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Abstract
Different approaches have been explored to study skin biology, including the use of stem cells.
Mesenchymal stem cells (MSC) from umbilical cord can be safely and easily obtained, however a simple
strategy to monitor their differentiation is essential. Involucrin is a marker of keratinocyte terminal
differentiation, and its promoter (pINV) directs stratum-speci�c expression of this protein. We designed a
reporter system containing EGFP under control of pINV to assess MSC differentiation into keratinocytes.
The functional sequence of pINV was inserted into a lentiviral vector, originating LeGO-GpINV. MSC were
transduced with the LeGO-GpINV and induced to differentiate into keratinocytes upon cultivation with
Keratinocyte Serum Free Medium supplemented. MSC differentiation was con�rmed by morphological
changes and by the expression of epidermal markers, by �ow cytometry, quantitative PCR and western
blot. The activity of kallikreins 5, 6 and 7 was detected using �uorogenic substrates. After 14 days of
differentiation, MSC transduced with LeGO-GpINV showed an increase in EGFP �uorescence and
expressed CK10, CK14, involucrin and �laggrin. There was also an increase in the kallikrein activity. This
reporter system allowed to temporally assess the epidermal differentiation, simultaneously with
involucrin expression, opening perspectives for the in vivo study of skin biology and in regenerative
medicine.

Introduction
The skin is the major organ in the human body, covering and protecting it against external aggressors.
The outermost layer of the skin is the epidermis, which is responsible for the barrier function, preventing
the water loss and the access of toxins and pathogens 1. The epidermis is formed by four strata or layers.
The basal stratum is the germ layer in which keratinocytes, the main cell of the epidermis, proliferate and
migrate to the upper layers while undergoing complex morphological and biochemical changes in
approximately 28 days. These changes constitute the process of epidermal differentiation and are
coordinated by the expression of speci�c genes 2.

During the terminal differentiation of keratinocytes there is intense proteolytic activity in which the
combined action of different enzymes, such as the epidermal kallikreins (hK) 5 and 7, results in the
desquamation process of skin and loss of the nucleus and other cellular organelles. Other proteins such
as cytokeratins (CK) 1, 5, 10 and 14, involucrin, �laggrin, loricrin and p63 also participate in the
keratinocyte differentiation process 3. They present speci�c expression in the strata of the epidermis,
being used as markers of epidermal differentiation. Involucrin, a 68 kDa protein, is considered one of the
key markers of terminal differentiation of keratinocytes, whose expression begins in the suprabasal
layers 4.

Skin injuries or some pathological conditions may compromise the skin barrier, exposing the organism to
external insults. Despite the properties of healing and wound repair, such as severe burns and diabetes,
the skin cannot regenerate 5, 6. Therefore, it is essential to study the molecular mechanisms involved in
skin differentiation, both in physiological events and in pathological conditions, in order to meet the
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emerging demand for developing solutions related to skin in regenerative medicine, tissue bioengineering,
gene therapy and in vitro models 7 with high interest for the use of stem cells.

Different sources of stem cells have been explored in strategies for skin repair and substitution.
Mesenchymal stem cells (MSC) from umbilical cord are adult stem cells that can be obtained by a non-
invasive method, which is an advantage when compared to other sources of adult stem cells 8, 9. In
addition, they are less immunoreactive 10 and it has been shown that they have immunosuppressive, anti-
in�ammatory, and anti-proliferative properties 11. However, monitoring the differentiation of these cells in
speci�c cell types remains a challenge 12 and the existing methods do not allow monitoring of the
process over time 13.

A successful strategy to monitor the differentiation of stem-cell in other lineages is the observation of
reporter gene expression directed by promoters that regulate the transcription of speci�c genes involved
to differentiation 14, 15. Different methods of transfection have been explored in recent decades, including
gene transfer with viruses, which are considered very effective for delivery and integration of genes in
MSC. The most used viral vectors in gene transfer are those based on lentiviruses, adenoviruses,
baculoviruses and adenoassociated virus 16. Nunes et al.9 demonstrated that stem cells obtained from
umbilical cord blood transduced with lentivirus achieved an e�ciency in transduction of more than 70%
of the cells.

Recent studies have investigated the use of speci�c gene promoters controlling reporter gene expression
to monitor lineage differentiation 13, 14. Different regulatory promoters of epidermal differentiation
proteins have been explored to monitor the differentiation of keratinocytes, such as the CK1 or CK14
promoters 17, 18. However, since involucrin present suprabasal expression, its promoter (pINV) appeared
as a more suitable candidate to identify the terminal differentiation of these cells. Another advantage of
pINV is that involucrin is expressed in epidermal cells even under conditions in which other markers are
not well expressed 19, 20, 21.

Considering the potential for the use of MSC in therapeutic applications and in the development of
epidermal substitutes, we designed a reporter system containing the �uorescent reporter gene EGFP
(enhanced green �uorescent protein) under control of pINV to monitor the differentiation of MSC into
keratinocytes in a time-spatial manner.

Results

Obtaining the involucrin promoter
The functional regions of the involucrin promoter, RRP and RRD, with 242 bp and 404 bp, respectively,
were ampli�ed from genomic HaCaT DNA, as shown in Figure 1A (Supplementary Figure 2). The
ampli�ed RRD and RRP segments were ligated, at the BamHI restriction site, generating a 659 bp
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fragment, which corresponds to the pINVf (Figure 1B). The pINVf primers were designed with speci�c
restriction sites to facilitate cloning (Figure 1C).

Construction and analysis of the recombinant vector
After the construction of the LeGO-GpINV vector (Figure 1D), two strategies were used to con�rm the
replacement of pSFFV by pINVf. Using the LEGO-F and R primers in PCR experiments, the ampli�cation of
a 726 bp fragment from the LeGO-G/NeoOpt (control) indicated the presence of pSFFV, and a fragment
with 850 bp in LeGO-GpINV (recombinant vector) indicated the presence of pINVf. When the primers INV-F
and R were used, a 659 bp fragment was ampli�ed con�rming the presence of pINV in the LeGO-GpINV. In
the control vector, there was no ampli�cation, indicating the absence of pINVf (Figure 1E). According to
the digestion strategy, the LEGO-G/NeoOpt vector digested with both NheI and EcoRI enzymes released a
fragment with 1960 bp, corresponding to a sequence containing pSFFV, while the recombinant vector was
only linearized, indicating absence of pSFFV (Figure 1F).

An 850 bp fragment ampli�ed from LeGO-GpINV was sequenced. The resulting sequence from the
ampli�cation with the primer LEGO-R (Supplementary Figure 1) showed 100% identity in the alignment
with the predicted sequence. The restriction sites XhoI, BamHI and AscI were identi�ed, as well as the
essential binding sites (AP1-1, AP1-5, C/EBP and SP1) for involucrin expression, and the cis-acting TATA
box region. Replacement of pSFFV with pINVf was also con�rmed, and its in-phase insertion and location
upstream of EGFP. As the expression of the EGFP reporter protein in LeGO-GpINV is conditioned to the
transactivation of pINV during involucrin expression, concentration of the lentiviral production was
inferred from LeGO-G/NeoOpt titration by �ow cytometry. The titer of the viral preparation was 5.67x108

TU/ml (transducing units per ml).

Characterization of MSC
Cultured MSC were characterized by �ow cytometry using anti-CD105, anti-CD73 and anti-CD90
antibodies, which recognize surface markers present in these cells. As negative controls, MSC were
incubated with anti-CD34 and anti-CD31 antibodies (Figure 2), surface antigens present in hematopoietic
and endothelial stem cells, respectively. About 99.3% of cells were positive for CD90, 99.6% for CD105
and 98.9% for CD73. MSC incubated with anti-CD34 and CD31 antibodies were not labeled, with only
0.2% and 0.4% of positive events, respectively. HaCaT cells were incubated with CD90 and CD105 (Figure
2B) and a minimum percentage was labeled, 0.5% and 0.3%, respectively, which con�rms that the
markers are speci�c to MSC.

Differentiation of MSC into keratinocytes
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For the study and standardization of methods related to the expression of epidermal differentiation
markers, preliminary assays with non-transduced MSC were performed. When cultured in the proliferation
medium, MSC possesses a �broblast shape (Figure 3A). After 7 days of cultivation in KSFM
supplemented with 1.8 mM calcium ions and 5 ng/ml EGF, the cells acquired a polygonal shape and were
juxtaposed (Figure 3B, C, D). Furthermore, it is possible to visualize cellular �laments, which, although not
further investigated, resemble actin �laments (indicated by black arrows).

Expression of epidermal differentiation proteins by �ow
cytometry
The control and differentiated cells were incubated with the speci�c antibodies for CK10, CK14 and
involucrin and analyzed by �ow cytometry (Figure 4). All antibodies were e�cient for labeling the proteins
of interest. On MSC differentiated for 14 days, more than 85% of the cell population expressed CK14,
CK10 and involucrin. For CK10, it was possible to identify an increase in the population of cells
expressing CK10, as well as in the �uorescence intensity, between days 7 and 14. For involucrin, there
was an increase in the population of cells expressing involucrin on the seventh day of culture. There was
no labeling on the �rst day of differentiation or for cultivation with the proliferation medium (negative
control). For HaCaT cultivated in DMEM (positive control), 89.4% of the cell population expressed
involucrin, 81.2% CK10 and 97.9% CK14.

Detection of the speci�c activity of epidermal kallikreins
There was a signi�cant and progressive increase in the speci�c activity of kallikreins in MSC grown with
the differentiation medium compared to those cultured in DMEM (negative control) on the same day
(Figure 5A). For hK5, the difference was veri�ed for day 1 and for hK6 and 7, the difference was observed
on the seventh day of cultivation. Kallikrein activity was signi�cantly lower in MSC grown with DMEM
and this activity did not change during the time course of cultivation. In differentiated cell cultures, hK5
activity increased 1.8 times on day 14 compared to day 1. For hK6 and 7, the difference occurred between
all periods, being 2.0 and 2.6 times higher at day 14 compared to the �rst day. In order to ensure that the
enzymatic activity observed in the differentiated MSC was related to the presence of epidermal
kallikreins, assays were performed with speci�c inhibitors for each protease studied. The hK5 activity was
completely inhibited by 100 and 500 μM SBTI and 100 μM aprotinin (Figure 5B). This �gure also shows
that hK7 activity was almost 50% inhibited by 500 μM TPCK.

Expression of involucrin and �laggrin by qPCR
The expression of involucrin and �laggrin in MSC differentiated into keratinocytes was also studied by
RT-qPCR (Figure 6A). When MSC were grown with the differentiation medium, the relative expression of
involucrin increased signi�cantly on day 7, being 4.2 and 5.1-fold higher on days 7 and 14, respectively,
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compared to the �rst day of cultivation. When cells were grown with DMEM, there was no increase in the
expression during the analyzed period. In differentiated MSC, �laggrin relative expression was 10-fold
higher on the seventh day of culture when compared to the �rst day, with no signi�cant increase between
days 7 and 14, nor in cells cultured in DMEM.

Involucrin expression by western blot
The expression of involucrin was higher in MSC cultured in KSFM on days 7 and 14 in comparison to
cells cultured in DMEM on the same days (Figures 6B, 6C, Supplementary Figure 3). There was a
signi�cant increase in the expression of involucrin in MSC on the 14th day of differentiation compared to
the seventh day, which was about 27.2 times higher than in DMEM in the same period. As positive
control, HaCaT cells cultured in both media were analyzed on the seventh day of the cultivation period,
with a 10-fold increase in the involucrin expression in HaCaT cells cultured with KSFM.

Transduction of epidermal cells with lentiviral vectors
The cells were transduced with viral particles produced from LeGO-GpINV and analyzed by inverted
�uorescence microscopy on days 0, 1, 7 and 14 of differentiation. MSC induced to differentiate into
keratinocytes showed a gradual increase in �uorescence on days 7 and 14 of the differentiation process.
In MSC growth with DMEM (day zero) or non-transduced cultivated with KSFM (control), there was no
�uorescence (Figure 7). The increase in EGFP expression on days 7 and 14 of culture con�rms that the
expression of the reporter protein was transactivated by pINVf and that this promoter causes tissue and
stratum-speci�c expression.

The expression of the reporter protein in the transduced MSC was also evaluated by �ow cytometry.
When transduced with the recombinant lentiviral vector, MSC showed an increase in the population of
�uorescent cells on the seventh day of culture with KSFM. The intensity of �uorescence due to EGFP
expression was also analyzed, being veri�ed the presence of a population of cells that express this
protein with high-intensity �uorescence (36.7%) on the seventh day of culture, compared to lesser than
5% in cells cultured in DMEM or transduced with the control vector (Figure 7D-II). When transduced with
the LeGO-G/NeoOpt vector (MOI of 4), MSC cultured in DMEM (day 0) had 74.62% of cells expressing
EGFP, indicating the effectiveness of transduction with the original vector.

HaCaT cells were also transduced to con�rm the expression of EGFP controlled by the involucrin
promoter in cells that endogenously express the involucrin protein. These cells were cultured in DMEM or
KSFM supplemented with 1.8 mM calcium ions and 5 ng/ml EGF, being observed an increase in the
population of cells expressing the reporter protein on the seventh day of culture with the differentiation
medium. In HaCaT cells cultured in DMEM, there was no difference in the population of cells expressing
EGFP (75%) between cells transduced with LeGO-G/NeoOpt or LeGO-GpINV.
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Discussion
Different approaches have been explored to monitor and to understand the molecular mechanisms
involved in the epidermal differentiation process of MSC into keratinocytes for both therapeutic and
biotechnological applications 22, 23. In the present study, we designed a reporter system controlled by
pINV as a tool to continuously monitor the epidermal differentiation of MSC.

Before differentiation and transduction experiments, MSC were characterized by immunophenotyping.
According to the International Society for Cellular Therapy 24, more than 95% of the MSC population must
express CD73 (ecto-5′-nucleotidase), CD90 and CD105. Our samples resulted in approximately 99% of the
cells expressing these markers. CD34, a hematopoietic marker, and CD31 (PECAM-1: platelet adhesion
molecule), an endothelial marker, were used as negative controls 25. Speci�cally, less than 1% of MSC
expressed the negative markers CD31 and CD34.

We have already shown that it is possible to obtain cells with characteristics of keratinocytes by the two-
dimensional cultivation of MSC in KSFM in the presence of 1.8 mM calcium ions and supplement
containing EGF 5 ng/ml, being veri�ed the expression of epidermal markers in a process temporally
consistent to one that occurs in human skin 26. Accordingly, MSC cultivated in these conditions showed
typical morphological changes after the seventh day of cultivation, such as changing the �broblastoid to
polygonal shape like the morphology of keratinocytes in cultures 27. In addition, it was possible to
observe structures that resemble actin �laments, characteristic of suprabasal keratinocytes 28.

The current method to induce epidermal transdifferentiation of MSC resulted in an expressive population
of cells expressing CK14, CK10 and involucrin after 14 days of culture (higher than 85%). The high
expression of involucrin and �laggrin after 14 days of differentiation also indicate that most cells were
terminally differentiated.

Among the several factors that in�uence the proliferation and differentiation of keratinocytes 29, the
concentration of calcium ions has a great in�uence on the regulation of epidermal differentiation and the
expression of different epidermal markers, such as involucrin and hK 30. One of the pathways for
regulating the expression of epidermal differentiation markers is the PKC pathway, which is strongly
activated by calcium. The extracellular calcium gradient increase leads to the enhancement of
transcription factors ligation to its respective binding sites present in pINV 31. However, there are
controversies in the action of EGF to induce epidermal differentiation 29, 32.

In addition to demonstrating the ability of MSC to transdifferentiate into keratinocytes, it was essential to
show the expression of involucrin in cells induced to differentiate simultaneously with the expression of
the reporter protein. In MSC induced to differentiation, increased expression of involucrin was identi�ed
on days 7 and 14 of culture and �laggrin on day 7. In contrast, in cells cultivated in the proliferation
medium, there was no expression of these proteins. By �ow cytometry, approximately 100% of MSC
cultured with differentiation medium, for 7 days, were labeled with anti-involucrin antibody. This
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expression persisted, being identi�ed on the 14th day of cultivation, which indicates that most of the cell
population reached terminal differentiation. These data agree with previous studies 5, 6, 26 and
corroborate the effectiveness of the proposed protocol to differentiate MSC in keratinocytes.

Several authors have already differentiated MSC in epidermal cells under different culture conditions and
evaluated the involucrin expression, which indicates the terminal differentiation. However, our method
showed very effective compared to other studies 6, 33, 34, obtaining a high population of cells expressing
involucrin after 14 days and higher relative expression of involucrin mRNA. In the present study, the
expression of involucrin and �laggrin mRNA was 5 and 10 times higher, respectively, after 14 days of
culture with differentiation medium when compared to cells cultured in DMEM. When evaluated by
western blot, the expression of involucrin in differentiated MSC was 27 times higher than in cells cultured
in DMEM in the same period, and about 3 times higher than in HaCaT cells cultured in this medium.

In addition to the assessment of epidermal marker expression, MSC differentiation into keratinocytes was
evaluated by the detection of the speci�c enzyme activity of tissue kallikreins on the hydrolysis of
speci�c FRET substrates. Tissue kallikreins are considered attractive targets for the development of new
therapies involving the airways, structures of the cardiovascular system, teeth, brain, skin and neoplastic
diseases 35. Also, recently, they appear as innovative targets for the treatment of some skin diseases,
such as Netherton's syndrome 36, with different approaches being proposed to detect and inhibit their
activity. The tissue kallikrein activity measured in cell extracts was compatible with those of Santos et al.
26, with a progressive increase in the activity on days 7 and 14 of cultivation of MSC with the
differentiation medium. Additional assays were performed using speci�c inhibitors of trypsin and
chymotrypsin-like activity, and the activity of hK5 e 7 was inhibited by the tested inhibitors, according to
Goettiga et al. 37.

In this study, we established a monitoring system that allows us to trace the differentiation of MSCs into
keratinocytes by EGFP expression under the control of pINV. Therefore, that tool will allow monitoring the
differentiation in a temporal, accurate and easy way, evaluating the effect of different chemical and/or
physical stimulation in the epidermis. The pINVf was successfully ampli�ed and cloned, maintaining the
AP1-1, AP1-5, C/EBP and SP1 binding sites, as con�rmed by sequencing, which are essential for the
involucrin expression 31, 38, 39. Comparing to other epidermal promoters, such as the pCK14 40, pINVf has
been proved to be a good candidate for viral vector production, since promoters larger than 1.5 Kb fail to
deliver tissue-speci�c genes and can result in reduced viral titer and is able to promote high expression of
the reporter protein 17.

Different studies have shown that lentiviral is e�cient as a gene delivery method in MSC transduction.
Nunes et al. 9 achieved a transduction e�ciency greater than 70% in MSC from umbilical cord blood with
lentivirus encoding EGFP. Zhang et al. 41 demonstrated that MSC from bone marrow transduced with
lentivirus showed a proportion of transduced cells expressing the EGFP and DsRed reporter proteins
higher than 75% using MOI below 1.0 and persistent expression for more than 5 months. It has also been
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shown that viral transduction of MSC can reach up to 90% of cells, without affecting the quality of
progeny and the differentiation capacity of these cells 42, 43.

In the LeGO-GpINV construction, the antibiotic resistance (neomycin) and the reporter gene are
downstream from pINVf, which restrict its transactivation to cells that express involucrin and not in non-
differentiated cells. Therefore, the titration and the MOI assays was performed with the LeGO-G/NeoOpt
preparation and the viral titration and MOI was extrapolated to the recombinant vector preparations.
Although, our results demonstrated that HaCaT cells transduced with LeGO-GpINV had similar
transduction e�ciency to the HaCaT cells transduced with LeGO-G/NeoOpt vector.

Both cell types were transduced in suspension with MOI 4 with concentrated viral preparation and the
e�ciency of approximately 75% of cells expressing EGFP was achieved in MSC transduced with the
LeGO-G/NeoOpt vector and in HaCaT cells transduced with LeGO-G/NeoOpt or LeGO-GpINV. In addition,
more than half of the differentiated MSC population expressed EGFP on the seventh day of culture,
compared with 75% of positive cells in the transduction of MSC with the LeGO-G/NeoOpt vector.

Accordingly, it was shown an increase in the green �uorescence intensity corresponding to the expression
of EGFP on days 7 and 14 of differentiation of MSC transduced with LeGO-GpINV. In parallel, it was
veri�ed, by �ow cytometry, an increase in the population of cells expressing involucrin on day 7. In non-
differentiated MSC transduced with LeGO-GpINV, the expression of the reporter protein was not detected,
con�rming the speci�city of the expression of EGPF. These results demonstrate that pINVf was able to
promote stratum-speci�c expression of EGFP, simultaneously with the expression of involucrin in these
cells. The results obtained corroborate with previous studies 6, 44, 45, where it was demonstrated that the
involucrin promoter is active in the cells that express this protein.

Collectively, the results show that KSFM supplemented with calcium and EGF ions was e�cient to induce
the transdifferentiation of MSC into keratinocytes and that these cells showed expression of
differentiation epidermal markers over 14 days of cultivation. It was also veri�ed that the EGFP
expression coincides with the expression of involucrin in these cells, demonstrating that the tool is
functional and e�cient to monitor the terminal differentiation of keratinocytes. In summary, the reporter
system proved to be very promising in a differentiation model of MSC in keratinocytes in vitro. This tool
can be extended to 3D skin models, opening perspectives to be used as a simple and low-cost option to
monitor cells in vivo. In addition, it can enable a better understanding of skin biology, both in physio and
pathological conditions or for MSC use in tissue bioengineering and in regenerative medicine.

Methods

Construction of recombinant vectors
To obtain the involucrin promoter, the RRD and RRP functional regions of pINV, as previous described 17,

38, were ampli�ed using oligonucleotides synthesized with speci�c restriction sites, as shown in Table 1,
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from the genomic DNA of HaCaT cells, extracted with QIAamp DNA Stool Mini Kit (QIAgen, Hilden,
Germany). The minimal functional involucrin promoter (pINVf), a 659-bp segment, was obtained through
ligation of RRD and RRP in BamHI restriction site, followed by ampli�cation. The ampli�cations were
performed by polymerase chain reaction (PCR) using Taq Platinum kit (Invitrogen, Waltham, MA),
following the program: 95ºC for 5 min; 35 cycles of 95ºC for 30 sec, 55ºC for 30 sec, 72ºC for 1 min; 72ºC
for 10 min.

Table 1. Oligonucleotides

FRAGMENT POSITION OLIGONUCLEOTIDES OLIGONUCLEOTIDES SEQUENCE

RRD 404-bp -2473/
-2069 pb

INV-F 5’
CCGCTCGAGAAGCTTCTCCATGTGTCATG
3’

INV-Rint 5’
CGCGGATCCGGGTTAGCAGGGGCTCAGTA
3’

RRP 242-bp -242/ -1 pb INV-Fint 5’
CGCGGATCCCCTAGGTCAGAAAAGCATCAC
3’

INV-R 5’
TTGGCGCGCCGAGCTGAGCAGGAGTCAG
3’

Construction
Checking

  LEGO-F 5 'GTAATTGTGTGTTTTGAGAC 3'

LEGO-R 5 'GAACTTGTGGCCGTTTAC 3'

* The restriction sites are indicated in bold

The pINVf segment was inserted into the lentiviral vector LeGO-G/NeoOpt (46 between the XhoI and AscI
restriction sites, upstream the EGFP, replacing the spleen focus-forming virus (pSFFV) virus promoter.
OneShot® Stbl3TM (Invitrogen, Waltham, MA) competent E. coli were used for vector DNA ampli�cation. 

To con�rm the correct construction and absence of pSFFV in the vector, two PCR ampli�cation reactions
were performed using two sets of primers (Table 1): 1) LEGO-F and LEGO-R, which are located upstream
and downstream of the pSFFV sequence, respectively; and 2) INV-F and INV-R. The presence of the pINVf
sequence and the absence of pSFFV was also con�rmed by digestion of the vectors with the enzymes
EcoRI and NheI, considering that the NheI site is present only in the vector LeGO-G/NeoOpt, upstream of
the pSFFV. The DNA sequencing covered the �anking regions of the pINVf insertion site in the lentiviral
vector. A fragment was ampli�ed using the primer set LEGO-F and LEGO-R (Table 1). Subsequently it was
sequenced using the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scienti�c, Waltham,
MA) and DNA sequencing reaction was carried out in an ABI 3730 DNA Analyzer (Applied Biosystems,
Waltham, MA) by capillary electrophoresis using the Sanger sequencing method 47.
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Lentiviral packaging
Lentiviral particles were packed using a 2nd generation packaging system. Plasmids LeGO-G/NeoOpt,
pCMV-VSVg envelope and psPAX2 were mixed, and transfection of HEK 293T cells (2 x 106) was
performed using the calcium phosphate precipitation method, adapted from Naviaux et al. 48. Lentiviral
supernatants were collected 24 and 48 h after transfection, �ltered through a 0.45 μm pore size syringe
�lter and then concentrated by ultracentrifugation at 110,000 x g for 90 min at 4ºC in the SW 32 Ti Rotor
(Beckman Coulter, Brea, CA). The pellets were resuspended in 100 μl of Hank's Balanced Salt Solution
(HBSS - Life Technologies, CA) and incubated at 4ºC for 24 h. Solutions were stored at -80ºC. The
lentivirus titration was performed in HT1080 cells (5x104), a human �brosarcoma cell line. The cells were
incubated with the viruses for 6 to 8 h and subsequently the expression of the reporter protein was
analyzed by �ow cytometry in a FACSCALIBUR cytometer (Becton Dickinson, Franklin Lakes, NJ) at λ =
530 nm. The results were obtained in TU/ml (transducing units per ml) and virus titers > 106 per ml (for
non-concentrated supernatants) were obtained, as expected 49.

Cell cultures
MSC from the umbilical cord were obtained as described by Santos et al 26, as approved by the Research
Ethics Committee of Federal University of Sao Paulo (3301230915) HaCaT cells, a commercially
available lineage of spontaneously transformed and non-tumorigenic keratinocytes 50, were used as
controls in the different experiments. These cells are part of the cell bank of Laboratory of Skin
Physiology and Tissue Bioengineering, School of Arts, Sciences and Humanities, University of Sao Paulo.
Cells were cultivated in the proliferation medium (Dulbecco's modi�ed Eagle's medium, DMEM), with 10%
fetal bovine serum (FBS) (Gibco, Grand Island, NY), 10,000 U/ml penicillin, 100 mg/ml streptomycin
(Invitrogen, Waltham, MA), in a humidi�ed atmosphere and 5% CO2 at 37°C. MSC were used in the
passages from 2 to 10 as indicated in the different experiments.

Characterization of MSC by �ow cytometry
MSC immunophenotyping was performed according to the expression of cell surface markers detected
by �ow cytometry. Five thousand cells per sample were evaluated on the Guava EasyCyte™ system
(Merck Millipore, Burlington, MA) using a blue argon laser (488 nm) and readings were performed at
λ=525/30 nm, λ=583/26 nm and λ=695/50 nm. The cells were incubated with the primary antibodies
conjugated with different �uorophores: anti-CD90-FITC, anti-CD105-PE, anti-CD73-PE, anti-CD34-PerCP
and anti-CD31-PE (Abcam, Cambridge, MA), for 1 h. As negative control, cells were stained with anti-
mouse IgG-FITC (Invitrogen, Waltham, MA) or anti-human IgG-PE (Santa Cruz Biotechnology, Dallas, TX)
secondary antibody, for 1 h. The results were expressed in terms of the percentage of labeled cells in
relation to the total number of events.
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In vitro differentiation of MSC into keratinocyte-like cells
MSC were distributed in 6-well plates and cultured in proliferation medium until reaching 80% con�uence.
Induction of MSC to differentiate into keratinocyte lineage was performed by culturing in Keratinocyte
Serum Free Medium (KSFM) (Gibco, Grand Island, NY) supplemented with 1.8 mM calcium ions and the
speci�c supplement De�ned Keratinocyte-SFM Growth Supplement containing 5 ng/ml EGF. The cells
were analyzed before changing the culture medium to KSFM (day zero) and after 1, 7 and 14 days of
culture with this medium. The morphological changes were accompanied by optical microscopy in a
Nikon Eclipse TS100 inverted microscope (Nikon Instruments Inc., USA).

Expression of epidermal differentiation markers
The expression of epidermal differentiation markers was evaluated by �ow cytometer, qPCR and western
blot in MSC induced to differentiation after different incubation times (0, 7 or 14 days). HaCaT were used
as positive control.

Flow cytometry. The cells were pelleted, �xed and permeabilized using the Fix & Perm Cell Fixation and
Cell Permeabilization kit (Thermo Fisher Scienti�c, Waltham, MA) and stained with the primary
antibodies: anti-involucrin (Invitrogen, Waltham, MA), anti-CK10 (GeneTex, Irvine, CA) and anti-CK14
(Merck Millipore, Burlington, MA). The secondary antibody anti-IgG-Alexa Fluor 488 was added for 1h. As
negative control, cells were stained only with secondary antibodies. The evaluation was performed by
�ow cytometry in the Guava cytometer, obtaining 5,000 events per sample. The results were analyzed
according to the percentage of labeled cells relative to the total of events.

Western blot. The cultivated cells were disrupted with lysis buffer (25 mM HEPES, pH 7.5, 0.5% Triton X-
100, 2 mM EDTA), containing the SIGMAFAST™ Protease Inhibitor Cocktail (Sigma Aldrich, San Luis, MI)
according to the manufacturer’s recommendations. Samples were centrifuged at 10,000 x g for 5 min for
debris removal. Protein quanti�cation was performed according to the Bradford method 51. A total of 25
μg protein-aliquots were dried in a dry bath, resuspended in 15 μl of sample buffer (BoltTM LDS Sample
Buffer, BoltTM Sample Reducing Agent - Novex, Invitrogen, Waltham, MA) and heated at 95ºC for 5 min.
The soluble proteins were resolved by SDS-PAGE (5 or 12% gel) and transferred on to nitrocellulose
membranes. The non-speci�c sites of the membrane were blocked in a blocking buffer (10 mM Tris pH
7.5, 150 mM NaCl, 0.10% Tween 20 containing 5% skimmed milk), for 1 h. The membrane was reacted
overnight at 4ºC with the primary antibodies anti-involucrin (0,75 µg/ml; Thermo Fisher Waltham, MA)
and anti-β-actin (1:2000; Abcam, Cambridge, MA). Blots were incubated for 1 hour at room temperature
with secondary antibodies anti-mouse IgG-HRP (1:1000; Abcam, Cambridge, MA) and anti-rabbit IgG-HRP
(1:1000; Santa Cruz Biotechnology, Dallas, TX) and immunoreactive bands were detected with
chemiluminescent detection reagent Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scienti�c,
Waltham, MA) on the ImageQuant ™ LAS 500 equipment (Cytiva Life Sciences, Marlborough, MA).
Densitometric analysis was performed using the GelAnalyzer 19.1 software (www.gelanalyzer.com). The
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results were normalized in relation to the expression of β-actin. The relative expression was obtained in,
at least, four different experiments.

Quantitative PCR (qPCR). Cellular extracts from HaCaT cells were used as positive control and MSC
cultured in DMEM and RINm5F cells, a cell lineage derived from rat insulinoma, were used as negative
controls. Total RNA from the cultured cells was extracted using Brazol reagent (LGC Biotecnologia Ltda,
Cotia, SP). The cDNA was obtained by reverse transcription using the QuantiNova™ Reverse Transcription
kit (QIAgen, Hilden, Germany). The ampli�cation of the involucrin and �laggrin gene segments was
performed with the SYBR® green PCR Master Mix reagent (Thermo Fisher Scienti�c, Waltham, MA), in the
Eco™ Real-Time PCR System (Illumina Inc, San Diego, CA) with the following cycling conditions: 50ºC for
2 minutes; 95ºC for 10 minutes; followed by 40 cycles of 95ºC for 30 sec, 60ºC for 30 sec and 72ºC for 1
minute. To standardize the amount of RNA, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as endogenous control. The following oligonucleotides were used: Involucrin-F 5’
AATGAAACAGCCAACTCCACTGCC, Involucrin-R 5’ TCTTGCTTTGATGGGACCTCCACT, Filaggrin-F 5’
GTTACAATTCCAATCCTGTTGTTTTC, Filaggrin-R 5’ CGTTGCATAATACCTTGGATGATC, GAPDH-F 5’
CAACCTAACAACTGATAATGCC, GAPDH-R 5’ GTCTTTCATTTCCTCCTCGT. Relative mRNA expression
levels were measured by the 2-ΔΔCt method. At least three different biological experiments performed with
technical duplicates.

Enzyme speci�c enzyme activity of epidermal kallikreins
The MSC cultured for 1, 7 or 14 days in the proliferation or differentiation medium were lysed with 300 μl
of the lysis buffer (25 mM HEPES, pH 7.5, 0.5% Triton X-100). HaCaT cells were used as positive control.
The cell extracts were centrifuged at 10,000 x g for 10 min, at 4ºC, and the supernatants were used to
detect hK5, -6 and -7 speci�c activity on the hydrolysis of the �uorogenic substrates (FRET, Fluorescence
Resonance Energy Transfer) Abz-KLRSSKQ-EDDnp, Abz-AFRFSQ-EDDnp and Abz-KLYSSKQ-EDDnp,
respectively. The substrates were synthesized and kindly provided by Prof. Dr. Maria Aparecida Juliano
from the Biophysics Department of the Federal University of São Paulo. Reactions were performed using
40 μl of cell extracts, 50 μl of the Enzyme Reaction Buffer (100 mM Tris, pH 8.0, 300 mM NaCl and 0.01%
Tween 20) and 10 μl of each substrate (�nal concentration 10 μM). The hydrolysis of the substrates (10
μM) was followed by the increase in the �uorescence at λex=320 nm and λem=420 nm per minute in the
Synergy HT plate reader (BioTek Instruments, Winooski, VT), corresponding to the reaction mean rate. The
enzyme activity was expressed as arbitrary units of �uorescence/min per 1 μg of protein in the cell
extracts determined according to Bradford method 51. Four different experiments, at least, were carried
out in duplicates. The enzyme activity was characterized using speci�c inhibitors 100 and 500 µM TPCK
(Tosyl phenylalanyl chloromethyl ketone, a chymotrypsin-like activity inhibitor), 100 and 500 µM SBTI
(Soybean trypsin inhibitor, a trypsin-like activity inhibitor), and 100 µM aprotinin, a serine protease-like
activity inhibitor 37. The results were expressed as the residual enzyme activity, according to the
percentage of inhibition in comparison to the control sample.
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Transduction of cells with lentiviral vector
The transductions were performed in MSC at the 2 and 3 passages, and HaCaT as positive control, at
80% of con�uence. The cells were detached by trypsin and the lentiviral preparation at a multiplicity of
infection (MOI) 4 were added in the cell suspension with DMEM containing 10% SFB and the presence of
8 μg/ml of Polybrene (Sigma Aldrich, San Luis, MI). The cells plated to the �nal concentration of 5x104

cells/ 600 μl of medium per well and incubated for 6 to 8 h. After, 1 ml of the medium was added, and the
cells were incubated again. After 24 h, the medium was replaced by DMEM containing 10% SFB. Cells
were analyzed by �ow cytometry in a FACSCALIBUR cytometer (Becton Dickinson, Franklin Lakes, NJ).

Reporter protein expression by �uorescence microscopy
The analysis of the transduced cells was performed 10 days after the transduction, to discard any signal
of reporter protein due to a nonintegrated vector. The cells were analyzed during proliferation and after
induction of epidermal differentiation, on days 1, 7 and 14. The expression of EGFP was investigated by
�uorescence microscopy using the Zeiss AxioObserver D1 Inverted Fluorescence Microscope (Zeiss,
Germany). The green �uorescence detection was carried out at a wavelength of 470 nm. The images
were captured using the software AxioVision4.8 (Zeiss, Germany), with a 100-x magni�cation. The
experiments were performed at least three times and the images were analyzed using the ImageJ
software (https://imagej.nih.gov/ij/). The mean �uorescence intensity per pixel was determined and the
threshold of 10 de�ned as background.

EGFP expression by �ow cytometry
The expression of EGFP in the differentiated MSC (or HaCat cells as positive control), was assessed by
�ow cytometry in a Guava �ow cytometer, as previously described. The cells were pelleted and
resuspended in 300 μl of PBS. 5,000 events were acquired per sample. The expression of the reporter
protein was evaluated in terms of the percentage of cells with �uorescence in relation to the total of
events.

Statistical Analysis
The data were expressed as the means ± standard deviation and analyzed by two-way analysis of
variance followed by Bonferroni post-test, for multiple comparisons, using GraphPad Version Prism 5
(GraphPad Software Inc., San Diego, USA). Differences were considered statistically signi�cant when
p<0.05. The statistically signi�cant differences were evaluated comparing the cells cultivated in DMEM or
KSFM, on the same day (**, p<0.01; ***, p<0.001) or comparing the days of cultivation with the same
treatment (#, p<0.05; ##, p<0.01; ###, p<0.001).



Page 15/28

Declarations
Acknowledgements

The authors thank Dr. Bryan E. Strauss of the Viral Vector Laboratory (ICESP, São Paulo) for providing
LeGO-G/NeoOpt lentiviral vector.

Funding:

This work was supported by the São Paulo Research Foundation (FAPESP) [grant numbers
#2016/14150-2 and #2019/11963-0].

Author statement:

Myrian Thiago Pruschinski Fernandes – myrianpf@gmail.com – Investigation, Formal analysis, Data
Curation, Writing - Original Draft

Jeniffer Farias dos Santos - jeni.fs@hotmail.com – Methodology

Bruna Letícia Freitas - bruna.leticia.freitas@usp.br – Investigation

Gustavo Roncoli Reigado - gustavoroncoli@hotmail.com - Writing - Review & Editing

Fernanda Antunes - fernanda_antunes84@hotmail.com – Investigation

Nayara Gusmão Tessarollo - nayaratessarollo@gmail.com – Investigation

Felipe Santiago Chambergo Alcalde - fscha@usp.br – Conceptualization, Methodology, Resources,
Writing - Review & Editing

Bryan Eric Strauss - bstrauss@usp.br – Methodology, Resources, Writing - Review & Editing

Viviane Abreu Nunes - vanunes@ib.usp.br – Conceptualization, Methodology, Resources, Writing -
Original Draft, Acquisition of the �nancial support for the project leading to this publication

References
1. Simpson CL, Patel DM, Green KJ. Deconstructing the skin: cytoarchitectural determinants of

epidermal morphogenesis. Nat Rev Mol Cell Biol. 12(9):565-80. DOI: 10.1038/nrm3175 (2011)

2. Klar AS, et al. The expression pattern of keratin 24 in tissue-engineered dermo-epidermal human skin
substitutes in an in vivo model. Pediatr Surg Int. 34(2):237-244. DOI: 10.1007/s00383-017-4198-9
(2018)

3. Kypriotou M, Huber M, Hohl D. The human epidermal differentiation complex: corni�ed envelope
precursors, S100 proteins and the 'fused genes' family. Exp Dermatol. 21(9):643-9. doi:
10.1111/j.1600-0625.2012.01472.x. (2012)

mailto:myrianpf@gmail.com


Page 16/28

4. Adhikary G, Crish J, Lass J, Eckert RL. Regulation of involucrin expression in normal human corneal
epithelial cells: a role for activator protein one. Invest Ophthalmol Vis Sci. 45(4):1080-7. doi:
10.1167/iovs.03-1180. (2004)

5. Akhavan-Tavakoli M, et al. In vitro differentiation of menstrual blood stem cells into keratinocytes: A
potential approach for management of wound healing. Biologicals. 48:66-73. doi:
10.1016/j.biologicals.2017.05.005. (2017)

�. Chen D, et al. Transdifferentiation of umbilical cord-derived mesenchymal stem cells into epidermal-
like cells by mimicking the skin microenvironment. Int J Low Extrem Wounds. 14(2): 136-45. (2015)

7. Ojeh NO, Navsaria HA. An in vitro skin model to study the effect of mesenchymal stem cells in wound
healing and epidermal regeneration. J Biomed Mater Res A. 102(8):2785-92. DOI:
10.1002/jbm.a.34950 (2014)

�. Kamolz LP, et al. Cultured human epithelium: human umbilical cord blood stem cells differentiate
into keratinocytes under in vitro conditions. 32(1):16-9. Epub 2005 Dec 20. doi:
10.1016/j.burns.2005.08.020. (2006)

9. Nunes VA, Cavaçana N, Canovas M, Strauss BE, Zatz M. Stem cells from umbilical cord blood
differentiate into myotubes and express dystrophin in vitro only after exposure to in vivo muscle
environment. Biol Cell. 99(4):185-96. DOI: 10.1042/BC20060075. (2007)

10. Nunes VA. Exploring the potential of adult stem cells: why umbilical cord blood? In; Stem Cells: Basic
and applications. Kaushik D Dand Satish MT (Ed), Editora McGrawHill, p. 603-13. (2009)

11. Owczarczyk-Saczonek A, et al. Stem Cells as Potential Candidates for Psoriasis Cell-Replacement
Therapy. Int J Mol Sci. 18(10):2182. doi: 10.3390/ijms18102182. (2017)

12. Crowley C, et al. Non-Invasive Longitudinal Bioluminescence Imaging of Human Mesoangioblasts in
Bioengineered Esophagi. Tissue Eng Part C Methods. 25(2):103-113. doi:
10.1089/ten.TEC.2018.0351. (2019)

13. Hwang DW, et al. Neuron-Speci�c Fluorescence Reporter-Based Live Cell Tracing for
Transdifferentiation of Mesenchymal Stem Cells into Neurons by Chemical Compound. Stem Cells
Int. 2017:8452830. doi: 10.1155/2017/8452830. (2017)

14. Narai T, et al. Construction of a Luciferase Reporter System to Monitor Osteogenic Differentiation of
Mesenchymal Stem Cells by Using a Mammalian Arti�cial Chromosome Vector. Yonago Acta Med.
58(1):23-9. (2015)

15. Nguyen PK, Nag D, Wu JC. Methods to Assess Stem Cell Lineage, Fate and Function. Adv Drug Deliv
Rev. 62(12): 1175–1186. doi: 1016/j.addr.2010.08.008. (2010)

1�. Park JS, Suryaprakash S, Lao YH, Leong KW. Engineering mesenchymal stem cells for regenerative
medicine and drug delivery. Methods. 84:3‐ doi:10.1016/j.ymeth.2015.03.002. (2015)

17. Ghazizadeh S, Doumeng C, Taichman LB. Durable and stratum-speci�c gene expression in
epidermis. Gene Ther. 9(19):1278-85. DOI: 10.1038/sj.gt.3301800. (2002)

1�. Merritt AJ, et al. Suprabasal desmoglein 3 expression in the epidermis of transgenic mice results in
hyperproliferation and abnormal differentiation. Mol Cell Biol. 22(16):5846-58. (2002)



Page 17/28

19. Kasparek P, et al. Transgenic mouse model expressing tdTomato under involucrin promoter as a tool
for analysis of epidermal differentiation and wound healing. Transgenic Res. 21(3):683-9. DOI:
10.1007/s11248-011-9567-x. (2012)

20. Magnaldo T, Bernerd F, Asselineau D, Darmon M. Expression of loricrin is negatively controlled by
retinoic acid in human epidermis reconstructed in vitro. Differentiation. 49(1):39-46. doi:
10.1111/j.1432-0436.1992.tb00767.x. (1992)

21. Mannik J, Alzayady K, Ghazizadeh S. Regeneration of multilineage skin epithelia by differentiated
keratinocytes. J Invest Dermatol. 130(2):388-97. doi: 10.1038/jid.2009.244. (2010)

22. Bydlowski SP, Debes AA, Maselli LMF, Janz FL. Características biológicas das células-tronco
mesenquimais. Bras. Hematol. Hemoter. [Internet]. 31 (Suppl 1): 25-35.
https://doi.org/10.1590/S1516-84842009005000038. (2009)

23. Santos JL, et al. Non-viral gene delivery to mesenchymal stem cells: methods, strategies and
application in bone tissue engineering and regeneration. Curr Gene Ther. 11(1):46‐
doi:10.2174/156652311794520102. (2011)

24. Dominici M, et al. Minimal criteria for de�ning multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. 8(4):315-7. (2006)

25. Kolf CM, Cho E, Tuan RS. Mesenchymal stromal cells. Biology of adult mesenchymal stem cells:
regulation of niche, self-renewal and differentiation. Arthritis Res Ther. 9(1):204. doi:
10.1186/ar2116. (2007)

2�. dos Santos JF, Borçari NR, da Silva Araújo M, Nunes VA. Mesenchymal stem cells differentiate into
keratinocytes and express epidermal kallikreins: Towards an in vitro model of human epidermis. J
Cell Biochem. 120(8):13141-13155. doi: 10.1002/jcb.28589. (2019)

27. Girija DM, Kalachaveedu M, Ranga Rao S, Subbarayan R. Transdifferentiation of human gingival
mesenchymal stem cells into functional keratinocytes by Acalypha indica in three-dimensional
microenvironment. J Cell Physiol. 233(11):8450-8457. doi: 10.1002/jcp.26807. (2018)

2�. Noethel B, et al. Transition of responsive mechanosensitive elements from focal adhesions to
adherens junctions on epithelial differentiation. Mol Biol Cell. 29(19):2317-2325. doi:
10.1091/mbc.E17-06-0387. (2018)

29. Poumay Y, Pittelkow MR. Cell density and culture factors regulate keratinocyte commitment to
differentiation and expression of suprabasal K1/K10 keratins. J Invest Dermatol. 104(2):271-6. doi:
10.1111/1523-1747.ep12612810. (1995)

30. Ovaere P, Lippens S, Vandenabeele P, Declercq W. The emerging roles of serine protease cascades in
the epidermis. Trends Biochem Sci. 34(9):453-63. doi: 10.1016/j.tibs.2009.08.001. (2009)

31. Deucher A, E�mova T, Eckert RL. Calcium-dependent involucrin expression is inversely regulated by
protein kinase C (PKC)alpha and PKCdelta. J Biol Chem. 2002 May 10;277(19):17032-40. (2002)

32. Micallef L, et al. Effects of extracellular calcium on the growth-differentiation switch in immortalized
keratinocyte HaCaT cells compared with normal human keratinocytes. Exp Dermatol. 18(2):143-51.
doi: 10.1111/j.1600-0625.2008.00775.x. (2009)



Page 18/28

33. Chavez-Munoz C, et al. Transdifferentiation of Adipose-Derived Stem Cells into Keratinocyte-Like
Cells: Engineering a Strati�ed Epidermis. PLoS One. 8(12):e80587. doi:
10.1371/journal.pone.0080587. (2013)

34. Liu KX, et al. Discovery of Populusone, a Skeletal Stimulator of Umbilical Cord Mesenchymal Stem
Cells from Populus euphratica Exudates. Org Lett. 21(6):1837-1840. doi:
10.1021/acs.orglett.9b00423. (2019)

35. Fischer J, Meyer-Hoffert U. Regulation of kallikrein-related peptidases in the skin - from physiology to
diseases to therapeutic options. Thromb Haemost. 110(3): 442-9. (2013)

3�. Tan X, et al. Toward the �rst class of suicide inhibitors of kallikreins involved in skin diseases. J Med
Chem. 58(2): 598-612. (2015)

37. Goettiga P, Magdolenb V, Brandstettera H. Natural and synthetic inhibitors of kallikrein-related
peptidases (KLKs). 92(11): 1546-1567. (2010)

3�. Banks EB, Crish JF, Welter JF, Eckert RL. Characterization of human involucrin promoter distal
regulatory region transcriptional activator elements-a role for Sp1 and AP1 binding sites. Biochem J.
331 (Pt 1):61-8. doi: 10.1042/bj3310061. (1998)

39. Crish JF, Gopalakrishnan R, Bone F, Gilliam AC, Eckert RL. The distal and proximal regulatory regions
of the involucrin gene promoter have distinct functions and are required for in vivo involucrin
expression. J Invest Dermatol. 126(2):305-14. (2006)

40. Grochot-Przeczek A, et al. Heme oxygenase-1 accelerates cutaneous wound healing in mice. PLoS
One. 4(6):e5803. doi: 10.1371/journal.pone.0005803. (2009)

41. Zhang XY, et al. Lentiviral vectors for sustained transgene expression in human bone marrow-derived
stromal cells. Mol Ther. 5(5 Pt 1):555-65. doi: 10.1006/mthe.2002.0585. (2002)

42. Cheung WY, et al. E�cient Nonviral Transfection of Human Bone Marrow Mesenchymal Stromal
Cells Shown Using Placental Growth Factor Overexpression. Stem Cells Int. 2018:1310904. doi:
10.1155/2018/1310904. (2018)

43. Kustikova OS, et al. Dose �nding with retroviral vectors: correlation of retroviral vector copy numbers
in single cells with gene transfer e�ciency in a cell population. 102(12):3934-7. doi: 10.1182/blood-
2003-05-1424. (2003)

44. Di WL, et al. Human involucrin promoter mediates repression-resistant and compartment-speci�c
LEKTI expression. Hum Gene Ther. 23(1):83-90. doi: 10.1089/hum.2011.091. (2012)

45. Eckert RL, et al. Regulation of involucrin gene expression. J Invest Dermatol. 123(1):13-22. doi:
10.1111/j.0022-202X.2004.22723.x. (2004)

4�. Weber K, Bartsch U, Stocking C, Fehse B. A multicolor panel of novel lentiviral "gene ontology" (LeGO)
vectors for functional gene analysis. Mol Ther. 16(4):698-706. doi: 10.1038/mt.2008.6. (2008)

47. Sanger F, Coulson AR. A rapid method for determining sequences in DNA by primed synthesis with
DNA polymerase. J Mol Biol. 94(3):441-8. doi: 10.1016/0022-2836(75)90213-2. (1975)



Page 19/28

4�. Naviaux RK, Costanzi E, Haas M, Verma IM. The pCL vector system: rapid production of helper-free,
high-titer, recombinant retroviruses. J Virol. 70(8):5701-5. doi: 10.1128/JVI.70.8.5701-5705.1996.
(1996)

49. Weber K, Mock U, Petrowitz B, Bartsch U, Fehse B. Lentiviral gene ontology (LeGO) vectors equipped
with novel drug-selectable �uorescent proteins: new building blocks for cell marking and multi-gene
analysis. Gene Ther. 17(4):511-20. doi: 10.1038/gt.2009.149. (2010)

50. Boukamp P, et al. Normal keratinization in a spontaneously immortalized aneuploid human
keratinocyte cell line. J Cell Biol. 106(3):761-71. doi: 10.1083/jcb.106.3.761. (1988)

51. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein‐dye binding. Anal Biochem. 72(1‐2):248‐
https://doi.org/10.1016/0003‐2697(76)90527‐3. (1976)

Figures



Page 20/28

Figure 1

Construction and analysis of LeGO-GpINV. Analysis of products by electrophoresis on 1% agarose gel: (A)
PCR products of RRP (242 bp), RRD (404 bp), water (CT); (B) pINVf ampli�ed after ligation of the
functional regions forming the segment with 659 bp; (E) PCR products of the vector templates using two
primer sets: LEGO-F and R and INV-F and R; the lanes correspond to: 1. pSFFV (726 bp) in LeGO-
G/NeoOpt, 2. pINVf (850 bp) in LeGO-GpINV, 3. no pINVf ampli�cation in LeGO-G/NeoOpt, 4. pINVf (659
bp) in LeGO-GpINV; (F) Vector digestion with NheI and EcoRI: LeGO-G/NeoOpt containing pSFFV (1960
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bp, arrow), linearized LeGO-GpINV and absence of pSFFV. (C) Scheme of the pINVf construction Adapted
from Crish et al. (2006): the pINVf (II) was obtained through the ligation of the RRP and RRD of pINV (I).
The sites for AP1-1 and 5, SP1 and C/EBP binding were maintained in pINVf. (D) Scheme of the lentiviral
constructions: the pSFFV was replaced by pINVf through digestion in the XhoI and AscI restriction sites.
CMVp: Cytomegalovirus promoter and enhancer, 5’ LTR t: Truncated 5’ Long-terminal Repeat. HIV-1 Ψ:
lentiviral packaging signal, RRE: Rev-responsive element; cPPT: central poly-purine tract, U6p: murine U6
pol-III promoter (for shRNA), loxP: recognition sites of Cre recombinase, SFFVp: Spleen focus-forming
virus U3 promoter, NeoR_Opt: optimized neomycin resistance, WPRE: woodchuck hepatitis virus post-
transcriptional regulatory element. AmpR: Ampicillin resistance. M1: GeneRuler molecular mass standard
1 kb DNA Ladder; M1’: Molecular mass standard 1 kb (Amresco Inc, Solon, OH); MM: Fastruler Middle
Range DNA Ladder mass standard.
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Figure 2

Immunophenotyping of MSC by �ow cytometry. Histograms show the identi�cation of surface antigens
CD90 and CD105 (green peak) and CD73 (yellow peak) expressed on MSC (A). HaCaT cells (B) were used
as negative control for CD90 and CD105 antigens (green peak). The cells were incubated only with the
respective secondary antibodies (control, blue peak). The presence of CD90 was analyzed using the �lter
for FITC detection (525/30 nm), and CD105, CD73, CD31 and CD34 with the �lters for PE or PerCP
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detection (583/26 nm). Five thousand events were evaluated per sample. The results were expressed in
terms of the percentage of labeled cells in relation to the total number of events.

Figure 3

Morphology of MSC induced to differentiate into keratinocytes. Cells grown in proliferation (A) or
differentiation medium for 7 days (B to D). (D) The appearance of structures like actin �laments (black
arrows). Scale bar: 100 µm. Images obtained under an inverted microscope.
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Figure 4

Expression of involucrin, CK10 and CK14 in MSC differentiated into keratinocytes. Histograms showing
the expression of involucrin (green peak), CK10 and CK14 (yellow peak). The results were expressed
according to the population of cells positively labeled with the anti-involucrin, anti-CK10 or anti-CK14
antibodies in relation to the total number of events analyzed. MSC were induced to differentiate and
analyzed in different periods (days 1, 7 and 14) or cultured in DMEM (day 0). Cells incubated only with
the secondary anti-mouse IgG antibody were used as controls (blue peak). HaCaT were used as a positive
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control for the presence of epidermal markers. Five thousand events were acquired per sample. The cells
were analyzed at λ=525/30 nm for Alexa Fluor 488 or FITC detection.

Figure 5

Speci�c enzymatic activity of tissue kallikreins in the MSC extracts. (A) The speci�c enzyme activity of
hK5 (I), hK6 (II) and hK7 (III) was determined on the hydrolysis of speci�c FRET substrates. The results
were expressed in terms of the average reaction rate per 1 μg of protein present in the extracts. At least
four different experiments were carried out in duplicates; (B) The inhibition of enzyme activity in MSC
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extracts induced to differentiate. (I) Inhibition of hK5 by SBTI and aprotinin. (II) Inhibition of hK7 by TPCK.
The data were expressed in terms of the residual activity of the enzyme in relation to the average rate of
the reaction in the absence of the inhibitor.

Figure 6

Involucrin and �laggrin expression during epidermal differentiation. (A) Relative expression performed by
qPCR of: (I) involucrin in MSC induced to differentiate; (II) involucrin in HaCaT (as positive control); (III)
�laggrin in differentiated MSC. RINm5f cells (RIN) and MSC cultured in DMEM were negative controls.
The relative expression was determined in relation to the MSC grown in DMEM (negative control) on day
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1 and normalized according to the expression of the constitutive gene GAPDH. (B) Relative expression of
involucrin by western blot in MSC and HaCaT cultured by 7 and 14 days in DMEM and in KSFM on the
same days. 14' corresponds to cell lysates from MSC transduced with the recombinant vector. (C) The
densitometric analysis of the relative expression of involucrin was evaluated in (I) differentiated MSC and
in (II) HaCaT cells. The results are representative of at least four different experiments, normalized in
relation to the expression of β-actin.

Figure 7
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Analysis of EGFP expression in transduced cells. (A) Inverted �uorescence microscopy images of HaCaT
cells and MSC transduced with LeGO-GpINV or not (NT) were analyzed on days 0, 1, 7 and 14 of the
differentiation periods. Cells expressing EGFP (G) are displayed in green. The images were acquired at
λexc=450-490 nm/λem=500-550 nm (EGFP) or in a contrast phase (P). Magni�cation: 100 x. Scale bar
(red line): 100 μm. (B) The mean �uorescence intensity per pixel was compared between MSC transduced
with LeGO-GpINV and non-transduced control (NT) on days 0, 7 and 14 of culturing. The mean
�uorescence intensity was determined for values above 10 (threshold). (C and D) Representative
histograms of the �uorescent cell populations corresponding to the expression of the EGFP reporter
protein in MSC and HaCaT (positive control) transduced with the LeGO-G/NeoOpt vector (yellow peak) or
LeGO-GpINV (green peak) analyzed by �ow cytometry. Non transduced cells were used as control (blue
peak). (D-V) HaCaT cells selected with G418 for 30 days. The events were acquired at λ=525/30 nm for
green �uorescence detection.
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