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Abstract

Background—Protein kinase D (PKD or PKD1) is a serine/threonine protein kinase that has
been shown to play a role in a variety of cellular processes; however, the function of PKD1 in the
skin has not been fully investigated. The balance between proliferation and differentiation
processes in the predominant cells of the epidermis, the keratinocytes, is essential for normal skin
function.

Objective—To investigate the effect of PKD1 deficiency on proliferation and differentiation of
epidermal keratinocytes.

Methods—We utilized a floxed PKD1 mouse model such that infecting epidermal keratinocytes
derived from these mice with an adenovirus expressing Cre-recombinase allowed us to determine
the effect of PKD1 gene loss in vitro. Proliferation and differentiation were monitored using gRT-
PCR, Western blot, transglutaminase activity assays, [°H]thymidine incorporation into DNA and
cell cycle analysis.

Results—A significant decrease in PKD1 mRNA and protein levels was achieved in adenoviral
Cre-recombinase-infected cells. Deficiency of PKD1 resulted in significant increases in the
mRNA and protein expression of various differentiation markers such as loricrin, involucrin, and
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keratin 10 either basally and/or upon stimulation of differentiation. PKD1-deficient keratinocytes
also showed an increase in transglutaminase expression and activity, indicating an anti-
differentiative role of PKD1. Furthermore, the PKD1-deficient keratinocytes exhibited decreased
proliferation. However, PKD1 loss had no effect on stem cell marker expression.

Conclusions—Cre-recombinase-mediated knockdown represents an additional approach
demonstrating that PKD1 is an anti-differentiative, pro-proliferative signal in mouse keratinocytes.

1. Introduction

Keratinocytes are the predominant cell type present in the outermost layer of the skin, the
epidermis. Keratinocytes undergo a distinct pattern of proliferation and differentiation. The
proliferating keratinocytes in the basal layer move upward upon growth arrest and initially
express mature keratins 1 and 10 in the first differentiated epidermal layer, the spinous layer,
followed by intermediate markers such as involucrin. The upper differentiated granular layer
is marked by expression of late (e.g., loricrin) differentiation markers. Late differentiation is
also accompanied by expression/activation of proteins, like transglutaminase, that are
essential for the formation of the cornified envelope and corneocytes at the outer layer of the
epidermis, the stratum corneum. Although the epidermis is similar in mice and humans,
differences exist. Thus, in humans, the stratum spinosum is composed of multiple layers of
keratinocytes, whereas in mouse epidermis the stratum spinosum is usually a single cell
layer [1]. Also, average epidermal thickness (30uM) in mouse skin is less than that of human
epidermis (50uM) [2]. In addition, human hair follicles cycle asynchronously through
growth (anagen), involution (catagen) and resting (telogen) phases, while those of mice are
synchronized [3].

The equilibrium between keratinocyte proliferation and differentiation is essential for
maintaining the protective barrier and to prevent skin diseases (reviewed in [4-7]). For
example, in squamous and basal cell carcinoma, the malignant cells fail to complete the
keratinocyte differentiation program. Abnormal keratinocyte differentiation also
characterizes another human skin disease, psoriasis, treatment costs of which are estimated
at over $1 billion annually (www.aad.org). Therefore, to develop better treatments, it is
important to understand the regulation of keratinocyte proliferation and differentiation.

Protein kinase D or protein kinase D1 (PKD or PKD1) is a serine/threonine protein kinase
that has been shown to play a role in a variety of cell processes (reviewed in [8-10]). PKD
has been classified as the first member, PKD1, of a new family that includes also PKD2 and
PKD3, with sequence homology to calcium/calmodulin-dependent kinases in the catalytic
domain. PKD can be activated by transphosphorylation mediated by protein kinase C and a
Src/Abl tyrosine kinase cascade in response to a variety of growth factors, hormones and
other extracellular signals (reviewed in [10, 11]). PKD is also activated by oxidative stress
[12-16] and DNA damage [17]. Importantly, we have recently shown activation of PKD in
keratinocytes exposed to ultraviolet B (UVB) irradiation, the primary risk factor for the
development of non-melanoma skin cancer, providing a link between these cancers, sun
exposure (i.e., UVB), and PKD [18].
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Ours and others’ results suggest that PKD plays a role in regulating keratinocyte
proliferation and differentiation. Increased PKD levels in mouse epidermal carcinomas [19],
decreased DNA synthesis [19, 20] and increased differentiation upon inhibition of its
activity [20], and increased DNA synthesis [18] and promoter activity of keratin 5, a basal
layer marker, [21] upon PKD overexpression all suggest the pro-proliferative role of PKD in
keratinocytes. Reversal of calcium-differentiated keratinocytes to a proliferative basal-like
phenotype upon switching of the cells to a low calcium medium has also been described
[22], and this low calcium switch-induced mitogenic response is dependent upon PKD
signaling. Recently, in vivo studies involving targeted deletion of PKD1 in epidermal
keratinocytes suggested a pro-proliferative role of PKD1 during wounding and upon
challenge with tumor-promoting phorbol esters [23]. These authors also suggested that
PKD1 is dispensable, under normal conditions, for skin development and homeostasis [23].
However, this report did not show cumulative quantified results of multiple animals for
proliferative or differentiative markers under basal conditions nor was epidermal PKD1
deletion verified in the skin in situ. In addition, possible compensatory effects related to the
loss of PKD1 in utero could not be excluded. On the other hand, lvanova and coworkers
have shown that siRNA-mediated down-regulation of PKD1 decreases human keratinocyte
proliferation, although these authors failed to demonstrate PKD1 knockdown at the protein
level [24]. Thus, all of the strategies used to date have both benefits and the potential for
artifacts, and the results from multiple approaches can only strengthen the evidence for
PKDZ1’s role in keratinocytes.

To determine PKD’s role in keratinocyte function, we have used a recently generated
transgenic mouse model [25] in which the PKD1 gene is flanked by loxP sites (i.e., a floxed
PKD1 mouse model). Infecting epidermal keratinocytes derived from these mice with an
adenovirus possessing Cre-recombinase allowed us to determine the effect of PKD1 loss in
vitro. Our hypothesis was that PKD1 exerts anti-differentiative effects on epidermal
keratinocytes such that its loss will result in increased differentiation.

2. Materials and methods

2.1. Materials

Antibodies were purchased as described in Table 1 of the supplementary materials. PVDF
membrane was from Millipore (Billerica, MA), and iScript cDNA synthesis kits were
purchased from Bio-Rad (Hercules, CA.). The keratinocyte serum-free media (K-SFM) kit
was purchased from Life Technologies (Carlsbad, CA). [3H]Thymidine and [3H]putrescine
were purchased from Dupont/NEN (Boston, MA).

2.2. Adenoviral constructs amplification

The GFP-tagged adenovirus construct for Cre-recombinase was purchased from Vector
Biolabs (Philadelphia, PA). Adenoviruses containing wild type-PKD (WT-PKD) and
tyrosine-463-to-phenylalanine PKD mutant (mutant-PKD) constructs were made previously
in our laboratory using the AdEasy adenoviral system as described elsewhere [18, 26]. The
amplification and purification of viruses was performed as described earlier [18, 27].
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2.3. Cell culture and experimental design

Primary epidermal mouse keratinocytes were prepared from 1-3 day old neonatal floxed-
PKD1 [25] or outbred ICR CD-1 mice (Harlan Laboratories, Indianapolis, IN) and cultured
in K-SFM containing 50uM CaCls,. Isolated keratinocytes were seeded on 6-well plates
using dialyzed fetal bovine serum-containing plating media as described earlier [28]. For
PKD1 depletion experiments, the day after plating, when the floxed-PKD1 keratinocytes
were approximately 40% confluent, the keratinocytes were infected with Cre-recombinase
(also expressing GFP) adenovirus or GFP adenovirus [at a multiplicity of infection (MOI) of
0.5 or 5] in K-SFM. The virus-containing media was removed 24 hours post-infection and
replaced with K-SFM and every 24 hours thereafter. 48 hours after infection, the cells were
stimulated to differentiate with K-SFM containing a moderately elevated calcium
concentration (125uM) [29, 30]. After 24 hours of calcium treatment (for a total of 72 hours
after viral infection), the cells were harvested either for quantitative RT-PCR (QRT-PCR) or
Western analysis. For time course experiments, 1254M calcium-containing medium was
added 24 hours prior to termination of the experiments and harvesting of the cells. For over-
expression studies, CD-1 mouse keratinocytes were incubated with K-SFM and allowed to
grow for 1-2 days. Sub-confluent cells were infected with adenoviral constructs over-
expressing wild-type PKD (WT-PKD) or tyrosine-463-to-phenylalanine PKD (mutant-PKD)
or with GFP alone (Vector) using an MOI of 50. After 24 hours of adenoviral infection, the
cells were harvested for qRT-PCR or Western analysis.

2.4. RNA extraction, cDNA synthesis, and quantitative RT-PCR

After treatment the keratinocytes were processed for total RNA extraction using PerfectPure
RNA tissue kits (5 PRIME, Inc, Gaithersburg, MD, USA) as per the manufacturer’s
protocol. Spectroscopic quality testing and quantitation of total RNA was performed using a
Nanodrop instrument (NanoDrop Technologies, Wilmington, DE). Equal quantities of total
RNA (1pg) were reverse transcribed using iScript cDNA synthesis kits (Bio-Rad
Laboratories, Hercules, CA, USA) following the manufacturer’s instructions. Equal volumes
of 5-times diluted cDNA were used in gRT-PCR reactions with Tagman probes purchased
from Applied Biosystems (Applied Biosystems, Grand Island, NY), as indicated in
Supplementary Table 2. The qRT-PCR reaction was performed using the Fast Reagent PCR
Master Mix (Applied Biosystems) and the StepOnePlus Real-Time PCR System (Applied
Biosystems) as per the manufacturer’s protocol. The relative gene expression was calculated
by the delta-delta Ct method using glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and ribosomal protein, large, PO (Rplp0) as endogenous control genes (average value of the
two genes) and normalized to the GFP (Vector)-infected group.

2.5. Western blot analysis

For Western analysis, primary keratinocytes were solubilized using hot lysis buffer
[0.1875M Tris-HCI (pH 8.5), 3% SDS, and 1.5mM EDTA], scraped and homogenized by
repeated pipetting. After removal of an aliquot for determination of protein, the lysates were
then diluted with 3x sample buffer (30% glycerol, 15% beta-mercaptoethanol, 1%
bromophenol blue, 54% water) to constitute Laemmli buffer [31]. Equal amounts of protein
were subjected to SDS-PAGE and transferred to PVDF membranes, which were incubated

J Dermatol Sci. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Choudhary et al. Page 5

with the appropriate antibodies after blocking. Immunoreactivity was visualized using an
Odyssey imaging system (LI-COR, Biosciences, Lincoln, NE) or using an enhanced
chemiluminescence plus detection system (GE Healthcare, Biosciences, Pittsburgh, PA) and
Hyperfilm.

2.6. Transglutaminase activity

Transglutaminase activity was monitored by the cross-linking of [3H]putrescine to casein as
described previously [32].

2.7. Measurement of DNA synthesis and content

For measurement of cell proliferation, [2H]thymidine incorporation into DNA was assayed
as described previously [33]. Additionally, the percentage of cells in S-phase was analyzed
using flow cytometric analysis as described earlier [34].

2.8. Statistical analysis

Data from at least three independent experiments are presented as means + SEM. Group
mean values were defined using one-way analysis of variance with a Newman-Keuls post-
hoc test (GraphPad Prism, La Jolla, CA). Significant differences were defined at ***,
P<0.001; **, P<0.01; and *, P<0.05 compared to control group or t1t or fff or §8§,
P<0.001; 1 or ff, P<0.01; and f or f, P<0.05 as compared between the indicated groups.

3. Results

3.1. Adenoviral expression of Cre-recombinase in floxed PKD1 keratinocytes results in
PKD1 deficiency

Using a floxed PKD1 mouse model and infecting epidermal keratinocytes derived from
these mice with an adenovirus expressing Cre-recombinase (CRE), versus a green
fluorescent protein (GFP) control vector, we determined the effect of PKD1 gene loss in
vitro. First, we compared the infection efficiency of the two adenoviruses by examining GFP
protein expression in the infected keratinocytes after 72 hours of adenoviral infection.
Western analysis showed that comparable amounts of GFP protein were expressed in vector-
and CRE-infected keratinocytes (Supplementary Fig. 1A). Further, Cre-recombinase was
expressed in keratinocytes that were infected with Cre-adenovirus and not in GFP-infected
keratinocytes (Supplementary Fig. 1B). After 72 hours of adenoviral infection, a significant
reduction in PKD1 mRNA expression was achieved in adenoviral Cre-recombinase-infected
keratinocytes depending on the dose of adenovirus used (Fig. 1A). Thus, although no
significant decrease in PKD1 mRNA levels was observed with a lower dose (0.5 multiplicity
of infection; MOI) of adenovirus expressing Cre-recombinase, the higher dose (5 MOI)
produced a significant reduction in PKD1 mRNA levels (Fig. 1A). We also investigated the
effect of Cre-recombinase adenoviral infection on PKD1 mRNA expression at different time
points. PKD1 mRNA levels decreased in a time-dependent manner, with a significant
reduction in PKD1 expression observed at the 72-hour time point after infection (Fig. 1B).
Therefore, this time point was used for subsequent experiments. We also analyzed mRNA
expression of PKD2 to confirm that Cre-recombinase acted only on the PKD1 gene and not
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on PKD2. The gRT-PCR analysis showed that PKD2 mRNA expression was not
significantly altered upon Cre infection (Supplementary Fig. 2).

In parallel with mMRNA results, PKD1 protein expression was also significantly reduced
upon infection with adenovirus expressing Cre-recombinase (Fig. 1C, upper and lower
panels). There is no PKD1-specific antibody available; the antibody we used recognizes
both PKD1 and PKD2. Based on our previous results in keratinocytes [18, 35], the
uppermost band represents phosphorylated, activated forms of PKD1 and PKD2, while the
middle and lowermost band represents unphosphorylated PKD1 and PKD2, respectively
[18, 21].

3.2. PKD1 deficiency increased the expression of loricrin, a late differentiation marker,
upon induction of differentiation

To investigate the effect of PKD1 deficiency on keratinocyte differentiation, we first studied
the expression of the late differentiation marker, loricrin. Upon induction of differentiation
by increasing the extracellular calcium level (to 125uM), the PKD1-deficient cells showed
significantly increased mMRNA expression (Fig. 2A) and protein levels (Fig. 2B, upper and
lower panels) of loricrin. We also investigated the effect of PKD1 on expression of loricrin
following adenovirus-mediated overexpression of wild-type PKD (WT-PKD) and a
dominant-negative tyrosine-463-to-phenylalanine PKD mutant (mutant-PKD) [18]
adenoviral construct into wild-type (CD-1) keratinocytes. Western blot results confirm the
overexpression of PKD (Supplementary Fig. 3). Loricrin mRNA expression was
significantly increased under basal conditions in keratinocytes overexpressing mutant-PKD
as compared to vector- or WT-PKD-overexpressing cells (Fig. 2C).

3.3. PKD1 deficiency increased the expression of involucrin, an intermediate
differentiation marker

In contrast to loricrin, which required calcium-induced differentiation in order to observe a
significant effect of PKD deficiency, the mRNA expression of the intermediate
differentiation marker involucrin was significantly increased upon PKD1 ablation under
basal conditions (Fig. 3A). Induction of differentiation by increasing the extracellular
calcium level resulted in a further increase in involucrin mRNA (Fig. 3A) as well as protein
expression (Fig. 3B, upper and lower panels). In line with the results observed with PKD
loss, overexpression of the mutant PKD resulted in significantly increased involucrin mRNA
expression as compared to overexpression of the vector or WT-PKD (Fig. 3C).

3.4. PKD1 deficiency increased the protein expression of keratin 10, an early differentiation

marker

We then investigated the effect of PKD1 deletion on the expression of keratin 10 (K10), an
early differentiation marker. Although no significant difference in mMRNA expression of K10
was observed, there was a trend toward increased K10 expression with PKD1 depletion (Fig.
4A). Indeed, a significant increase in K10 protein levels was detected in keratinocytes in
which the PKD1 gene was deleted with Cre-recombinase (Fig. 4B, upper and lower panels).
Also, the mRNA expression of K10 in keratinocytes overexpressing mutant-PKD was
significantly greater than in vector- or WT-PKD-overexpressing cells (Fig. 4C).
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3.5. PKD1 deficiency increased the expression and activity of transglutaminase

The transglutaminase 1 (TGase 1) enzyme is expressed during the terminal differentiation of
keratinized squamous epithelium and is involved in the formation of cornified cell envelopes
in terminally differentiating epidermal keratinocytes [36, 37]. Therefore, we investigated the
effect of PKD1 loss on TGasel expression and TGase activity. There was a significant
increase in TGasel mMRNA expression in PKD1-deficient keratinocytes both under basal and
differentiative (elevated calcium) conditions (Fig. 5A). As expected, an increase in TGasel
expression was observed with calcium treatment in GFP- as well as CRE-infected groups.
Because TGase activity is regulated not only at the transcriptional level but also post-
transcriptionally and post-translationally [38], to determine if this increase in TGasel
expression resulted in increased activity, we measured TGase activity. TGase activity was
significantly increased in PKD1-deficient keratinocytes under both basal and differentiative
conditions (Fig. 5B).

3.6. Role of PKD1 in regulating keratinocyte proliferation

To study the effect of PKD1 loss on keratinocyte proliferation, we measured [2H]thymidine
incorporation into DNA. [3H]Thymidine incorporation into DNA (i.e., proliferation) was
reduced in keratinocytes with PKD1 deficiency compared to keratinocytes with intact PKD1
under basal conditions or upon stimulation of differentiation (Fig. 6A). We also analyzed the
cell cycle using propidium iodide staining and flow cytometry. The number of cells in S-
phase was reduced in keratinocytes with PKD1 deficiency compared to keratinocytes with
intact PKD1 under basal conditions (Fig. 6B). Since PKD1 is localized predominantly in the
basal layer of the epidermis (where stem cells are usually located), we wished to determine
if PKD1 depletion can reduce the “stemness” of keratinocytes. Therefore, we examined
mRNA expression of several stem cell markers (integrin $1 encoded by ITGBL1, keratin 14
or K14 and p63) known to characterize epidermal stem cells [39]. Our results showed that
PKD1 depletion had no significant effect on the mRNA levels of these markers (Figure 6C,
D, E). However, an elevated calcium concentration inhibited the expression of these stem
cell markers (Figure 6C, D, E), as expected since increased extracellular calcium levels
induce keratinocyte differentiation. These results suggest that PKD1 has no effect on the
“stemness” of the keratinocytes.

4. Discussion

The major findings of this study are that Cre-recombinase-mediated PKD1 deficiency in
PKD1 floxed keratinocytes resulted in increased keratinocyte differentiation as shown by
increased expression, levels and/or activity of various differentiation markers. These results
confirm that PKD1 is an anti-differentiative and pro-proliferative signaling enzyme in
mouse keratinocytes, similar to human keratinocytes [24], but are unique in that they were
obtained with the use of the floxed PKD1 mouse model rather than overexpression [40] or
RNA interference [24], with the attendant caveats of these methods. Thus, in this study, we
used PKD1-floxed mice that possess loxP sites flanking exons 12 through 14 of the PKD1
gene, which encodes part of the catalytic domain. This catalytic domain of PKD1 can then
be deleted using Cre-recombinase enzyme in primary cultures of mouse keratinocytes
obtained from floxed-PKD1 mice, to render keratinocytes PKD1-deficient.
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Although Rashel et al. [23] generated epidermal-specific conditional PKD1 knockout mice
using the PKD1 floxed mice, they reported (as data not shown) no difference in skin
phenotype under normal conditions. However, in this model, PKD1 was deleted in utero and
changes in the levels or activity of one or more proteins could have compensated for the lack
of PKD1 in the unstressed epidermis. Although these authors showed no change in the
protein expression of PKD2, they overlooked the possibility of increased activity of PKD2.
Moreover, they did not directly show the levels of PKD1 in skin samples; rather, they
showed Western analysis of in vitro cultured keratinocytes derived from PKD1 floxed
versus knockout animals [23]. Although PKD1 levels were reduced in the knockout
keratinocytes, PKD1 was nevertheless detected in these cells but its presence was dismissed
as arising from contaminating (non-keratinocyte) cells (with no data to support this
contention). It seems possible that the protein purported to be PKD1 in these blots is instead
active PKD2, which migrates more slowly when activated and autophosphorylated [18].
Also, it is noteworthy that keratinocyte proliferation and differentiation (as well as the
proteins that regulate these processes) differ among preparations of keratinocytes and with
the confluence of the cells. Therefore, the different keratinocyte cultures derived from
floxed PKD1 versus PKD1 knockout animals may not be entirely comparable. On the other
hand, in a previous study using siRNA to knock down PKD1 in human keratinocytes,
Ivanova and coworkers were unable to show an effect on PKD1 at the protein level [24]. In
addition, siRNA technology has a risk of off-target effects [41, 42]. Therefore, we attempted
to investigate the effect of deletion of PKD1 in post-natal keratinocytes in vitro by another
method that allowed us to use the same keratinocyte preparation to generate PKD1 knockout
and non-knockout keratinocytes for valid comparisons, without the potential artifacts of
RNA interference technologies. This technique resulted in decreased PKD1 mRNA and
protein expression in hard-to-transfect primary cultures of mouse keratinocytes (Fig. 1A and
1C).

We suspected that PKD1 deficiency alone might not be sufficient for observing changes in
various differentiation markers, particularly late markers, under basal growth conditions.
Therefore, to maximize the effect of PKD1 loss, we examined differentiation under both
basal conditions and in keratinocytes stimulated to differentiate by raising extracellular
calcium levels. Previous reports implicate a role of increased calcium in the induction of
differentiation, as an increasing gradient of calcium concentration from the proliferating
basal layer to the outermost living differentiated (granular) layer is observed in the
epidermis in situ [43-45]. Also, ablation of the G-protein-coupled receptor for extracellular
calcium, the calcium-sensing receptor, impairs epidermal differentiation in knockout mice in
Vvivo [46]. In vitro, low medium calcium levels promote a basal-like state of the keratinocyte,
and raising the medium calcium concentration triggers keratinocyte differentiation [47].
Moreover, differentiation marker expression is reportedly maximally induced in mouse
keratinocytes by calcium concentrations in the range of 90 to about 120uM [29, 30].
Therefore, we stimulated keratinocytes to differentiate using moderately elevated calcium
levels (125pM), and this strategy allowed us to identify additional differentiation markers
that appear to be repressed by PKD1. Upon stimulation of differentiation, the late
differentiation marker, loricrin was significantly increased in PKD1-deficient keratinocytes
at both the mRNA (Fig. 2A) and protein (Fig. 2B) levels. These results are in line with the
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fact that in the epidermis loricrin is expressed in the upper granular layer where the calcium
concentration is high [48] and where PKD1 levels are low [21, 49]. However, basally
loricrin expression was not affected by the presence or absence of PKD1. The expression of
the intermediate differentiation marker, involucrin, was also increased in PKD1-deficient
keratinocytes (Fig. 3). This increase was observed in PKD1-deficient keratinocytes under
basal as well as differentiating conditions. Similar to our results, sSiRNA-mediated PKD1
knockdown in human Kkeratinocytes resulted in increased involucrin mRNA expression [24].
Also, we have previously reported that PKD overexpression with an involucrin promoter
reporter constructs results in decreased promoter activity [21].

In human keratinocytes an increase in K10 mRNA was observed with siRNA-mediated
PKD1 knockdown [24]. However, we did not observe any significant differences in mMRNA
expression of the early differentiation marker, K10, in keratinocytes with or without PKD1
deficiency (Fig. 4A). This might be due to down-regulation of K10 expression as
keratinocytes mature beyond the early differentiation stage. Nevertheless, there was a
significant difference in the protein levels in these groups. Keratinocytes with PKD1 loss
expressed significantly higher K10 protein levels as compared to keratinocytes with intact
PKD1 (Fig. 4B). In addition, using PKD wild-type and mutant adenoviral overexpression
constructs, we supported the results obtained by Cre-recombinase-mediated floxed PKD1
loss. Mutant-PKD expression led to significant increases in loricrin, involucrin and K10
mRNA levels (Fig. 2C, 3C, 4C). However, WT-PKD overexpression showed no significant
effect on expression of these differentiation markers. This may be due to the fact that under
basal growth conditions keratinocytes exhibit partial activation of PKD, as observed by its
detectable autophosphorylation under such conditions [21]; thus, PKD may already be
suppressing the expression of these markers basally. Consistent with this idea, mutant PKD
overexpression likely released endogenous PKD-mediated suppression of these
differentiation markers to result in their increased expression in wild-type keratinocytes.

The functionality of PKD1 depletion on keratinocyte differentiation was assessed by
investigating the expression and activity of transglutaminase. This enzyme is necessary for
proper cornification of keratinoctyes during terminal differentiation [36, 37]. In line with the
results obtained for other differentiation markers, TGasel expression and TGase activity
was significantly increased in PKD1-deficient keratinocytes under basal and differentiative
conditions (Fig. 5). These results suggest that endogenous PKD1 has anti-differentiative
effects on mouse epidermal keratinocytes such that its loss promotes differentiation.

We and others have shown a pro-proliferative role for PKD in keratinocytes [19, 20].
Consistent with these reports, [3H]thymidine incorporation into DNA, as well as the
percentage of cells in the S-phase of the cell cycle, was reduced in PKD1-deficient
keratinocytes (Fig. 6A and B), indicating decreased proliferation in these cells. These results
suggest the pro-proliferative role of PKD1 in keratinocytes; however, we did not observe
any significant effect of loss of PKD1 on other epidermal proliferation markers like keratin
14 and keratin 5 or on stem cell markers, suggesting that PKD1 likely promotes a transit
amplifying cell phenotype. However, co-expressing PKD with reporter constructs increased
the promoter activity of keratin 5 [21].
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Together, our data provide genetic evidence that PKD1 is an anti-differentiative and pro-
proliferative enzyme in mouse keratinocytes in vitro. While Rashel et al. [23] reported no
effect of PKDL1 loss on keratinocyte proliferation or differentiation in epidermis in vivo
under basal conditions, these authors did observe reduced proliferation in healing wounds as
well as a resistance to tumor formation. The possible reasons underlying these somewhat
disparate results in vivo and in vitro are many and include: the techniques used
(immunohistochemistry and immunofluorescence) may be insufficiently sensitive to observe
effects on proliferation and differentiation without perturbation in the in vivo experiments,
the in vivo loss of PKD1 in utero could be compensated for by alterations in the levels or
activity or other signaling proteins under basal conditions or in vitro culture may artificially
accentuate effects on these parameters. These results support the idea that PKD plays an
important role in initiating or promoting hyperproliferative skin diseases like basal cell
carcinoma and psoriasis, as suggested by the dysregulation of epidermal PKD levels in these
diseases [49]. Thus, PKD1 can potentially be therapeutically targeted in these
hyperproliferative disorders to improve skin function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. PKD1 depletion is achieved with adenoviral Cre-recombinase in floxed PKD1
keratinocytes
(A-C) Keratinocytes from floxed PKD1 neonatal mice were infected with Cre-recombinase

(CRE)- or GFP vector (GFP)-expressing adenoviruses for 24h. The medium was replaced
with 50uM calcium-containing control medium or elevated calcium (125uM calcium; Ca)-
containing medium at 48h (post-infection) for 24h, and then cells were harvested for gRT-
PCR or Western analysis. (A-B) Quantitative RT-PCR was performed to determine the
expression of the PKD1 gene (A) for the two indicated multiplicities of infection (MOI) and
(B) for different time points of infection. (C) Western blot (upper panel) and densitometric
analysis of multiple Western blots (lower panel) of PKDL1 protein, with Hsp90a as the
loading control, are shown. Please note that based on previous studies, the middle band
represents unphosphorylated PKD1 as indicated by the arrow, the lower band represents
PKD?2 and the upper band(s) represent phosphorylated, activated PKD1 and PKD2. Data
represent the means + SEM from at least 3 independent experiments.
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Fig 2. Effect of PKDL1 depletion on a late differentiation marker, loricrin
(A-B) Keratinocytes from floxed PKD1 neonatal mice were infected with Cre-recombinase

(CRE)- or GFP vector (GFP)-expressing adenoviruses for 24h. The medium was replaced
with 50uM calcium-containing control medium or elevated calcium (125uM calcium; Ca)-
containing medium at 48h (post-infection) for 24h. (A) Quantitative RT-PCR was performed
to determine the expression of the loricrin gene. (B) A representative Western blot (upper
panel) and a densitometric analysis (N=4) (lower panel) of loricrin protein, with B-actin and
GAPDH as loading controls, are shown. (C) Sub-confluent keratinocytes from CD-1
neonates were infected with the indicated adenoviral constructs for 24h and analyzed for
loricrin mMRNA expression using gRT-PCR. Data represent the means + SEM from at least 3
independent experiments.
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Fig 3. Effect of PKD1 depletion on an intermediate differentiation marker, involucrin
(AB) Keratinocytes from floxed PKD1 neonates were infected with Cre-recombinase

(CRE)- or GFP vector (GFP)-expressing adenoviruses for 24h. The medium was replaced
with 50uM calcium-containing control medium or elevated calcium (125uM calcium; Ca)-
containing medium at 48h (post-infection) for 24h. (A) Quantitative RT-PCR was performed
to determine the expression of the involucrin gene. (B) A representative Western blot (upper
panel) and densitometric analysis (N=3) (lower panel) of involucrin protein, with B-actin as
the loading control, are shown. (C) Sub-confluent keratinocytes from CD-1 neonatal mice
were infected with the indicated adenoviral constructs for 24h and analyzed for involucrin
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MRNA expression using qRT-PCR. Data represent the means = SEM from at least 3
independent experiments.
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Fig 4. Effect of PKDL1 depletion on an early differentiation marker, keratin 10 (K10)
(AB) Keratinocytes from floxed PKD1 neonates were infected with Cre-recombinase

(CRE)- or GFP vector (GFP)-expressing adenoviruses for 24h. The medium was replaced
with 50uM calcium-containing control medium or elevated calcium (125uM calcium; Ca)-
containing medium at 48h (post-infection) for 24h. (A) Quantitative RT-PCR was performed
to determine the expression of the K10 gene. (B) A representative Western blot (upper
panel) and a densitometric analysis (N=3) (lower panel) of K10 protein, with -actin as the
loading control, are shown. (C) Sub-confluent keratinocytes from CD-1 neonatal mice were
infected with the indicated adenoviral constructs for 24h and analyzed for K10 mRNA
expression using gRT-PCR. Data represent the means + SEM from at least 3 independent

experiments.
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Fig.5. Effect of PKD1 depletion on expression and activity of transglutaminase
(A-B) Keratinocytes from floxed PKD1 neonates were infected with Cre-recombinase

(CRE)- or GFP vector (GFP)-expressing adenoviruses for 24h. The medium was replaced
with 50uM calcium-containing control medium or elevated calcium (125uM calcium; Ca)-
containing medium at 48h (post-infection) for 24h. (A) Quantitative RT-PCR was performed
to determine the expression of the transglutaminase (TGase) 1 gene. (B) TGase activity is
shown as fold over the GFP-infected control. Data represent the means + SEM from at least
3 independent experiments.
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Fig 6. Effect of PKD1 depletion on keratinocyte proliferation and ““stemness”
(A-B) Keratinocytes from floxed PKD1 neonatal mice were infected with Cre-recombinase

(CRE)- or GFP vector (GFP)-expressing adenoviruses for 24h. Cells were refed with 50uM
calcium-containing control medium or elevated calcium (125uM calcium; Ca)-containing
medium at 48h (post-infection) for 24h. (A) At the end of the treatment cells were analyzed
for [3H]thymidine incorporation into DNA as described in the Methods section. (B) Cells
were processed for propidium iodide staining and flow cytometry to analyze the percentage
of cells in S-phase. Data represent the means + SEM from at least 3 independent
experiments. (C, D, E) Quantitative RT-PCR was performed to determine the expression of
the stem cell markers ITGB1 (C), K14 (D) and p63 (E). Data represent the means + SEM
from at least 3 independent experiments. ns: non-significant.
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