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Abstract
Objectives: Desmoglein 3 (Dsg3) is a desmosomal
adhesion protein expressed in basal and immediate
suprabasal layers of skin. Importance of Dsg3 in
cell–cell adhesion and maintenance of tissue integrity
is illustrated by findings of keratinocyte dissociation
in the autoimmune disease, pemphigus vulgaris,
where autoantibodies target Dsg3 on keratinocyte
surfaces and cause Dsg3 depletion from desmo-
somes. However, recognition of possible participa-
tion of involvement of Dsg3 in cell proliferation
remains controversial. Currently, available evidence
suggests that Dsg3 may have both anti- and pro-
proliferative roles in keratinocytes. The aim of this
study was to use RNA interference (RNAi) strategy
to investigate effects of silencing Dsg3 in cell–cell
adhesion and cell proliferation in two cell lines,
HaCaT and MDCK.
Materials and methods: Cells were transfected with
siRNA, and knockdown of Dsg3 was assessed by
western blotting, fluorescence-activated cell sorting
and confocal microscopy. Cell–cell adhesion was
analysed using the hanging drop ⁄ fragmentation
assay, and cell proliferation by colony forming effi-
ciency, BrdU incorporation, cell counts and organo-
typic culture.
Results: Silencing Dsg3 caused defects in cell–cell
adhesion and concomitant reduction in cell prolifera-
tion in both HaCaT and MDCK cells.
Conclusion: These findings suggest that Dsg3 deple-
tion by RNAi reduces cell proliferation, which is

likely to be secondary to a defect in cell–cell
adhesion, an essential function required for cell dif-
ferentiation and morphogenesis.

Introduction

Increasing evidence suggests that desmosomal proteins
not only function to ‘hold’ epithelial cells together but
also serve as signalling molecules that are involved in a
wide range of cellular activities, including proliferation,
differentiation, morphogenesis, cell motility, apoptosis
and survival (1–3).

Desmosomes are crucial intercellular junctions in
epithelia and consist essentially of trans-membrane des-
mosomal cadherins, [desmogleins (Dsg) and desmocol-
lins (Dsc)], and cytoplasmic plaque proteins (armadillo
and plakin family members) (4). Passing through
plasma-membranes, desmosomes link directly to the
intermediate filament network via a collection of plaque
proteins. Although the importance of desmosome junc-
tions in cell–cell adhesion is well established, their
involvement in cell growth and differentiation remains
unclear. Evidence supporting the possibility of both
anti- and pro-proliferative roles for desmosomal pro-
teins has been described in the literature and can be
demonstrated with the desmosomal cadherin, Dsg3.
While compelling evidence based on genetic studies
has suggested that Dsg3 has pro-proliferative activity in
mouse skin (5,6), recent studies, based on the autoim-
mune blistering disease pemphigus vulgaris, have indi-
cated that it may also have an anti-proliferative role, as
depletion of Dsg3 and upregulation of c-Myc have
been found in skin of both humans and dogs with the
disease (7–9).

In human squamous cell carcinomas of the head and
neck, stomach and lungs, loss of desmoglein isoforms 1–3
has been associated with poor prognosis (10,11), yet
up-regulation of Dsg2 or 3 in these tumour types has
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also been reported in other studies (12–14). An RNA
interference (RNAi) study, in various head and neck can-
cer cell lines has shown inhibition of tumour cell popu-
lation growth, cell migration and invasion following
knockdown of Dsg3 (13).

In hereditary human skin diseases, mutations in genes
encoding DSG1, DSP (desmoplakin), JUP (plakoglobin)
and plakophilin 1 cause disruptions in intercellular junc-
tions and skin fragility, all frequently accompanied by
effects on cell proliferation and differentiation, manifest
by skin thickening, hyperkeratosis and disturbed cell dif-
ferentiation (15–19). Our previous in vitro study demon-
strated that inhibition of desmoplakin by RNAi-mediated
knockdown in keratinocytes, resulted in altered cell prolif-
eration and differentiation (20). However, it remains
unclear whether these alterations were direct conse-
quences of defects in desmosomal adhesion or were sec-
ondary events following disruption of cell–cell junctions.

Based on FACS sorting of human keratinocytes into
those with Dsg3-low or Dsg3-high expression, we were
able to demonstrate differential proliferative capacity in
these two separate sub-populations (21,22). Both primary
and immortalized keratinocyte lines that had limited Dsg3
expression exhibited increased proliferative potential and
colony forming efficiency compared to their high Dsg3-
expressing counterparts (21,22). These findings led us to
hypothesize that Dsg3 may have an anti-proliferative role
in epithelial cells.

To investigate possible roles of Dsg3 in aspects of cell
proliferation, we carried out an in vitro study, based on
RNAi strategy, in two non-transformed epithelial systems,
stratifying HaCaT keratinocytes and MDCK simple epi-
thelial cells. Both systems are frequently used as models
for epithelial cell differentiation in vitro (23–27). Our
results support the notion that Dsg3 may participate in
regulation of cell proliferation in these immortalized cell
lines by a mechanism that controls cell–cell attachment
and desmosomal adhesion.

Materials and methods

Antibodies

Mouse monoclonal and rabbit polyclonal antibodies (Abs)
used were as follows: 5H10, mouse Ab to extracellular
domain of Dsg3 (gift from Professor M. Amagai);
AHP319, rabbit Ab to Dsg3 (AbD Serotec); 33-3D,
mouse IgM to Dsg2 and 115F, mouse Ab to Dp (gifts from
Profssor D Garrod); AHP320, rabbit Ab to Dp (AbD Sero-
tec, Oxford, UK); rabbit polyclonal Ab to Myc tag (Cell
Signaling Technology, Inc., Danvers, MA, USA); b-actin
Ab ab6276 (Abcam, Cambridge, UK) as loading controls.
Secondary Abs used were Alexa Fluor 488 ⁄568 conju-

gated goat anti-mouse or -rabbit IgG or IgM (Invitrogen
Ltd, Paisley, UK).

SiRNA transfection in HaCaT cells

Two siRNA sequences specific for human Dsg3 mRNA
(Accession: NM_001944.1), corresponding to nucleotides
329–349 or 620–640 of the respective coding region, were
designed (aatcacctaccgaatctctgg: RNAi-1; aaatgccacagatg-
cagatga: RNAi-2) and subjected to a BLAST database
search prior to being synthesized by Dharmacon Research
(Dharmacon, Inc., Chicago, IL, USA). The scrambled
control, randomized Dsg3 based on the sequence of
RNAi-2 (aacgatgatacatgacacgag), was synthesized by the
same company. Transfection procedure followed the pro-
tocol provided by Oligofectamine Reagent (Invitrogen,
Carlsbad, CA, USA) as described previously (20).
HuSHTM shRNA plasmids (29-mer) used for transduction
in MDCK cells were purchased from OriGene Technolo-
gies Inc (Rockville, MD, USA).

Immunoblotting

Protein extraction and western blotting were carried out
as described previously (28).

Immunofluorescence labelling and flow cytometry

As Dsg3 is a cell surface, calcium-dependent desmosmal
cadherin, a modified procedure was followed when har-
vesting keratinocytes for cell surface fluorescence label-
ling of this protein, to protect extracellular cadherin
domains from enzymatic proteolysis (21,22). Thus, Ha-
CaT cells were dissociated in 0.25% trypsin in presence of
0.5–1 mM calcium (21,22). Approximately 2 · 105 cells
were fixed and permeabilized following the protocol
supplied, with Caltag Fix & Perm Cell Reagent (Caltag
Lab, Caltag-Medsystems Ltd, Buckingham, UK). Briefly,
cell pellets were fixed in 100 ll of fixation reagent for
15 min at RT, washed in FACS buffer, then re-suspended
in 100 ll of permeabilization reagent together with pri-
mary antibody, for 20 min at RT. Cells were washed
before secondary Alexa Fluor 488 IgG conjugates were
added and incubated for 20 min. After final washing, cells
were re-suspended in FACS buffer and analysed on a
FACScan.

Hanging drop assay

A quantity of 30 ll drops of cells at 3 · 105 ⁄ml was pla-
ted on to lids of 24-well plate. Each lid was then inverted
over wells of multiwell plates containing PBS, to prevent
evaporation of the hanging drops. Cell aggregates were
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photographed after overnight culture. For each experi-
ment, six drops were plated for each group. All images
were analysed using IMAGEJ software and two parameters,
number and average size of aggregates, were recorded
and presented as mean ± SD. P < 0.05 was considered
statistically significant.

Cell proliferation and colony-forming assay

HaCaT cells were grown routinely in DMEM (CRUK)
supplemented with 10% FBS (Bio West, Nuaille, France).
For generation of growth curves, cells were trypsinized
the day after siRNA transfection (on Day 1) and plated at
5000 cells ⁄well in triplicate in six-well plates, and then
harvested with trypsin ⁄versene, (CRUK) and counted
using the CASY (CASY Technology, Reutlingen,
Germany) at indicated time points. For colony-forming
assays, cells were plated at 500, 1000 and 2000 cells ⁄ -
well, respectively, in six-well plates on day 2 following
siRNA transfection. On day 7, cells were transfected with
siRNA for the second time at the same concentration. Col-
onies were grown for 12–14 days before fixation in 4%
formaldehyde for 10–20 min. After washing in PBS
(CRUK), colonies were stained with 1% rhodamine
(Sigma, St. Louis, MO, USA) and 1% Nile blue (Sigma)
before air drying.

Growth recovery assay

Cells were harvested with trypsin ⁄versene the day after
siRNA transfection and plated in six-well plates in tripli-
cate at density of 5000 cells ⁄well, and allowed to grow for
10 days. After this period, cells in each well were har-
vested with trypsin and counted using the CASYapparatus;
this cell number was scored as passage 1 and the same pro-
cedure was repeated twice until passage 3. Finally, data are
presented as the means ± SD of the triplicates.

BrdU incorporation assay

Cells were transfected for two successive days with
siRNA transfections. After this period they were then
re-plated at colony densities (5–10 · 103 cells in six-well
plates), either as replicates of three or six, for a series of
time points. At each time, cells were labelled with 10 lM

BrdU in normal medium for 2.5 h before being harvested
with trypsin ⁄versene for BrdU staining. Dissociated cells
were fixed initially in 1 ml formal saline (CRUK) for
5 min and then in 1 ml of ice-cold 70% ethanol for
10 min. After centrifugation, cells were washed in PBS
and re-suspended in 1 ml of the 0.2 mg ⁄ml pepsin solu-
tion (Sigma) containing 0.15 M hydrochloric acid and
incubated at 37 �C in a water bath for 12 min. Reactions

were neutralized by addition of 3 ml PBS prior to centri-
fugation. After two washes in PBS, cells were incubated
in anti-BrdU Ab (Becton Dickinson, BD, Oxford,
England) 1:5 in PBS ⁄0.5% Tween 20 ⁄1% FCS for 1 h at
room temperature. They were then washed in PBS and
incubated in FITC-conjugated rabbit anti-mouse F(ab¢)2
fragments (Dako, Dako UK Ltd, Cambridgeshire, UK)
1:10 for 30 min in the dark. After final washes, cells were
re-suspended in 50 lg ⁄ml propidium iodide solution and
left at room temperature in the dark for 15 min before
analysis by FACScan. Data presented are means ± SD of
at least triplicate samples.

Organotypic culture on de-epidermalised dermis

Glycerol-preserved skin [Euro Skin Bank (ESB), AJ
Beverwijk, The Netherlands] was washed and stored in
PBS (Ca++ ⁄Mg++ free), containing an antibiotic mix, at
37 �C for up to 10 days. Then epidermis was removed
mechanically (so called de-epidermalized dermis or DED)
and dermis cut into 1.5 · 1.5 cm squares. A 1-cm diame-
ter stainless steel ring was placed on the reticular side of
each dermal square and suspensions of normal primary
human fibroblasts were seeded at 5 · 105 cells per ring
and grown for 1 day. Then, RNAi-treated HaCaT cells
were plated at 2 · 105 cell per ring on the papillary side
and grown in normal keratinocyte culture medium (21) for
1 day. Grafts were then lifted on to grids and cultured at
the air–liquid interface for 2 weeks before fixation. Tissue
sections were obtained at two different levels (approxi-
mately 1 mm intervals) and stained with haematoxylin
and eosin. A series of photomicrographs was taken from
each section and subjected to image processing. Parame-
ters such as area and depth of epidermis formed by HaCaT
cells were acquired using OPTILAB PRO 2.6.1 software
(Graftek, Villanterio, Italy) and subjected to statistical
analysis. Sample size in each group was 12 regions and
data presented are means ± SD.

Results

Dsg3 knockdown by transient siRNA transfection
in HaCaTs

Two double-stranded siRNAs (RNAi-1 and -2) targeting
the human Dsg3 gene were designed following the princi-
ples recommended by the company producing them
(Dharmacon). The homologous sequence of RNAi-2 is
further downstream than that of RNAi-1 in Dsg3 mRNA
(Accession: NM_001944.1). These sequences are spe-
cific to Dsg3 mRNA and there is no match to the NCBI
nucleotide database, in particular to Dsg1 and Dsg2,
by BLAST searching. Western blotting revealed that
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RNAi- 2, but not RNAi-1, consistently produced good
down-regulation of Dsg3 with protein levels achieving
only 20% of that of scrambled control cells (Fig. 1a).
Confocal analysis in cells dual labelled for Dsg3 and Dp
revealed significant reduction of Dsg3 and disruption of
desmosomal junctions as shown by Dp staining in cells
treated with RNAi-2 (Fig. 1b arrows). Percentage reduc-
tion with 200 nM RNAi-2, relative to scrambled control,
as assessed by mean fluorescence intensities acquired by
FACS, was 51.77 ± 16.50% (mean ± SD), but to much
lesser extent for RNAi-1 with reduction of only
5.84 ± 17.97% (n = 3–5) (Fig. 1c). No evident dose-
dependent responses for RNAi-2 were seen by either wes-
tern blotting or FACS techniques; thus, for example, the
latter procedure showed percentage of protein reduction at
100 nM was 48.02 ± 13.26%, at 200 nM was 51.77 ±
16.50%, and at 300 nM, was 40.57 ± 28.97% (n = 3)
(Fig. 1a,c). Time course studies indicated that Dsg3
reduction persisted for between 2 and 4 days (Fig. 1c). By

about 5 days, protein recovery appeared to occur and after
7 days, expression of Dsg3 had returned to almost control
levels (Fig. 1c).

Dsg3 silencing in HaCaTs caused disruption of
desmosome junctions and compromised cell–cell adhesion

To assess effects of RNAi mediated Dsg3 silencing on
desmosome junctions, we performed fluorescence confo-
cal microscopy on cells treated with either scrambled or
Dsg3-specific siRNA, to examine impact on desmosomal
junction formation. As Fig. 2 shows, strong staining for
both Dsg3 and Dsg2 and their colocalization at the cell
periphery were seen in control cells, whereas silencing
Dsg3 had a dramatic effect on expression of these desmo-
somal cadherins and on desmosomal junction formation
(Fig. 2a arrows). To assess effects of such disruption on
cell–cell junction formation, we performed the hanging
drop assay (as described in Materials and methods) on

Figure 1. Dsg3 knockdown in HaCaTs. (a)
Western blotting of Dsg3 in HaCaT cells trans-
fected either with or without scrambled (Scram),
RNAi-1 and RNAi-2 siRNAs at different con-
centrations, for 2 days; loading control – b-actin.
Densitometry of Dsg3 blot is shown on the right.
Note that Dsg3 levels in RNAi-2 treated cells
were �20% of that of scrambled control regard-
less of different siRNA concentrations. (b) Con-
focal microscope images of HaCaT cells dual
labelled for Dsg3 (AHP319) and Dp (115F)
following transfection of scrambled siRNA,
RNAi-1 and RNAi-2 for 3 days. Disruption of
desmosomal junctions was seen in RNAi-2-trea-
ted cells for Dp staining (arrows). (c) FACS anal-
ysis of Dsg3 expression, labelled with mouse
Dsg3 Ab 5H10, in HaCaTs transfected similarly
(a) for a period of up to 7 days. Again, significant
knockdown of Dsg3 was seen after 2 days
regardless of siRNA concentration for RNAi-2.
RNAi-1 showed very subtle effect on Dsg3
expression (blue line). After 7 days, expression
of Dsg3 in RNAi treated cells recovered to
almost that of normal control levels.
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Figure 2. Dsg3 silencing in HaCaTs caused reduction in Dsg2 and disruption of desmosome junctions. (a) Confocal images of HaCaT cells trans-
fected with either scrambled siRNA (Scram) or Dsg3 RNAi-2 and dual labelled for Dsg2 (green, with 33-3D Ab) and Dsg3 (red, with 5H10 Ab) counter-
stained with DAPI. Note significant reduction in and disruption of desmosomal junctions (indicated by arrows) was evident in cells with both Dsg3 and
Dsg2 depletion. Bar = 10 lm. (b) Hanging drop assay indicated significantly increased particle number and reduced particle size in cells with Dsg3
depletion. Data (mean ± SD) pooled from two independent experiments (sample size = 12).

Figure 3. Dsg3 silencing in HaCaTs resulted
in restricted colony growth, but no changes in
CFE. (a) Colony-forming assay of HaCaT cells
transfected with either scrambled (Scram) or
Dsg3 siRNAs. Cells seeded at 500, 1000 and
2000 cells ⁄well in six-well plates 1 day after first
siRNA transfection. After 7 days, cells were sub-
jected to second siRNA transfection and colonies
were fixed and stained after 12 days. (b) Quantifi-
cation of colonies from six wells of two represen-
tative experiments (mean ± SEM). (c) BrdU
incorporation assay indicated that cells treated
with RNAi-2 had reduced cell entry into S phase
(54.9 ± 5.8 in control versus 42.4 ± 4.6 in RNAi-
2). (d) Time course analysis of BrdU incorpora-
tion following Dsg3 knockdown by RNAi.
Decreased BrdU incorporation was seen in
RNAi-2-treated cells after 3–5 days after siRNA
transfection compared to scrambled control cells.
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these cells, following siRNA transfection for 2 days. Cells
with Dsg3 knockdown were less cohesive and formed
smaller aggregates compared to control cells in hanging
drops (Fig. 2b).

Dsg3 depletion in HaCaTs resulted in reduced colony
growth, impaired epithelial cell proliferation and BrdU
incorporation

To assess colony forming capacity of HaCaT cells follow-
ing Dsg3 suppression, we ensured that knockdown was
sufficient throughout the 2-week experimental period, by
performing siRNA transfection again after 7 days colony
growth (Fig. 3a,b). There was significant reduction in col-
ony density and colony size with RNAi-2-treated cells
(P < 0.05; n = 7), but to a lower degree with RNAi-1-
treated cells (Fig. 2a,b). Using trypan blue exclusion, we
ruled out that this was due to cytotoxicity in RNAi-treated
cells relative to controls (data not shown). Furthermore,
BrdU incorporation assays on these transfected cells, at
different time points for a period of up to 7 days (n = 5),
revealed slight, but consistent, reduction in G1-to-S phase
transition (�3–12%) and increase in G1 (�2–7%) with
Dsg3 RNAi (Fig. 3c,d). After 3 days, relative percentages
of G1 phase cells in scrambled controls and Dsg3 RNAi-2
populations were 27.15 ± 3.06% and 29.88 ± 5.36%,
respectively; S phase cells were 54.93 ± 5.81% and
42.41 ± 4.56%, respectively; and G2 ⁄M phase cells were
4.82 ± 1.91% and 3.33 ± 0.35%, respectively (Fig. 3c).
Reduction in BrdU incorporation was most obvious
after 3 days siRNA transfection and this effect gradually
attenuated after 7 days (Fig. 3d).

To confirm that silencing Dsg3 resulted in cell popula-
tion growth inhibition, we conducted a standard growth
curve assay, by direct cell counting, for a period of 9 days.
As shown in Fig. 4a, cells transfected with RNAi-1 and -2
displayed reduced cell proliferation, but to a lower extent
in the former (n = 3). In support of trypan blue data, we
demonstrated that such decreased cell proliferation was
reversible as continued culture of these cells for further
two passages (P2 and P3) over the next month indicated
that the differences in population growth rates were
transient (Fig. 4b).

To assess skin regenerative capacity of HaCaT cells
with Dsg3 silencing, we carried out organotypic culture
on de-epidermalized dermis (DED), using a protocol
established previously (22). After 1–2 weeks of air–liquid
culture, we showed that over several independent experi-
ments, HaCaT cells with Dsg3 silencing produced little or
much thinner reconstituted epithelium compared to
control cells (Fig. 5a,b). Ki67 staining showed reduced
number of Ki67-positive cells in RNAi-2-treated cells
compared to controls (Fig. 5a arrows).

Modulation of Dsg3 protein levels in the MDCK cell line
affects cell proliferation

MDCK cells are a representative simple epithelial cell
line and are often used as a model system to study cell
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Figure 4. Transiently suppressed cell growth after Dsg3 knockdown.
(a) Growth curve of HaCaT cells after transfection with or without scram-
bled (Scram), RNAi-1 and RNAi-2 siRNAs. Note that cells transiently
transfected with Dsg3 siRNAs exhibited lower growth rate compared to
controls, particularly, RNAi-2-treated cells. (b) Cell growth recovery over
three passages after transient siRNA transfection in HaCaTs. Cells were
seeded at the same density the following day after transfection and
allowed to grow for 10 days (P1). Then, all cells were harvested and cell
number for each population was determined by direct cell counting before
seeding an aliquot of cells for culture again (P2). The same procedure was
repeated for P3. Note that population growth rate of cells with Dsg3
knockdown appeared to be recovering gradually over time at P2 and P3.
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polarization and differentiation (25,29). To confirm that
findings described above were representative of all types of
epithelial cells, we carried out a parallel study on MDCK
cells. Thus, we have obtained two matched cell lines, with
either overexpression (pBABE-Vand -hDsg3.myc) or sup-
pression of Dsg3 expression (pRS-Vand -shRNAi), follow-
ing standard procedures (30). As demonstrated in Fig. 6a,b,
by western blotting and confocal microscopy, expression
levels of Dsg3 in both knock-in (KI) and knockdown (KD)
cells were altered following transduction of hDsg3.myc
or shRNAi. To analyse effects of silencing Dsg3 on cell–
cell adhesion, we performed dispase fragmentation assay
(31). Figure 6c shows the result of this assay with higher
numbers of fragments in both shRNAi-treated cells
compared to vector control cells. In support of above, the
hanging drop assay also showed trends to reduction in size
of aggregates following silencing Dsg3 (not shown).

Finally, matched MDCK cell lines, with either overex-
pression or down-regulation of Dsg3, were analysed for
their proliferation by plating cells at the same density in
triplicate (2000 cells ⁄well in six-well plates), and their
growth curves were determined by direct cell counting
every day for a period of 5 days (n = 3). Again, we
showed that increased expression levels of Dsg3 appeared
to promote cell proliferation, whereas silencing Dsg3
diminished cell proliferation accordingly (Fig. 6d).

Discussion

In the present study, we adopted an RNAi strategy to
investigate whether Dsg3 has a role in regulation of cell

proliferation and differentiation in two epithelial model
systems, HaCaT keratinocytes and MDCK cell line. Using
various approaches, we demonstrated that knockdown of
Dsg3 in these cell lines caused defects in cell–cell adhe-
sion, accompanied by reduced cell proliferation and
impaired skin regenerative capacity, on de-epidermalized
dermis. This suggests that Dsg3 regulates cell prolifera-
tion by controlling characteristic cell–cell adhesion and
desmosome function.

Traditionally, desmosomes have been viewed simply
as ‘anchoring’ intercellular junctional structures, provid-
ing mechanical resilience by maintaining tissue integrity
through direct coupling to the intermediate filament
network. However, it has become increasingly clear that,
like adherens junctions, desmosome functions extend
beyond mere structural and mechanical properties (32–
35). Desmosomal cadherins exist as multiple isoforms
and exhibit coordinated, yet distinctive, expression
patterns throughout the epidermis. Thus, it has been
proposed that these patterns may directly correlate with
intracellular signal transduction and an epidermal adhe-
sion gradient, which in turn regulates cellular prolifera-
tion, differentiation and tissue morphogenesis (36,37).
Strong evidence based on both in vitro and in vivo stud-
ies supports this view. In vivo transgenic studies have
shown that mis-expression of basal cell-specific desmo-
somal cadherins Dsg2 ⁄3 or Dsc3 in suprabasal layers of
the skin (driven by the involucrin or K1 promoter,
respectively) results in increased keratinocyte prolifera-
tion and altered terminal differentiation (6,38,39). While
multiple signalling pathways associated with increased
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Figure 5. Cells with Dsg3 silencing displayed
poor quality of skin regeneration. (a) One
week organotypic culture of cells with or without
Dsg3 knockdown (n > 3). Top: H&E staining;
Bottom: Ki67 staining, positive cells marked
with white arrows. Bars, 50 lm. (b) Quantifica-
tion of epithelial areas in organotypic culture
sections (n = 12). Note that cells treated with
RNAi produced significantly lower cellular mass
(*P < 0.05) and less Ki67 positive cells.
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population growth rate are found to be deregulated in
mouse skin with overexpression of Dsg2 (38), elevated
b-catenin activity and cyclin D1 levels have been shown
be coupled to mis-expression of Dsc3 (39). In vitro mor-
phogenesis studies, based on mammary alveolar and skin
organotypic cultures, have revealed the important role of
adhesion mediated by extracellular domains of desmo-
somal cadherins, including control of cell positioning
and tissue morphogenesis (40). These studies also
showed involvement of intracellular domains in signal
transduction, independent of extracellular adhesion (41).
An example of the latter function is highlighted in a
recent report showing that Dsg1 lacking N-terminal ecto-
domain residues required for adhesion, remained capable

of promoting keratinocyte differentiation by suppression
of EGFR signalling (41). Recently, we have shown that a
small pool of Dsg3 functions outside desmosomes, being
associated with classical cadherin, E-cadherin, and
involved in regulation of E-cadherin-Src signalling (30).
However, it remains unknown whether this function is
dependent on extracellular adhesion functions. Taken
together, these results suggest that both extracellular
adhesion and intracellular signalling of desmosomal cad-
herins are directly involved in the epidermal differentia-
tion program which, in turn, is required for tissue
morphogenesis and normal function of skin.

As our previous study showing that keratinocytes
expressing low levels of Dsg3 exhibited increased colony-

Figure 6. Modulation of Dsg3 expression affected cell proliferation in MDCK cells. (a) Western blotting of cell lysates extracted from cells with
either overexpression (knock-in: KI) or knockdown (KD) of Dsg3. (b) Confocal microscopy of MDCK cells with ectopic Dsg3 expression [myc-tag in
(i)] or with Dsg3 knockdown (iii). Images in (ii) were vector control cells. (c) Dispase fragmentation assay of MDCK cells with either vector or Dsg3
shRNAi transduction. Cells were grown to confluence before being treated with 2.4 units ⁄ml dispase for about 30 min to detach epithelial sheets. These
sheets were subjected to mechanical stress by pipetting five times with 1 ml tips. Epithelial fragments were quantified by ImageJ and increased frag-
ments (up to 2-fold) were seen in cells with Dsg3 silencing by shRNAi-1 or shRNAi-2, respectively. Data are averages of duplicates in each group.
(d) Growth curve of matched MDCK cells with up- or down-regulation of Dsg3. Cells with overexpression had higher proliferation, but those with
Dsg3 knockdown exhibited lower growth rate compared to matched control cells.
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forming efficiency and heightened proliferative potential
relative to cells with high Dsg3 expression (21,22), the
current study has aimed to address the hypothesis of
whether Dsg3 has any anti-proliferation activity, by using
the RNAi strategy, in HaCaT keratinocytes and simplified
MDCK epithelial line. Contrary to our expectation, our
results indicated that Dsg3 seemed to have a pro-prolifera-
tive role in these epithelial cells as depletion of the gene
by RNAi in both cell lines resulted in some degree of
inhibition of cell proliferation and disruption of cell–cell
adhesion. Our data suggest that this is likely to be due to
disruption ⁄ loss of cell–cell adhesion and Dsg3-mediated
signalling pathway caused by RNAi (Wan, unpublished
data). We demonstrated here that the effect of RNAi-medi-
ated Dsg3 knockdown on cell proliferation occurred in a
dose-dependent manner in HaCaT cells. Thus RNAi-1,
which caused Dsg3 reduction to a lower degree, had much
less effect on cell proliferation compared to that of RNAi-
2 (Figs 1b,3 and 4). Accordingly, overexpression of Dsg3
in the simplified MDCK cell line showed accelerated cell
proliferation (Fig. 6d). However, this observation was
unexpected, as evidence from our previous studies that
showed FACS sorted cells with low levels of Dsg3
(Dsg3dim) exhibited relatively high proliferative activity
compared to sorted cells with high levels of Dsg3
(Dsg3bri) (21,22). We reasoned that protein levels of
Dsg3, particularly in the case of stratified keratinocytes,
may be a critical factor in determining behaviour of cell
proliferation. If cell–cell adhesion of epithelial cells is
markedly disrupted by RNAi-mediated Dsg3 depletion
(�80% reduction, Figs 1a and 2), signalling pathways that
govern cell population growth and proliferation mediated
through Dsg3 (30) may be largely affected, the conse-
quence of which is demonstrated in this study (Figs 3–5).
On the other hand, we found that levels of Dsg3 expres-
sion in the FACS sorted Dsg3dim population remained
relatively high (approximately 80% of their Dsg3bri coun-
terparts) after overnight culture following FACS sorting
(data not shown). This indicates that cells with an interme-
diate level of Dsg3 are more likely to be proliferative,
whereas cells with either very limited or abundant expres-
sion of this protein exhibit reduced proliferation,
a response consistent with the characteristics of the
bell-shaped curve.

Our study also suggests that Dsg3 has a role in mor-
phogenesis, as, in a functional assay of skin organotypic
culture, we consistently demonstrated that Dsg3 RNAi-
treated cells lost the ability to stratify and regenerate
full thickness skin. Again, this is in marked contrast to
FACS-sorted Dsg3dim cells, which consistently exhibited
enhanced skin re-capitulation and the ability to regenerate
full thickness skin when compared to their Dsg3bri coun-
terparts (21,22). Consistent with this result, we observed

that silencing Dsg3 in simple MDCK cells affected expres-
sion and junction assembly of ZO-1, a cytoplasmic protein
of tight junctions that is required for cell polarization and
differentiation of simple epithelial cells (data not shown).

These changes may be partly related to attendant alter-
ations ⁄ reduction in other desmosomal proteins, in particu-
lar, desmoglein isoform Dsg2 (Fig. 2a). This is because
this desmosomal cadherin is the major Dsg in all prolifera-
tively active cells, including basal cell layers of all strati-
fied squamous epithelia (10,12). We have demonstrated
that most other desmosomal cadherins and armadillo
family proteins, as well as differentiation-associated pro-
teins such as involucrin, were affected in cells treated with
Dsg3 RNAi (Wan, unpublished data). In contrast, changes
in Dsg2 expression level were not detected in FACS-based
selection of cells with lower levels of Dsg3, in immortal-
ized cell lines (22). It is worth noting that alteration of
Dsg2 levels in Dsg3 RNAi-treated cells appeared not to
be a consequence of off-target effects of RNAi at the tran-
scriptional level (10). Taken together, our data suggest that
Dsg3 plays an important role in regulation of cell prolifer-
ation through controlling cell–cell adhesion and intracellu-
lar signalling, thus depletion of the gene leads to defects
of these functions essential for epithelial cell proliferation,
polarization, differentiation and morphogenesis.
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