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Abstract. Clinical evidence suggests that healing is faster 
and almost scarless at an early neonatal age in comparison 
with that in adults. In this study, the phenotypes of neonatal 
and adult dermal fibroblasts and keratinocytes (nestin, smooth 
muscle actin, keratin types 8, 14 and 19, and fibronectin) were 
compared. Furthermore, functional assays (proliferation, 
migration, scratch wound closure) including mutual epithe-
lial-mesenchymal interactions were also performed to complete 
the series of experiments. Positivity for nestin and α smooth 
muscle actin was higher in neonatal fibroblasts (NFs) when 
compared with their adult counterparts (adult fibroblasts; AFs). 
Although the proliferation of NFs and AFs was similar, they 
significantly differed in their migration potential. The kerati-
nocyte experiments revealed small, poorly differentiated cells 
(positive for keratins 8, 14 and 19) in primary cultures isolated 
from neonatal tissues. Moreover, the neonatal keratinocytes 
exhibited significantly faster rates of healing the experimentally 
induced in vitro defects in comparison with adult cells. Notably, 
the epithelial/mesenchymal interaction studies showed that NFs 
in co-culture with adult keratinocytes significantly stimulated 
the adult epithelial cells to acquire the phenotype of small, 

non-confluent cells expressing markers of poor differentia-
tion. These results indicate the important differences between 
neonatal and adult cells that may be associated with improved 
wound healing during the early neonatal period.

Introduction

It has been well documented that prenatal skin wounds heal 
rapidly and without scar formation. Although the molecular and 
cellular network underlying this phenomenon is not yet fully 
understood, increasing evidence suggests that this phenom-
enon may be associated with an attenuated prenatal immune 
response (1-3). Anecdotal clinical evidence has suggested that 
an attenuated immune response can still be present at a very 
early postnatal period of life, and it may be associated with 
excellent wound healing as seen during digital distal phalanx 
regeneration in mice and infants (4). Furthermore, cleft lip 
reconstructive surgery performed during the first postnatal 
week ensures a quick and almost scarless healing process (5). 
Primary human keratinocytes and fibroblasts isolated from 
residual tissues following cleft lip surgery have provided a 
unique opportunity to compare the most important structural 
components participating in tissue repair and regeneration, in 
newborns and older children (6).

Epithelial-mesenchymal interactions (EMIs) are well 
known to play important roles during the course of many 
physiological and pathological processes including the repair 
of skin and mucous membranes. For instance, EMIs are 
responsible for the morphogenesis of acral type epidermis (7). 
Moreover, EMIs initiate a sequence of events leading to 
several developmental steps determining the fate of epithelial 
and mesenchymal cells and resulting in the development of 
skin appendages such as hair follicles and nails (8). The devel-
opment and maintenance of tissue architecture depends upon 
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a chain of EMIs that are controlled by several factors such 
as bone morphogenetic protein (BMP)-3, Sonic hedgehog and 
members of the WNT family (8,9). Mesenchymal cells can 
even determine the type of arising appendages as was demon-
strated in 1963 in a series of elegant experiments using avian 
embryos (10). These data suggest that EMIs are important for 
the formation of cutaneous appendages and underscore the 
formative potential of dermal fibroblasts.

Fibroblasts and endothelial cells are principal cellular 
components of granulation tissue. It is important that suffi-
cient wound granulation occurs to replace lost tissue before 
re-epithelisation from wound edges and hair follicles takes 
place (11). Activated fibroblasts start to synthesize components 
of the extracellular matrix (ECM) and organize them into 
mechanically supportive structures. They are also frequently 
transformed to α smooth muscle actin (αSMA)-expressing cells, 
the myofibroblasts (MFs) (12-14). MFs generate remarkable 
contractile force leading to wound contraction and they also 
produce various bioactive growth factors, cytokines and chemo-
kines (13). On the other hand, they also release multiple proteases 
responsible for dynamic remodeling and turnover of ECM 
components. The presence of activated fibroblasts and/or MFs is 
not strictly restricted to wound healing. They are also a hallmark 
of tumors. In this scenario, cancer-associated fibroblasts (CAFs) 
also significantly influence the biological properties of tumors 
including local aggressivity and the formation of distant metas-
tases (15). Compared with normal fibroblasts, CAFs differ 
significantly in the expression of almost 600 genes as determined 
by whole genome transcriptional analysis (16). Furthermore, 
CAFs are able to influence the differentiation pattern of 
normal keratinocytes including the induction of epithelial-
mesenchymal transition in vitro (17,18). Factors produced by 
activated fibroblasts, namely insulin-like growth factor (IGF)-2, 
BMP-4, interleukin (IL)-6, IL-8, chemokine (C-X-C motif) 
ligand 1 (CXCL1), fibroblast growth factor 7 (FGF-7), leptin, nerve 
growth factor (NGF) and transforming growth factor-β (TGF-β), 
can influence the epithelial and other cell types at the wound and 
cancer site, respectively (16,19,20). Using a similar repertoire of 
signaling cascades, the final biological outcome is remarkably 
different in wounds and tumors.

It is evident that the age-dependent clinical presenta-
tion of scars following cleft lip reconstructive surgery calls 
for a better understanding of the basic biological processes 
underlying the fibrotic and regenerative capacities of higher 
organisms. Hence, the present study is focused on a functional 
and phenotypic comparison of fibroblasts and keratinocytes 
isolated from newborns and adults. To complete the series of 
experiments, we further studied the EMIs of these cells in 
matching and non-matching combinations in vitro.

Materials and methods

Isolation of cells. Residual skin from cleft lip reconstruc-
tive surgery in 3 newborns and aesthetic surgery waste 
material in 3 adults was used to isolate keratinocytes and 
fibroblasts. These samples were obtained at the Ear, Nose and 
Throat (ENT) Department of the Second Faculty of Medicine 
and the Department of Plastic Surgery of the Third Faculty 
of Medicine, at Charles University in Prague. All samples 
were acquired under Local Ethics Committee approval 

together with explicit written informed consent from the 
patients or their legal representatives in the case of minors. 
The processing of skin samples and the isolation of cell popu-
lations was described by Krejčí et al (6). Fibroblasts were 
cultured in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with antibiotics (penicillin 100 U/ml and 
streptomycin 100 µg/ml) and 10% fetal bovine serum (FBS) 
(all from Biochrom GmbH, Berlin, Germany) and cultured at 
37˚C and 5% CO2 in a humidified incubator. Keratinocytes 
were cultured on mitomycin C-treated (Sigma-Aldrich, 
Prague, Czech Republic) 3T3 feeder cells in keratinocyte 
medium DMEM + F12 3:1 with 10% FBS, supplemented 
with 0.4 µg/ml hydrocortisone, 10-10 M cholera toxin, 
10 ng/ml epidermal growth factor (all from Sigma-Aldrich) 
and 0.12 U/ml insulin Actrapid (Novo Nordisk, Bagsværd, 
Denmark) under the same conditions.

Multipotency assessment of neonatal fibroblasts (NFs) 
and adult fibroblasts (AFs). The adipogenic, chondrogenic 
and osteogenic potential of NFs and AFs was tested using 
a commercial Human Mesenchymal Stem Cell Functional 
Identification kit (R&D Systems, Minneapolis, MN, USA). 
Briefly, 1,000 cells/cm2 on fibronectin-coated coverslips were 
applied and cultured for 3 consecutive days in DMEM supple-
mented with 5% FBS. The cells were cultured for a total of 
three weeks according to the manufacturer's instructions. The 
differentiation status of the tested cells was examined using 
antibodies provided in the kit.

Migration of fibroblasts. NFs and AFs were also used to 
perform a migration assay. Briefly, the cells were inoculated 
in 6-well plates (Corning, Rochester, NY, USA). Each well 
contained 7 isolated 10 µl-drops in a regular geometrical 
arrangement providing a constant distance between neigh-
boring drops at baseline in all cases. Each inoculum contained 
5,000 cells. Three biological replicates were performed to 
achieve consistency. After complete cell attachment, 2 ml of 
DMEM was added to each well (6 h after inoculation) and the 
cells were then cultured for the next 7 days. The culture medium 
was changed on day 3 and 5. The growth of cells was evaluated 
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay (21); blue formazan was dissolved in 
2 ml of dimethylsulfoxide (DMSO; Sigma-Aldrich) and the 
absorbance of 200 µl of blue colored solution was measured at 
570 nm using the microplate reader EL800 (Bio-Tek, Winooski, 
VT, USA). After the visualization of the cells by formazan 
production at the end of the MTT assay, photo-documentation 
was performed and the extension of single drops was acquired 
and analyzed using the graphical software ImageJ.

Migration of keratinocytes. For the migration test, neonatal 
keratinocytes (NKs) and adult keratinocytes (AKs) were 
used. Briefly, keratinocytes were inoculated at a density of 
25,000 cells/cm2 on the coverslips placed in an 8-well dish 
Nunc (Thermo Fisher Scientific, Rochester, NY, USA) on a 
mitomycin C-treated feeder layer (3T3 cells, 30,000 cells/cm2) 
and further cultured in keratinocyte growth medium to full 
confluence. Uniform circular defects were made using the 
8 mm biopsy punch (Kai Medical, Seki City, Japan). The size 
of single defects was photo-documented after 24, 48 and 96 h. 
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In parallel to decreasing the size of the defect, the phenotype of 
migrating keratinocytes was analyzed immunocytochemically.

Co-culture of fibroblasts and keratinocytes. Mutual interac-
tions of fibroblasts and keratinocytes were studied in co-cultures 
using the insert system. The cells were always co-cultured in 
DMEM. To study the influence of keratinocytes on fibroblast 
migration, NFs or AFs were inoculated in the same manner 
as mentioned above. After their adhesion, collagen inserts 
(Corning) were placed into the wells and NKs or AKs were 
inoculated at a density of 40,000 cells/cm2. Regarding the faster 
growth of fibroblasts influenced by keratinocytes, the experi-
ment was evaluated by the MTT assay after 5 days. To study 
the influence of keratinocytes on fibroblast phenotype, NFs or 
AFs were inoculated on coverslips at a density of 1,000 cells/
cm2 and after adhesion, collagen inserts with AKs or NKs were 
placed into the wells. The cells were co-cultured for 7 days 
and the culture medium was changed every 2 days. Selected 
markers (vimentin, nestin, SMA and fibronectin) (Table I) were 
detected using immunocytochemistry. Finally, the influence of 
fibroblasts on keratinocyte phenotype was studied as well. NKs 
or AKs were seeded on coverslips, as described in the migra-
tion experiment and placed in 6-well plates. Twenty-four hours 
later, Falcon PET inserts (Corning) were put into the wells 
and AFs or NFs were inoculated at a density of 5,000 cells/
insert. The cells were co-cultured under the same conditions as 
mentioned above. The phenotype of keratinocytes was detected 
by immunocytochemistry (keratin 8, 14 and 19) (Table I).

Immunocytochemistry (ICC). The cells grown on coverslips 
were fixed with 2% (w/v) paraformaldehyde in phosphate-
buffered saline (PBS) for 10 min, then washed with PBS and 
permeabilized by 0.05% Triton X-100 (Sigma-Aldrich) in PBS. 
The non-specific binding of immunoglobulins via Fc recep-
tors was blocked by 3.3% non-immune porcine serum (Dako, 
Glostrup, Denmark). The panel of antibodies used is presented 
in Table I (antibody dilution respected the supplier's instruc-

tions). The specificity of binding of the secondary antibodies 
was tested by isotype controls. Cell nuclei were counterstained 
with 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). 
The stained coverslips were mounted in Vectashield (Vector 
Laboratories, Peterborough, UK) and analyzed using an 
Eclipse 90i f luorescence microscope (Nikon, Prague, 
Czech Republic) equipped with a Cool-1300Q CCD camera 
(Vosskühler GmbH, Osnabrück, Germany) and LUCIA 5.1 
computer-assisted image analysis system (Laboratory Imaging, 
Prague, Czech Republic).

Polymerase chain reaction (PCR) analysis. RNA from 
subconfluent cultures of NFs and AFs was isolated using an 
RNeasy micro kit (Qiagen, Gaithersburg, MD, USA). DNase I 
(Qiagen) was applied in RNA solution to properly remove 
genomic DNA, and the purification procedure was repeated. 
Reverse transcription was performed with 1 µg of total RNA 
and an AccuScript High Fidelity First Strand cDNA Synthesis 
kit (Stratagene, San Diego, CA, USA) according to the manu-
facturer's instructions. For negative control, the same reverse 
transcription reaction without reverse transcriptase was 
performed. The PCR reaction was performed with REDTaq 
ReadyMix (Sigma-Aldrich). All primers are listed in Table II.

Transcriptome analysis. Total RNA was isolated using an 
RNeasy micro kit (Qiagen) according to the manufacturer's 
instructions. The quality and concentration of RNA were 
measured with a NanoDrop 2000 spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA). The RNA integrity was 
analyzed with an Agilent Bioanalyzer 2100 (Agilent, Santa 
Clara, CA, USA). Only samples with intact RNA profiles were 
used for expression profiling analyses (RIN >9).

Illumina HumanHT-12 v4 Expression BeadChips (Illumina, 
San Diego, CA, USA) were used for the microarray analysis 
following the standard protocol. In brief, 200 ng RNA was ampli-
fied with Illumina TotalPrep RNA Amplification kit (Ambion, 
Austin, TX, USA) and 750 ng of labeled RNA was hybridized 

Table I. Antibodies used for immunocytochemical analysis.

  Secondary antibody/
Primary antibody Supplier (location) fluorochrome Supplier (location)

Wide spectrum cytokeratin/P Abcam, Cambridge Swine anti-rabbit/FITC Dako
 (Cambridge, UK)  (Glostrup, Denmark)
Cytokeratin 8/P Sigma-Aldrich
Nestin/P (Prague, Czech Republic)
Fibronectin/P
High molecular weight Dako Goat anti-mouse/TRITC Sigma-Aldrich
cytokeratin/M (Glostrup, Denmark)  (Prague, Czech Republic)
Cytokeratin 19/M
Smooth muscle actin/M
Vimentin/M
Cytokeratin 14/M Sigma-Aldrich
 (Prague, Czech Republic)

P, rabbit polyclonal; M, mouse monoclonal.
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on the chip according to the manufacturer's instructions. The 
analysis was performed in two biological replicates per group. 
The raw data were preprocessed using GenomeStudio software 
(version 1.9.0.24624; Illumina) and the limma package (22) 
of the Bioconductor (23), as previously described (24): the 
transcription profiles were background corrected using a 
normal-exponential model, quantile normalized and variance 
stabilized using base 2 logarithmic transformation.

The moderated t-test was used to detect transcripts 
differentially expressed between the sample groups [within 
limma; (21)]. False discovery rates values were used to select 
significantly differentially transcribed genes (FDR <0.05). 
The transcription data are Minimum Information About a 
Microarray Experiment (MIAME)-compliant and have been 
deposited in the ArrayExpress database. Gene set enrichment 
analysis (GSEA) and determination of gene functions were 
performed using Enrichr web service (25).

Statistical analysis. Statistical analysis was performed 
using PAST (version 3.12) free scientific analysis software 

kindly provided by Dr Ø. Hammer, University of Oslo, 
Norway. Individual data sets describing size of AF and NF 
covered areas were first tested for normality of distribution 
(Shapiro-Wilk test). To assess the equality of variances for 
both groups, Levene's test for homoscedasticity was used. 
Confirming these two assumptions, independent (two-tailed) 
t-test was performed to compare the size of AF- and NF-covered 
areas, respectively with the null hypothesis that the AF and NF 
covered areas are equal, alpha level 0.001. Thus, if the P-value 
is less than the chosen alpha level, then the null hypothesis is 
rejected and there is evidence that the data tested are unequal.

Results

Differentiation potential of NFs and AFs. Both NF as well as 
AF RNA profiles were consistent with the molecular signature 
of epidermal neural crest stem cells (26) (Fig. 1). However, 
these two cell types significantly differed in the differen-
tiation potential. The adipogenic differentiation of NFs was 
confirmed by the adipocyte marker FABP4 (Fig. 2A) and 

Table II. Primers for the genes of epidermal neural crest stem cell molecular signature.

Primer name Sequence Primer name Sequence

Hs PCBP4_F ctcctgcaaatggtggaaat Hs GAPDH_R tgtggtcatgagtccttcca
Hs PCBP4_R ctgaccctggacagagaagc Hs VARS2_F gtctacctccatgccatcgt
Hs CALR_F tctcagttccggcaagttct Hs VARS2_R gaagtggcggtaacccagta
Hs CALR_R tctgagtctccgtgcatgtc Hs CRMP1_F ggcggtggagtacaacatct
Hs PYGO2_F ctctgtcccaacgatttgct Hs CRMP1_R cacaggaccgtcatacatgc
Hs PYGO2_R aagctgttggcatctggagt Hs CRYAB_F ttcttcggagagcacctgtt
Hs H1FX_F gcgttgtccccatctaagaa Hs CRYAB_R ttttccatgcacctcaatca
Hs H1FX_R agcttgaaggaaccgttgg Hs MSX2_F gtctccagcctgcccttc
Hs ETS 1_F ggaggaccagtcgtggtaaa Hs MSX2_R gtggcatagagtcccacagg
Hs ETS 1_R tttgaattcccagccatctc Hs MYO10_F cgcaacaaccaggatacctt
Hs PEG10_F tcccactacctgatgcacaa Hs MYO10_R tccgcttctccagtttctgt
Hs PEG10_R atctacctggtggtggcttg Hs THOP1_F agccttctgtgcatcgactt
Hs VDAC1_F ctcagccaacactgagacca Hs THOP1_R tccttgaggatagcgcagtt
Hs VCAC1_R cagccctcgtaacctagcac Hs UBE4b_F agcctctggtggagcaagta
Hs SELH_F tagccgagaagcgagagaag Hs UBE4b_R ttaaggatttcggcaaccac
Hs SELH_R gccccttcttaatcccagtc Hs TSEN15_F ggagatgccacccaagttta
Hs AGPAT6_F gagtcctggaacctgctgag Hs TSEN15_R tggcagcataaatccatcag
Hs AGPAT6_R gccaccatttcttggtctgt Hs ADAM12_F cagtttcacggaaacccact
Hs GAPGD_F cgagatccctccaaaatcaa Hs ADAM12_R gcctctgaaactctcggttg

Figure 1. (A) Neonatal and (B) adult fibroblasts express markers of epidermal neural crest stem cells. 1, CRYAB; 2, PEG10; 3, AGPAT6; 4, UBE4B; 5, H1FX; 
6, CRMP1; 7, MYO10; 8, SELH; 9, ETS1; 10, VDAC1, 11, TSEN15; 12, MSX2; 13, VARS2; 14, ADAM12; 15, CALR; 16, PYGO2; 17, THOP1; 18, PCBP4; 
19, GAPDH; 20, 18S RNA; 21, 100 bp ladder.
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also by the content of lipid droplets (oil red positive staining, 
image not shown). Similarly, we succeeded in demonstrating 
the chondrogenic differentiation of NF (Fig. 2B), which was 
verified by the detection of aggrecan. However, we failed in 
the case of osteogenic differentiation in NFs (Fig. 2C). On 
the contrary, the adult counterparts (AFs) were not capable of 
differentiating into any of these three lineages (Fig. 2).

MTT assay and migration of fibroblasts. Surprisingly, the 
results of the MTT assay (Fig. 3A) indicated that the final 
metabolic activity of the NF and AF cultures were quite 
similar at the endpoint. When keratinocytes were added to the 
culture system, the growth of AFs as well as NFs increased 
approximately 1.7 times (as assessed by the MTT assay). 
Notable differences between the stimulation by NKs and AKs 
were not found (data not shown).

Cell migration was assessed on inoculum spreading visual-
ized during the MTT assay at the same time. Regardless of 
the comparable metabolic activity of AFs and NFs, these cells 
differed in their migration potential. From the original 10 µl 
drop inoculum, AFs were able to reach the size of the final 
circular spot of 12 mm in diameter that was somewhat higher 
than in NFs (8.8 mm) (Fig. 3B and C). Both types of keratino-
cytes in Transwell co-culture further increased the migration of 

NFs in the same manner, while in AFs the situation remained 
the same. These results are clearly illustrated in Fig. 3D, where 
the space between the borders of neighboring growth is shown.

Migration of keratinocytes. The migration potential of NKs 
and AKs was studied on biopsy punch-made round defects 
(8 mm) in confluent monolayers of NKs and AKs, respectively. 
We observed remarkable differences between both keratino-
cyte types. NKs were able to heal the defect completely within 
96 h (Fig. 4A) whereas nearly one third of the defect area in 
AKs remained unclosed at this time point (Fig. 4B). NKs colo-
nizing the defect were uniformly very small (<5 µm), rounded 
and practically all cells expressed keratin 8. On the contrary, 
AKs created highly organized sheets and the very small kera-
tinocytes were localized only at the leading edge. Moreover, 
all AKs were negative for keratin 8 (Fig. 4C).

Expression of αSMA and production of fibronectin. Both 
AFs as well as NFs produced fibronectin rich ECM and its 
production was further enhanced in co-cultures with kera-
tinocytes. While NKs stimulated AFs and NFs to the same 
degree, AKs increased the production of fibronectin, mainly 
in NFs (Fig. 5). No MFs (αSMA-positive) were detected in AF 
cultures (Fig. 5A); however, numerous MFs were observed in 

Figure 2. Plasticity of fibroblasts. Neonatal fibroblasts can be transformed to (A) adipocytes and (B) chondroblasts but not to (C) osteoblasts. FABP4 (red 
signal), aggrecan (red signal) and osteocalcin (green signal) were detected by immunofluorescence. Scale bar is 100 µm.
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the case of NFs (Fig. 5B). The presence of AKs in co-culture 
resulted in a slight increase in the number of MFs in AF and 
NF cultures, respectively. By contrast, the presence of NKs in 
co-cultures generated a remarkable increment in the number 
of MFs in both AF and NF cultures, suggesting a higher 
frequency of transition to MFs (Fig. 5).

Expression of nestin. Nestin-positive fibroblasts were very rare 
in the culture of normal AFs (Fig. 6A). Strikingly, the majority 
of NFs were positive for this intermediate filament (Fig. 6B). 
Both AKs and NKs in co-culture stimulated the expression of 
nestin in both AF and NF cultures (Fig. 6). While the increase 
in nestin positivity was uniformly distributed over the popula-
tion of AFs (Fig. 6A), the nestin-positive NFs were detected 
only locally in the case of AKs (Fig. 6B).

ICC of co-cultures of keratinocytes and fibroblasts (AF/AK, 
AF/NK, NF/NK and NF/AK). At day 7, individual keratinocyte 

colonies were still isolated in all experimental settings. Small 
keratinocytes were present at their peripheries. In the co-culture 
of NFs with NKs (NF/NK), small keratinocytes frequently 
expressed keratin 8 and 19 (image not shown). Furthermore 
all cells were positive for keratin 14. The occurrence of small, 
rounded keratinocytes on the periphery of colonies was signifi-
cantly rarer when NKs were cultured with AFs (Fig. 7A) and the 
expression of the keratins studied in NKs decreased. Strikingly, 
NFs strongly influenced the phenotype of AKs (Fig. 7B). This 
NF/AK experimental setting typically resulted in a signifi-
cantly higher number of small keratinocytes exhibiting triple 
positivity K8/19/14 than seen in co-cultures of AF/AK (image 
not shown) and even in co-cultures of AF/NK (Fig. 7). These 
small keratinocytes in AK/NF type co-cultures were devoid of 
typical intercellular bridges.

Comparison of expression profiles of NFs and AFs fibroblasts. 
In this study using microarray technology expression profiles 

Figure 3. Proliferation and migration of fibroblasts. (A) No differences were found in the proliferation of neonatal fibroblasts (NFs) and adult fibroblasts (AFs) 
as measured by the MTT assay. (B) The migration of both cell types from microdrops significantly differed. While NFs remained more clustered, AFs migrated 
further from the original drop (MTT assay before the formazan dissolution). (C) At day 7 twenty clusters of each cell type (from 3 biological replicates) were 
used for the statistical evaluation. A statistically significant difference between AFs and NFs was found (P<0.001). (D) Adult keratinocytes (AKs) and newborn 
keratinocytes (NKs) did not differ in their effect on fibroblasts. While NFs influenced by keratinocytes increased their migration potential, in the case of AFs, 
it remained identical. MTT assay before the formazan dissolution, detail of the space between neighboring drops. Scale bar is 100 µm.
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of cultivated NFs and AFs were compared. Interestingly, the 
expression analysis revealed the existence of 1,509 differen-
tially-regulated genes (FDR <0.05).

Growth factors, ILs and other extracellular factors, together 
with ECM-related genes were considered the most important 
group of genes with the potential to influence the investigated 

Figure 4. Closure of defect by keratinocytes. (A) Neonatal keratinocytes (NKs, newborn) closed the standard defect in culture at the stage of confluent growth 
faster than (B) adult keratinocytes (AKs, adult). (C) Numerous small NKs positive for keratin 8 (K8; green signal) form a thick border closing the defect after 
24 h. The border of the defect is very tight and the number of K8-positive cells is highly limited in the case of AKs. The cells were stained with high molecular 
weight keratin (red signal) and K8. Scale bar is 8 mm (A and B) and 100 µm (C).

Figure 5. Transition of fibroblasts to myofibroblasts. (A) The culture of adult fibroblasts (AFs) was negative for the presence of myofibroblasts exhibiting α-smooth 
muscle actin [SMA, red signal]. Adult keratinocytes (AKs) as well as neonatal keratinocytes (NKs) stimulated the transition of AFs to myofibroblasts. (B) The 
culture of neonatal fibroblasts (NFs) exhibited the presence of myofibroblasts. Their incidence was stimulated by NKs only (B). Both types of fibroblasts produced 
fibronectin [(A and B) green signal]. AKs and NKs stimulated the production of this structural molecule of the extracellular matrix. Scale bar is 100 µm.
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Figure 6. Expression of nestin in fibroblasts under different conditions. (A) Adult fibroblasts (AFs) were positive for vimentin [red signal] and negative for nestin 
[green signal]. Both neonatal keratinocytes (NKs) as well as adult keratinocytes (AKs) stimulated the expression of nestin in AFs. (B) Neonatal fibroblasts (NFs) 
were positive for vimentin and nestin. While NKs had a stimulatory effect on all NFs, AKs stimulated the expression of nestin in NFs only locally. It is documented 
on two different places of one glass separated by white dotted line. Scale bar is 100 µm.

Figure 7. Influence of the age of fibroblasts on the phenotype of keratinocytes. (A) Adult fibroblasts (AFs) had a negative effect on the incidence of small neonatal 
keratinocytes (NKs) located on peripheries of compact colonies positive for keratin 8 (K8; green signal), keratin 19 (K19; red signal) and keratin 14 (K14; red signal). 
HMW represents high molecular weight cytokeratin and K wide spectrum cytokeratin. The nuclei of the cells were visualized with DAPI (blue color). (B) Neonatal 
fibroblasts (NFs) had a strong stimulatory effect on the occurrence of small adult keratinocytes (AKs) positive for the above-mentioned keratins. Scale bar is 100 µm. 
(C) Obtained phenotype of keratinocytes is summarized schematically; blue color represents lacking of the markers of low maturation (small size, K8, K19) and so 
high differentiation status of keratinocytes with this phenotype. Increasing intensity of red hue correlates with the higher incidence of these markers and so with 
decreasing maturation of keratinocytes.
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phenotype of cells. Thus, we performed GSEA of the group of 
extracellular factors upregulated in NFs (FDR <0.2) with the 
aim of determining their specific biological role and prospective 
agents that may be responsible for paracrine stimulation. The 
following genes from those upregulated in NFs are known to 
positively regulate cell division (GO:0051781: FGF5, TGFB2, 
MDK, TGFB3, IL1B, VEGFB, FGF1, PGF and VEGFA), cell 
growth (GO:0001558: TGFB2, IGFBP5, IGFBP4, IGFBP2, 
IGFBP7, NGF, KAZALD1, CTGF, CXCL16, VEGFA, GDF10, 
IL-6, TGFB3, INHBB, FGF1 and BMP6) and stimulate cell 
chemotaxis (GO:0060326: CXCL6, TGFB2, IL-6, IL1B, 
VEGFB, CXCL1, CXCL14, CXCL16 and VEGFA). Arguably, 
the observed differences in the expression of genes, which 
stimulate cells responsible for the acute phase of the inflam-
matory response, could be the reason why stimulation by NFs 
improves tissue regeneration (Table III).

Overall, NFs and AF differ in the expression of genes that 
influence ECM organization (GO:0030198 and GO:0022617), 
morphogenesis (GO:0009887 and GO:0048598), cell adhesion 
(GO:0030155), epithelial cell proliferation (GO:0050678), 
angiogenesis (GO:0001525) and ossification (GO:0030278), 
as well as positively regulate cell motility and migration 
(GO:2000147 and GO:0030335) (see Table IV for full details). 
The products of the deregulated genes localize primarily to the 
ECM (GO:0031012), extracellular space (GO:0005615), and 
cell surface (GO:0009986). The changes also occur in adherent 
(GO:0005912) and anchoring junctions (GO:0070161). From 
the molecular function perspective, these products are mainly 
responsible for binding of glycosaminoglycans (GO:0005539), 
sulfur compounds (GO:1901681), collagen (GO:0005518), 
heparin (GO:0008201), IGF (GO:0005520), cell adhesion 
molecules (GO:0050839) as well as ECM structural constitu-
tion (GO:0005201), growth factor activity (GO:0008083) and 
many other functions related to extracellular processes.

Discussion

This study illustrates significant functional and morphological 
differences between adult and newborn fibroblasts and keratino-
cytes and thus harmonizes with our previous observations (6). 

In this context, NFs express nestin and they are also frequently 
positive for αSMA. This makes them distinct from AFs. 
Nestin-positive fibroblasts were also described in vivo in fetal 
human skin (27). Our successful in vitro differentiation of NFs 
into adipocytes and chondrocytes is in agreement with similar 
observations reported by others (28). This remarkable plasticity 
of NFs is later lost during life and thus, not seen in AFs. The high 
frequency of spontaneous transformation of NFs to MFs is most 
likely related to wound contraction, a key step of proper wound 
closure (14). Besides this, NKs were able to heal standardized 
experimental in vitro wounds in a significantly shorter time than 
AKs. When we focused on the fibroblast-keratinocyte interac-
tions in the co-culture, NFs (not seen in the co-culture with 
AFs) induced the presence of numerous small keratinocytes on 
the periphery of the AK colonies. These small peripheral AKs 
lacked intercellular contacts and all were positive for keratin 14 
(marker of basal layer), K8 and K19 (markers of simple 
epithelia), thus indicating the poor differentiation level of the 
cells (29). Of note, keratin 19 is present in the fetal epidermis, 
but not in adult interfollicular epidermal keratinocytes (30). 
Keratin 8 is typically paired with keratin 18 and is temporarily 
present in the developing epidermis and malignant tumors (31). 
Furthermore, these small keratinocytes were observed earlier in 
fetal/neonatal epidermis of human and porcine origin, respec-
tively (6,32). Fibroblasts isolated from epidermal carcinomas 
and dermatofibroma revealed a similar effect to AKs in the 
co-culture (17,19,33). Similarly, melanoma cells and neural crest 
stem cells isolated from hair follicles induced the presence of 
small cells at the periphery of AK colonies (34). The seem-
ingly malignant phenotype of these small keratinocytes does 
not imply that the cells underwent malignant transformation. 
Interestingly, these experiments revealed remarkable similarities 
between wound repair and tumor growth as already postulated 
by Dvorak and later by other authors (13,35,36).

As elucidated elsewhere (19), even on the protein level it 
has been shown that pro-inflammatory factors such as IL-6, 
IL-8 and CXCL1, produced by CAFs, influence the phenotype 
of keratinocytes. Although the effector molecules acting on 
epidermal cells are similar in the case of CAFs and NF, the final 
effect is not identical. NFs differ from AFs in the expression 

Table III. GSEA (GO Biological processes) of the group of extracellular factors upregulated in NFs (FDR <0.2).

Term Overlap P-value Adjusted P-value Z-score Combined score

Positive regulation of cell division (GO:0051781) 9/120 2.5E-10 3.1E-07 -2.25 33.67
Positive regulation of MAPK cascade (GO:0043410) 12/395 3.9E-09 1.7E-06 -2.46 32.72
Regulation of cell division (GO:0051302) 10/234 4.1E-09 1.7E-06 -2.39 31.75
Growth (GO:0040007) 10/329 9.3E-08 1.9E-05 -2.41 26.11
Regulation of cell growth (GO:0001558) 10/322 7.7E-08 1.9E-05 -2.34 25.42
Cell chemotaxis (GO:0060326) 8/155 4.3E-08 1.3E-05 -2.25 25.24
Chemotaxis (GO:0006935) 9/263 1.7E-07 2.6E-05 -2.39 25.18
Taxis (GO:0042330) 9/263 1.7E-07 2.6E-05 -2.39 25.16
Positive regulation of peptidyl-tyrosine  7/139 3.8E-07 5.0E-05 -2.27 22.48
phosphorylation (GO:0050731)
Response to corticosteroid (GO:0031960) 7/140 4.0E-07 5.0E-05 -2.24 22.20

GSEA, gene set enrichment analysis; NFs, neonatal fibroblasts.
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of several genes related to ECM structure and organization. 
However, both types of fibroblasts (NFs and AFs) produce 
selected structural glycoproteins, e.g. fibronectin, to a compa-
rable extent. However, the genome-wide analysis also revealed 
differentially-expressed genes positively regulating cell divi-
sion and proliferation, and genes for chemotaxis. The products 
of upregulated chemotactic genes, such as IL1B, IL-6, CXCL1, 
CXCL6, CXCL14, CXCL16, TGFB2, VEGFA and VEGFB, 
are involved in the acute phase of the inflammatory response. 
The observed differences in their expression herein, may also 
be responsible for remarkably efficient wound healing in the 
short postnatal period. Indeed, inflammation during the course 

of prenatal and neonatal healing is attenuated with diminished 
production of IL-6, IL-8 and CXCL1 by NFs (37). In this 
study, we also found 51 differentially-regulated genes associ-
ated with angiogenesis, a process that is of utmost importance 
to wound healing. Taken together, these data suggest that a 
large number of expressed genes involved in tissue repair and 
regeneration differ between AFs and NFs. Clarifying differ-
ences in the expression profiles of NFs and AFs will allow us 
to better understand the excellent results of lip cleft surgery in 
neonates reported by clinicians (5).

However, at this point in time it still remains speculative 
whether the course of ageing reflects the difference between 

Table IV. GSEA (GO terms) of the genes deregulated between NFs and AFs (FDR <0.05).

   Adjusted  Combined
Term Overlap P-value P-value Z-score score

GO: Biological processes
Extracellular matrix organization (GO:0030198) 91/359 2.6E-18 6.7E-15 -2.38 77.69
Extracellular structure organization (GO:0043062) 91/360 3.0E-18 6.7E-15 -2.38 77.68
Organ morphogenesis (GO:0009887) 79/405 6.0E-11 9.0E-08 -2.36 38.26
Embryonic morphogenesis (GO:0048598) 76/403 5.4E-10 6.1E-07 -2.43 34.73
Regulation of cell adhesion (GO:0030155) 66/336 1.9E-09 1.7E-06 -2.45 32.62
Regulation of epithelial cell proliferation (GO:0050678) 53/258 2.1E-08 1.2E-05 -2.45 27.83
Angiogenesis (GO:0001525) 51/236 9.2E-09 6.9E-06 -2.30 27.33
Embryonic organ morphogenesis (GO:0048562) 34/121 1.4E-08 9.1E-06 -2.19 25.48
Positive regulation of cell motility (GO:2000147) 54/287 1.9E-07 6.6E-05 -2.46 23.67
Positive regulation of cell migration (GO:0030335) 53/280 2.1E-07 6.7E-05 -2.45 23.58
GO: Cellular component
Extracellular matrix (GO:0031012) 90/348 1.8E-18 8.9E-16 -2.25 78.03
Extracellular space (GO:0005615) 163/1120 2.3E-11 5.6E-09 -2.19 41.63
Extracellular matrix part (GO:0044420) 37/127 1.7E-09 2.7E-07 -2.12 31.97
Proteinaceous extracellular matrix (GO:0005578) 53/239 2.6E-09 3.2E-07 -2.12 31.64
Cell surface (GO:0009986) 72/437 2.4E-07 2.4E-05 -2.25 23.95
Extracellular region (GO:0005576) 183/1585 7.2E-06 2.9E-04 -2.43 19.80
Adherens junction (GO:0005912) 64/405 3.9E-06 2.7E-04 -2.25 18.47
Anchoring junction (GO:0070161) 65/419 5.6E-06 2.8E-04 -2.22 18.14
Cell-substrate adherens junction (GO:0005924) 58/358 5.7E-06 2.8E-04 -2.21 18.06
Extracellular vesicular exosome (GO:0070062) 291/2717 2.9E-06 2.4E-04 -2.15 17.93
GO: Molecular function
Glycosaminoglycan binding (GO:0005539) 40/190 4.9E-07 1.7E-04 -2.36 20.55
Sulfur compound binding (GO:1901681) 42/206 5.4E-07 1.7E-04 -2.32 20.16
Extracellular matrix structural constituent (GO:0005201) 23/68 1.7E-07 1.6E-04 -2.22 19.40
Collagen binding (GO:0005518) 20/62 2.0E-06 4.6E-04 -2.22 17.05
Growth factor activity (GO:0008083) 33/163 9.9E-06 1.5E-03 -2.34 15.18
Heparin binding (GO:0008201) 30/140 9.6E-06 1.5E-03 -2.23 14.45
Insulin-like growth factor binding (GO:0005520) 11/27 7.6E-05 8.7E-03 -2.95 13.97
Cell adhesion molecule binding (GO:0050839) 32/168 3.8E-05 5.0E-03 -2.29 12.11
Fibronectin binding (GO:0001968) 10/26 2.3E-04 1.8E-02 -2.78 11.16
RNA polymerase II core promoter proximal region  35/204 1.1E-04 1.0E-02 -2.29 10.53
sequence-specific DNA binding transcription factor
activity (GO:0000982)

GSEA, gene set enrichment analysis; NFs, neonatal fibroblasts, AFs, adult fibroblasts.
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neonatal and adult cells. Therefore, we can only hypothesize 
whether the mechanism is genetic or epigenetic. The moment 
of birth represents a sharp threshold requiring prompt adapta-
tion of the newborn organism to exist independently from the 
maternal body in the outer environment. However, clinical 
evidence demonstrates that the improved and almost scarless 
prenatal healing in mammals (including humans) persists also 
during the early postnatal period of life (38,39). The age of the 
cell donor thus represents a very important parameter influ-
encing the behavior of cells in vitro and it also affects the course 
of wound healing after grafting. An observed antifibrotic effect 
of NFs (40) as well as expression profiles of human fibroblasts 
performed by us and others (41) support these findings.

We conclude that phenotype and functional properties, 
including EMI, of NFs and NKs differ from those seen in 
adult cells. These differences can, in addition to other factors, 
participate in the successful and almost scarless healing during 
the neonatal period. From this point of view, this study brings 
new data demonstrating the functional consequences that can 
help us to better understand the molecular basis of differences 
between neonatal and adult wound healing. Further studies 
deciphering particular mechanisms responsible for these 
differences are needed, because this knowledge may be of 
great clinical significance in wound healing management.
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