including psoriasis, alopecia, wound healing, and squamous cell 

carcinoma (Ratushny et al., 2012). For example, multifaceted wound repair modeling may 

be achieved by co-culturing of epidermospheres with various populations of cells found in 

the tissue microenvironment, such as tissue-resident immune cells, then performing 

epidermal spheroid re-plating assays with them. This approach might enable multiplexed 

modeling of the regulatory impact of specific immune cell populations on epidermal 

keratinocytes at various stages of wound healing or psoriasis, which is largely driven by 
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immune dysregulation of epidermal stem cells (Li et al., 2020). Moreover, the epidermal 

spheroid re-plating assay enables rapid assessment of neoplastic events such as colorectal 

cancers (Costa et al., 2016) and HPV-mediated transformation (Woappi et al., 2018). As 

such, the 3D-to-2D re-plating phase of the assay, which models stress cell lineage activation, 

has served as an experimental setpoint at which to introduce oncogenic HPV16 DNA, 

advancing our understanding of the link between keratinocyte stem cells and individual HKc 

strain responsiveness to HPV-mediated transformation (Woappi et al., 2018). Nevertheless, 

additional studies are required to assess the usefulness of this system in multiple disease 

types, and to understand the genetic and signaling networks regulating pathologies driven by 

aberrant basal stem/progenitor cell activation.
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Fig. 1. Spheroid formation assay in NHKc isolates derived from different individuals
(A) Schematic overview of the epidermal spheroid formation assay. NHKc were isolated 

from (a) fresh neonatal foreskin explants and (b) cultivated in 100-mm dishes, then passaged 

into (c) 96-well round-bottomed plates coated with a polymerized mixture of agarose and 

KSFM-scm. Seeded cells then generate single suspension cultures of reproducibly sized 

spheroids in each well. (B) 2 × 104 NHKc cultured in stem cell media were seeded onto soft 

agarose cushions coating individual wells of a 96-well plate. The ability for spheroid 

formation was assessed over the course of 144 h. Aggregation of NHKc suspensions from 
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(left) spheroid non-forming (NF-NHKc) and (right) spheroid-forming (SF-NHKc) isolates 

occurred in 3-D suspension. (Bottom) 3-D cell suspensions were then transferred to 2-D 

monolayer culture after 48 h. Purple circle demarks propagating spheroid-derived cells 

captured by Nikon TMS phase microscope using Infinity 1 Analyze Software. (C) 

Expression levels of (Left) involucrin and (Right) EGF receptor (EGFR) mRNA, in NF-

NHKc and SF-NHKc cells after 72 h in suspension culture as determined by reverse 

transcriptase real-time PCR relative to monolayer mass cultures. Dotted lines represent 

mRNA expression levels in monolayer mass cultures. (Bottom) amplicon products of each 

real time PCR reaction was run on a 2% agarose gel and observed by ethidium bromide 

staining. Data were normalized to GAPDH mRNA levels expression. Bars indicate standard 

deviation, and *, **, and *** indicate statistically significant P values ≤ 0.05, 0.01 and 

0.001, respectively. (D) 3-D suspension cultures of NHKc isolated from (left) adult skin and 

(right) neonatal skin and (E) their respective spheroid forming efficiencies.
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Fig. 2. Spatiotemporal cell tracking of NHKc spheroids in 3-D suspension culture.
(A) Schematic illustrating 2-D monolayer NHKc cultures transfected with an eGFP reporter 

plasmid and employed for epidermal spheroid formation assay. (B) Manual image of eGFP-

expressing SF-NHKc after 6 h in 3-D suspension culture. (B1) Automated image of eGFP-

tagged NHKc suspensions (white dots) at 6 h. (C) Bright phase image of eGFP-expressing 

keratinocytes within a multicellular spheroid after 24 h in suspension culture. (D) eGFP-

labeled cells are seen out of a spheroid after 36 h in suspension culture. (E) Fluorescent 

tracking of eGFP-labelled cells after 15 days in suspension culture. The proportion of eGFP-

expressing cells in each spheroid compartment (i.e. center, edge, or outside) was quantified 

at distinct time points by ImageJ analysis. (F) Compact ring of cells generated from a single 

spheroid after 15 days in suspension. White contour lines delineate the outer edge of the 

spheroid (o); orange contour lines delineate the spheroid’s center (c) from the spheroid’s 
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inner edge (e). (F1) Dense ring of cells immunostained with DAPI, antibodies against pan-

tumor protein 63 targeting all TP63 isoforms (P63, red), and basal cytokeratin 14 (K14, 

green). Scale bar = 50 μM. (G) Expression levels of mRNAs encoding involucrin in cells 

within the dense floating ring compared to cells located outside the ring, relative to 

corresponding monolayer mass cultures as determined by Real-time RT-PCR. Data were 

normalized to GAPDH expression and reported as mean +/- standard deviation.
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Fig. 3. 2-D Time-lapse imaging of spheroid-derived cells in 2-D monolayer culture.
(A) Schematic illustrating an eGFP-positive NHKc spheroid plated into 2-D monolayer 

culture as part of the epidermal spheroid re-playing assay. (B-E) Monitoring eGFP-labelled 

spheroid-derived (SD) cells moving from a spheroid over the course of 12 days in monolayer 

2-D culture. (F) SDEGFP cells positioned along the edge of monolayer sheets by day 15. (G) 

SD-NHKc located along the edge of monolayer sheets were immunostained against DAPI 

(blue) and antibodies against (G1) P63 (red), (G2) K14 (green), and (G3) overlaid image. 

(H) A single SDGFP cell forming a dividing colony after 10 days in 2-D adherent culture. (I) 
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Immunostaining of a SD-NHKc colony with antibodies against K14 (green), P63 (red), and 

DAPI (blue). (J) Colony renewal visible by Giemsa staining 20 days after a single spheroid 

is plated back into 2-D monolayer culture. Black arrows depict the radial migratory patterns 

of SD cells as they travel from (a’) the adherent spheroid to (b’-c’) open spaces throughout 

the dish. (J1) Configuration mapping of progressively expanding epidermal sheets from the 

attached spheroid. Contour lines delineate each new sheet layer. Orange arrow indicates the 

location of the 2-D attached spheroid. (K) Bright-field microscopic image of an adherent 

spheroid 15 h after attachment in 2-D culture. (K1) Magnified image depicting epidermal 

sheets forming underneath the adherent spheroid. (L-L1) Automated image of eGFP-tagged 

SD cells (pointed by white arrows) after > 10 days in monolayer 2-D culture. The white 

circle demarks the original location of the 2D attached spheroid. (M) Mean cell size of SD-

NHKc at passage 3 and their mass cultured counterparts at corresponding passages as 

quantified by a Nikon TMS phase microscope using Infinity 1 Analyze Software. (N) Low 

density growth assay assessing the cumulative population doublings of adherent SD-NHKc 

and their monolayer mass cultures over the course of 20 days. (O) Survival time of SD-

NHKc cells and their corresponding mass cultures in monolayer cultures by weeks.
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Fig. 4. Transcriptional analysis of cells at each phase of the spheroid re-plating assay
(A) Schematic illustrating the workflow employed to determine the gene expression profile 

of NHKc at different stages of the epidermal spheroid re-plating assay. (B) Phase contrast 

images of a (B1) 2-D monolayer mass cultured NHKc colony newly isolated from a skin 

explant, (B2) its corresponding 3-D suspension spheroid, and (B3) the subsequent spheroid-

derived cultures obtained upon transfer of 3-D spheroids into 2-D monolayer culture. (B4-

B6) corresponding cultures immunostained against Keratin 14. White contour lines indicate 

spheroid edge. (C) The expression of mRNAs encoding epidermal basal genes: K15, K5, 
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K14; (D) Suprabasal differentiation genes: filaggrin, involucrin, K10; (E) epidermal 

proliferation genes: pan-P63, delta Np63, Ki-67; and (F) reprogramming genes: Nanog, 

Oct4, Sox2, Klf4 in suspension spheroids and SD cultures, relative to corresponding 

monolayer mass cultures as determined by RT-qPCR.
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Fig. 5. Gene expression and gene set enrichment analysis of 2-D attached spheroids and 
corresponding 2-D monolayer mass cultures.
(A) Unsupervised hierarchical clustering of log-transformed mean-centered mRNA 

expression levels for all transcripts differentially expressed greater ± 2-fold in 3-D-to-2-D 

attached spheroids compared to corresponding 2-D monolayer NHKc mass cultures. (B) 

Volcano plot of differentially regulated genes between 2-D attached spheroids and 

corresponding monolayer NHKc mass cultures. Vertical dashed lines denote greater ± 2-fold 

change and horizontal dashed lines denote ANOVA p-value < 0.05. Colored dots indicate 

top enriched (Red) or depleted (Green) genes with a GO annotation relating to hair 
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formation (note marked depletion of cell death genes such as Death Associated Protein Like 

1 (DAPL1). (C) Dot plot of differentially regulated genes with ≥ 2-fold change and = 0.05 

ANOVA p-value in 2-D attached spheroids and corresponding monolayer cultures. Colored 

dots indicate top enriched (Red) or depleted (Green) genes with a GO annotation relating to 

skin barrier formation (D) Venn diagram depicting global numbers of deregulated and 

upregulated mRNAs expressed by 2D attached spheroids. (E) Table charting major gene 

changed in 2-D attached spheroids compared to corresponding monolayer cultures. (F) 

Heatmap depicting select genes changes implicated in skin formation (G) Pie chart of 

upstream regulators targeted for activation in 2-D attached spheroids. Pie chart segments are 

proportional to the -log of the overlap p-value. Respective activation z-score are indicated in 

red; * indicate undetermined activation pattern. (H) Downstream functional effects of gene 

transcripts upregulated and downregulated in 2-D attached spheroids (2-fold change FDR < 

0.05). Gene Ontology analysis indicates activation of pathways related to cell proliferation 

and epidermis formation.
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Fig. 6. Hypothetical modeling of epithelial disease states using the epidermal spheroid re-plating 
assay.
(A) Tissue abnormalities simulated by the functional effects of gene transcripts upregulated 

and downregulated in 2D attached spheroids (2-fold change FDR < 0.05) as indicated by 

Ingenuity Pathway Analysis (IPA). Note skin disease and neoplasia as highly simulated 

disease types in the spheroid re-plating assay. (B) Schematic of the in vitro epidermal 

spheroid re-plating assay outlining sequential modeling of the various phases of epidermal 

tissue regeneration and associated diseases.
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Table 1

Individual NHKc strains assayed for spheroid-forming ability in 3-D culture.

SF-NHKc NF-NHKc

Number of samples 24 35

Percent 40% 60%

n = 59.
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Table 2

Epidermal thickness of skin equivalents established from spheroid-derived NHKc.

NF-NHKc NF-NHKc SF-NHKc SD-NHKc

Culture condition 3D 2D 2D 3D-to-2D

Thickness (μM) 6 (± 2.65) 14.33 (± 9.29) 23.37 (± 1.48) 45.03 (± 13.17)

(±) denotes standard deviation.
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