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Abstract
Background—The serine/threonine kinase protein kinase D (PKD) has been proposed to be a pro-
proliferative, anti-differentiative signal in epidermal keratinocytes. Indeed, the phorbol ester tumor
promoter, 12-O-tetradecanoylphorbol 13-acetate (TPA) induces biphasic PKD activation, which
mirrors the biphasic response of initial differentiation followed by proliferation and tumor promotion
seen in TPA-treated keratinocytes in vitro and epidermis in vivo.

Objective—Our objective was to test the idea that PKD’s pro-proliferative and/or anti-
differentiative effects in keratinocytes contribute to TPA-induced tumorigenesis.

Methods—Using western analysis and assays of keratinocyte proliferation and differentiation, we
investigated the effect of inhibitors of PKD on keratinocyte function.

Results—We found that overexpression of a constitutively active PKD mutant increased, and of a
dominant-negative PKD mutant decreased, keratinocyte proliferation. A recently described selective
PKD inhibitor showed low potency to inhibit keratinocyte proliferation or PKD activation. Therefore,
we tested the ability of known only relatively selective PKD inhibitors on keratinocyte function and
protein kinase activation. H89 {N-[2-(p-bromocinnamylamino) ethyl]-5-isoquinoline-sulfonamide},
a reported inhibitor of PKD and cAMP-dependent protein kinase, enhanced the effect of a
differentiating agent on a marker of keratinocyte differentiation. Another reported non-selective PKD
inhibitor, resveratrol stimulated differentiation and inhibited proliferation. The protein kinase C/PKD
inhibitor Gö6976 blocked the increase in proliferation (as measured by DNA specific activity)
induced by chronic TPA without affecting the initial TPA-elicited differentiation.
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Conclusion—Our results support the idea that relatively selective PKD inhibitors, such as Gö6976,
H89 and resveratrol, might be useful for preventing/treating epidermal tumorigenesis without
affecting keratinocyte differentiation.

INTRODUCTION
Much of our knowledge concerning tumorigenesis arises from studies in which investigators
applied various substances to the skin to observe tumor formation [1–3]. The resulting theory
of tumor formation is a model in which the neoplastic phenotype is the result of two steps:
initiation and promotion. The initiation of tumor formation occurs at the genetic level, i.e., via
mutations in cellular DNA, and usually occurs as the result of a single or short-term exposure
to a carcinogen. The next step of tumor formation is promotion, which usually requires multiple
applications or prolonged exposure of the tissue to the promoting agent to allow tumor cells
to be selected for and propagated. The phorbol ester, 12-O-tetradecanoylphorbol 13-acetate,
TPA possesses the strongest promoting action of any substance currently known [4].

The identification of protein kinase C (PKC) as the primary cellular target of tumor-promoting
phorbol esters (reviewed in [5]) suggested that this enzyme is critically important in epidermal
tumorigenesis. However, additional phorbol ester-responsive proteins have also been identified
[5]. In particular, protein kinase D (PKD) is also activated by phorbol esters or diacylglycerol
(reviewed in [6]). PKD is a serine/threonine kinase originally categorized as a member of the
PKC family (as PKCμ), because of its two diacylglycerol- and phorbol ester-binding cysteine-
rich domains (reviewed in [7]). However, further analysis has shown homology also to calcium/
calmodulin-dependent protein kinases (reviewed in [7]), and PKD is, therefore, classified as
the first member, PKD1, of a new family of PKD enzymes.

Multiple studies have shown a role for PKD in various cellular responses. For instance,
accumulating data from Toker’s laboratory indicate that PKD can promote cellular survival
following oxidative stress through its ability to modulate the nuclear factor-κB pathway [8,
9]. Other reports point to a role of PKD in Golgi trafficking and motility (reviewed in [10]).
Still other data indicate that PKD is involved in proliferative responses (reviewed in [7]) and/
or cellular hypertrophy [11].

Also in epidermal keratinocytes a proproliferative and/or antidifferentiative role for PKD has
been proposed (reviewed in [7]). In support of this idea, PKD is enriched in the proliferative
fraction of mouse epidermis and its levels are upregulated in mouse epidermal carcinomas
[12]. In intact skin PKD is localized predominantly in the proliferative basal layer of mouse
[13] and human epidermis [14]. Moreover, PKD is upregulated in human basal cell carcinomas
and is misdistributed in psoriasis [14], a skin disease characterized by hyperproliferation,
abnormal differentiation and inflammation. An antidifferentiative function of PKD in
keratinocytes has also been suggested by the ability of a panel of PKC/PKD inhibitors to
stimulate transglutaminase activity, a marker of keratinocyte differentiation, whereas PKC
inhibitors do not [15]. Moreover, co-expression of PKD with reporter constructs in which
promoters for keratin 5 or involucrin (markers of proliferation and differentiation, respectively)
drive luciferase expression indicate that PKD both increases keratin 5 promoter activity (i.e.,
promotes a proliferative status) and decreases involucrin promoter activity (i.e., inhibits a
differentiative status) in keratinocytes [13]. Finally, the phorbol ester, TPA, an agent that
induces an initial keratinocyte differentiation followed by a subsequent proliferative (tumor
promotion) response with chronic phorbol ester treatment, elicits a similar biphasic change in
PKD levels and activity [13]. Thus, we have proposed that PKD may be involved in
tumorigenesis in response to phorbol esters. Recent data also suggest a proproliferative,
antidifferentiative role in human keratinocytes, as RNA interference to knock down PKD levels
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inhibits keratinocyte proliferation and promotes the expression of differentiation markers
[16].

In the findings reported here, we first show that adenoviral-mediated overexpression of a
constitutively active PKD increased, and a dominant-negative PKD mutant decreased, DNA
synthesis. We then investigated the ability of selective and relatively selective PKD inhibitors
to inhibit keratinocyte proliferation and promote differentiation and inhibit the response to
chronic TPA treatment (i.e., tumor promotion). Our results support the idea that the non-
selective PKD inhibitors, Gö6976, H89 and resveratrol may be useful for preventing and/or
treating tumor formation in the epidermis.

METHODS
Primary Mouse Epidermal Keratinocyte Culture

Epidermal keratinocytes were isolated from newborn mouse skin and cultured as described
previously [13]. All animal protocols were approved by the institutional animal care and use
committee and were performed in accordance with the Guide for the Care and Use of
Laboratory Animals.

Adenovirus
Adenovirus vectors containing the recombined constitutively active serine-738/742-to-
glutamate or dominant-negative serine-738/742-to-alanine PKD1 mutant constructs were
prepared as in Vogelstein et al [17]. In brief, inserts were freed from pcDNA3 using XhoI and
BamHI, and the pAdTrack-CMV shuttle vector was opened with XhoI and BglII. The PKD
mutants and pAdTrack-CMV were ligated using T4 ligase. The resulting plasmid was
linearized with PmeI and electroporated into BJ5183 cells as per the manufacturer’s
instructions and transfected via Lipofectamine (using the manufacturer’s protocol) into Ad-293
cells. Harvested viral particles were then purified from supernatants using the CsCl2 method
and dialyzed against virus storage buffer [20mM Tris/HCl, 25mM NaCl, 2.5% glycerol (w:v),
pH 8.5], stored at −80°C, and titered using protein amounts (constitutively active PKD) or
A260 (dominant-negative PKD). The MOI of the virus used in the experiments was based on
at least 90% of the cells expressing green fluorescent protein (GFP) with little evidence of
toxicity, and western blotting against GFP confirmed overexpression of viral constructs.

[3H]Thymidine Incorporation into DNA
Keratinocytes treated for 24 hours with various agents as indicated were incubated an additional
1 hour with 1 µCi/mL [3H]thymidine. Reactions were stopped with 5% trichloroacetic acid,
and the cells processed, solubilized in 0.3 N NaOH and subjected to liquid scintillation counting
as previously described [15].

DNA Specific Activity
Keratinocytes were treated for the indicated times with the appropriate agents followed by
addition of 1 µCi/mL [3H]thymidine for 1 hour. Keratinocytes were then processed to isolate
DNA, with one aliquot subjected to liquid scintillation counting and another subjected to DNA
quantitation using Hoescht dye as in [13]. DNA specific activity was then calculated and
expressed relative to the appropriate control.

Transglutaminase Activity
Keratinocytes treated for the appropriate times with the agents of interest were collected and
transglutaminase activity measured as the cross-linking of [3H]putrescine into dimethylated
casein, as described in [15].
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Western Analysis
For the CID755673, resveratrol and the acute H89/mPKI experiments, primary mouse
keratinocytes were treated with vehicle (DMSO, 0.1%), resveratrol (100 µM), H89 (20 µM)
or mPKI (10 µM) for 2 hours. For the Gö6976/6983, keratinocytes were treated with vehicle
(DMSO, 0.1%) or with Gö6976 (1 µM) or Gö6983 (1 µM) for 30 min. Cells were then spiked
with SFKM alone or with TPA (100nM) in SFKM for 15 minutes and samples processed for
western blotting as in [13]. In additional, experiments were performed in which keratinocytes
were treated for 24 hours with H89 or mPKI prior to processing of the lysates. Samples were
separated via polyacrylamide gel electrophoresis on an 8% gel, transferred to Immobilon FL
and analyzed using the primary antibodies recognizing phospho-serine PKC substrate
consensus sites, phospho-serine916 PKD (both from Cell Signaling Technology, Boston, MA)
or actin (Santa Cruz Biotechnology, Santa Cruz, CA). Immunoreactive bands were visualized
using the appropriate AlexaFluor IR680- conjugated secondary antibodies and the Odyssey
Infrared Imaging System (LiCor Biosciences, Lincoln, NE) and quantified using Odyssey
application software (version 2.1).

Statistical Analysis
Experiments were performed a minimum of three times on separate keratinocyte preparations
as indicated. Data were statistically evaluated with analysis of variance or a repeated measures
test and a Student-Newmann-Keul’s post-hoc test using Instat (GraphPad Software, San Diego,
CA).

RESULTS
We have proposed that PKD represents a pro-proliferative signaling enzyme in keratinocytes,
and this hypothesis has been supported by a number of lines of evidence (reviewed in [7]). To
provide additional support for this idea, we generated an adenovirus expressing a constitutively
active PKD mutant from a construct in pcDNA3 that was generously provided by Dr. Alex
Toker (Harvard Medical School, Boston, MA). In this mutant the serine residues at positions
738 and 742, which become phosphorylated by PKC to activate PKD, are mutated to
phosphorylation-mimicking glutamates (S>E), rendering the enzyme constitutively active.
After purification and titration, the adenovirus expressing the glutamate mutant or green
fluorescence protein (GFP) as a control was used to infect primary keratinocytes. Mutant PKD1
overexpression was verified by western analysis (Figure 1) and proliferation was monitored
as [3H]thymidine incorporation into DNA. We found that overexpression of the constitutively
active serine-738/742-to-glutamate PKD1 mutant (reviewed in [18]) significantly increased
DNA synthesis relative to GFP-infected keratinocytes, despite the fact that these keratinocytes
were already in a highly proliferative state [19]. On the other hand, overexpression of a
dominant-negative serine-738/742-to-alanine PKD1 mutant (reviewed in [18]) inhibited DNA
synthesis by approximately 50%. Thus, this result provides further evidence for a pro-
proliferative, possible tumorigneic, role of PKD in epidermal keratinocytes.

Since genetic manipulation for disease treatment is still not feasible, identification of
appropriate small molecule inhibitors directed towards appropriate targets is desirable for
possible therapeutic use. Wang and colleagues recently described the discovery of a reported
selective PKD inhibitor [20]. Therefore, we tested the ability of this inhibitor, CID755673, to
inhibit keratinocyte proliferation and TPA-induced PKD activation, as monitored by the
phosphorylation of serine 916, reported as a marker of PKD activation status [21]. We found
that CID755673 exhibited low potency in keratinocytes, with only the 50 µM concentration
significantly inhibiting DNA synthesis by a mere approximately 40% (Figure 2A). This result
is perhaps consistent with the recent findings of Torres-Marquez et al. [22], who found that
this inhibitor can increase DNA synthesis in fibroblasts in a PKD-independent manner. In
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addition, we observed low potency of CID755673 to inhibit TPA-induced PKD activation
either at a 25 (Figure 2B) or 50 µM concentration (data not shown).

Our data indicated that CID755673 is ineffective in keratinocytes; therefore, we investigated
the effects on keratinocyte function of reported non-selective PKD inhibitors. H89 is a cAMP-
dependent protein kinase (PKA) inhibitor [23] that is also reported to inhibit PKD [24]. We
investigated whether this compound would enhance the ability of 1,25(OH)2D3 to stimulate
transglutaminase activity, similar to the previously observed effect of the PKC/PKD inhibitor
Gö6976 [15]. Indeed, both H89 and 1,25(OH)2D3 had a small (although not significant in these
experiments) effect on transglutaminase activity (Figure 3A). However, the combination
produced a significant approximately three-fold increase in transglutaminase activity,
consistent with an ability of H89 to enhance the differentiative effect of 1,25(OH)2D3.

To determine whether the observed capacity of H89 to interact with 1,25(OH)2D3 was related
to its inhibition of PKA, the effect of a PKA inhibitor, myristoylated protein kinase inhibitor
(mPKI), on transglutaminase activity was also measured. As shown in Figure 3B, mPKI alone
did not alter transglutaminase activity. On the other hand, 1,25(OH)2D3 induced a significant
approximate two-fold increase in enzymatic activity, and co-incubation with mPKI had no
effect on this 1,25(OH)2D3–elicited stimulation. Both H89 and 1,25(OH)2D3 alone brought
about significant decreases in proliferation (Figure 3C). However, H89 enhanced the effect of
1,25(OH)2D3 , inducing a significantly greater reduction in DNA synthesis than either H89 or
1,25(OH)2D3 alone. Taken together, the results in Figure 3 suggest the possibility that H89
might be useful for inhibiting keratinocyte proliferation and promoting differentiation via its
inhibition of PKD rather than PKA.

To test the ability of H89 to inhibit PKC-mediated keratinocyte differentiation, we determined
the effect of H89 on the increase in transglutaminase activity by TPA. As shown in Figure 4A,
an acute exposure to TPA resulted in an approximate three-fold elevation in transglutaminase
activity, and H89 reduced this increase slightly (by about 30 percent). This result implies that
H89 has a minimal inhibitory effect on PKC activity, suggesting its possible utility for
preventing tumorigenesis, presumably via its inhibition of PKD. However, to further test this
interpretation, phosphorylation of PKD serine916 and PKC substrate serines was monitored by
western analysis both acutely (after 2 hours) and chronically (after 24 hours). As shown in
Figure 4B and C, neither H89 nor mPKI had a significant effect on PKD serine916

phosphorylation acutely, although there was a trend towards inhibition with H89. On the other
hand, both agents had a small but significant effect on acute PKC substrate serine
phosphorylation (Figure 4B and C), suggesting a possible minor effect on PKC activity. In
contrast, chronic (24-hour) treatment with H89 significantly inhibited PKD serine916

phosphorylation without affecting PKC substrate phosphorylation (Figure 4D and E).

Resveratrol is another agent that is reported to inhibit PKD without inhibiting PKC [25],
although there is controversy surrounding this issue, in that another laboratory has observed
PKC inhibition by resveratrol [26]. We investigated the effect of resveratrol alone and in
combination with 1,25(OH)2D3. Resveratrol (100 µM) itself significantly increased
transglutaminase activity by about two-and-a-half-fold and 1,25(OH)2D3 alone exerted a
similar approximate two-fold effect (Figure 5). Exposure to the combination significantly
enhanced the stimulation of transglutaminase activity relative to the response to either agent
alone, to an approximate three-and-a-half-fold increase over the control value. The ability of
resveratrol to stimulate transglutaminase activity was dose-dependent with a half-maximal
concentration of about 35 µM and a maximum at 75–100 µM (Figure 6A). Similarly, resveratrol
was able to also dose-dependently inhibit [3H]thymidine incorporation into DNA, a marker of
proliferation (Figure 6B). This inhibition was also half-maximal at a dose of approximately 35
µM and attained a maximal plateau level at about 75–100 µM.
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We determined the effect of resveratrol on PKC-mediated keratinocyte differentiation by
examining its ability to inhibit acute TPA-stimulated transglutaminase activity in
keratinocytes. Again, TPA induced an approximate two-fold increase in transglutaminase
activity (Figure 7A). Resveratrol alone (100 µM), at this short exposure time (6 hours), had no
significant effect on this differentiation parameter. However, resveratrol completely blocked
the stimulation of transglutaminase activity in response to TPA, returning values to control
levels. This result suggests that in keratinocytes resveratrol inhibits both PKD and PKC. This
idea was supported by western analysis of PKD serine916 and PKC substrate serine
phosphorylation levels (Figure 7B and C). Following a 2-hour preincubation, resveratrol
produced a small but significant inhibition of PKD serine916 phosphorylation and reduced PKC
substrate serine phosphorylation to a small extent (Figure 7B and C), suggesting that resveratrol
may, indeed, have a small effect to inhibit PKC activity in keratinocytes, although this agent
still retains the capacity to inhibit proliferation and stimulate differentiation, preseumably, at
least in part, through its ability to inhibit PKD.

In our experiments H89 and resveratrol both showed some apparent inhibition of PKC in
addition to their effects on PKD (Figures 4 and 7). Therefore, we investigated the ability of a
known PKC/PKD inhibitor, Gö6976, to inhibit TPA-induced tumor promotion (that is, the
biphasic proliferative response to phorbol ester), because we have previously extensively
characterized this compound and shown it to potently inhibit keratinocyte proliferation [15].
The related compound Gö6983, which like Gö6976 inhibits the classical PKC isoforms but
does not inhibit PKD ([27] and Table 1), can be used to differentiate the effects of classical
PKC versus PKD inhibition. We predicted that the PKC/PKD inhibitor Gö6976 would inhibit
chronic TPA-induced DNA synthesis without affecting acute TPA-elicited differentiation,
whereas we expected that Gö6983 would inhibit the initial PKC-mediated differentiation. To
test this idea, we treated keratinocytes for various time periods with 100 nM TPA in the
presence and absence of Gö6976 or Gö6983 prior to labeling cellular DNA with [3H]thymidine
and measuring DNA specific activity (cpm per µg DNA). As previously reported [13, 28] and
as illustrated in Figure 8A, acute (8-hour) treatment with TPA triggered a decrease (of about
80% relative to the control) in DNA specific activity, which was followed by an approximate
60% increase in DNA specific activity with chronic TPA exposure (at 48 hours). Whereas
simultaneous treatment with Gö6976 had no effect on TPA’s acute inhibition of DNA specific
activity, Gö6976 blocked the increase in DNA synthesis induced by chronic TPA exposure.
Gö6976 alone also decreased DNA specific activity over time, with significant effects observed
at 24 and 48 hours of exposure. On the other hand, Gö6983, which potently inhibits PKC but
not PKD [27], abolished both the acute inhibition and the chronic stimulation of DNA specific
activity in response to TPA but exhibited no significant effect itself.

An inhibition of proliferation in response to differentiating agents is one initial characteristic
of the keratinocyte differentiation induced by these agents. Transglutaminase activity, on the
other hand, is a marker of late differentiation. Therefore, we also examined the effect of Gö6976
and Gö6983 on TPA’s effect on transglutaminase activity. Again, as previously shown [13]
and consistent with the effects on DNA specific activity, TPA acutely stimulated
transglutaminase activity by approximately 3-fold, whereas chronic TPA induced a decrease
of about 60% (Figure 8B). As with the inhibition of DNA synthesis, Gö6976 had little or no
effect on the initial stimulation of differentiation but prevented the chronic inhibition of
transglutaminase activity in response to TPA treatment, and in fact, stimulated
transglutaminase activity itself (by approximately 4-fold). On the other hand, Gö6983
prevented the acute differentiative response to TPA and had essentially no effect on the chronic
inhibition of transglutaminase activity. In summary, the keratinocyte differentiative action of
the various agents inversely mirrored their effects on DNA specific activity.
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Gö6976 is reported to inhibit classical PKCs and PKD [27,29] while Gö6983 inhibits classical
PKCs and PKC-δ (and PKC-ζ [30]) but not PKD [27] (summarized in Table 1). On the other
hand, PKD is known to be transphosphorylated and activated by several PKC isoforms
(reviewed in [7,18]), and, in fact, mutation to alanines of serine residues 744 and 748, those
normally phosphorylated by PKCs, results in an inactivatable PKD mutant [31]. To verify the
effects of these inhibitors on PKD and PKC activities, keratinocytes were preincubated for 30
minutes with the inhibitors prior to stimulation for 15 minutes with TPA and western analysis
of PKD serine916 phosphorylation and serine phosphorylation of PKC substrates using the
appropriate antibodies. Autophosphorylation of serine 916 has been reported to be a marker
for the activation of PKD [21]. As shown in Figure 9, Gö6976 inhibited PKD serine916

phosphorylation to a small but significant extent and showed comparable effects on PKC
substrate serine phosphorylation. Gö6983 also induced a small but significant inhibition of
PKD serine916 phosphorylation; whereas this agent completely blocked PKC substrate serine
phosphorylation (Figure 9). This result: (1) indicates the importance of PKC to TPA-elicited
PKD activation, as observed in other sytems (reviewed in [7,18]) and (2) provides evidence,
together with the data in Figure 8, to support the idea that potent inhibition of PKC can block
early differentiation events in response to TPA. In addition, these results suggest that
compounds that inhibit PKD may be useful for the prevention of epidermal tumorigenesis.

DISCUSSION
Although TPA is known as a potent tumor promoter, the exact mechanism of its action to
generate neoplasms is unclear. Thus, in epidermal keratinocytes Yuspa and colleagues have
described the ability of chronic treatment with TPA to induce proliferation in vitro, and such
cultures treated with TPA have been used as in situ models for mouse tumor formation [32].
However, the initial keratinocyte response to TPA is differentiation, as monitored by a decrease
in DNA synthesis or an increase in differentiation markers like transglutaminase activity [15,
28]. A similar effect, an acute differentiative followed by a chronic proliferative (tumorigenic)
response, is observed in vivo [33]. Upon exposure to TPA, approximately half of a population
of keratinocytes is induced to differentiate and sloughs from the culture dish [34]. The
remaining cells are resistant to differentiation in response to elevated extracellular calcium
levels or a second exposure to TPA [34], suggesting that differentiation-resistant keratinocytes
have been selected. Thus, it has been hypothesized that TPA contributes to tumor promotion
by inducing the differentiation of sensitive cells, opening a “niche” into which the selected
differentiation-resistant cells can expand (reviewed in [35]).

On the other hand, TPA can also activate PKD. The mechanism of activation of PKD involves
transphosphorylation by other protein kinases in several cell systems (reviewed in [7]). For
example, oxidative stress activates non-receptor tyrosine kinases that phosphorylate PKD on
tyrosine 463 (tyrosine 469 in mouse PKD) to induce activation. Novel PKCs, particularly
PKCδ, PKCε and PKCη, activated in response to stimuli-induced diacylglycerol generation,
can also phosphorylate PKD on serines 738/742 (744/748 of mouse PKD) and activate the
enzyme (reviewed in [7]). Work from Toker’s laboratory suggests that phosphorylation of
tyrosine 463 and serines 738/742 is required for maximal activity of the enzyme [9]. Thus,
PKD seems to be a downstream effector of both PKCs and tyrosine kinases. Since TPA can
both activate PKC and induce oxidative stress in keratinocytes (e.g., [36]), presumably the
tumor promoter can activate PKD by both mechanisms. Indeed, this interpretation is supported
by our finding that Gö6983 completely inhibited PKC activity but only partially inhibited PKD
serine916 phosphorylation (Figure 9).

Our results with the two inhibitors, Gö6976 and Gö6983 also suggest that whereas PKC
mediates differentiation and sloughing of keratinocytes to open up the “niche” and allow TPA-
resistant cells to multiply, PKD is involved in the actual proliferation of these resistant
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keratinocytes. Thus, the PKC inhibitor Gö6983 blocked both the initial reduction in DNA
synthesis and the subsequent rise in DNA specific activity, as well as the initial stimulation of
transglutaminase activity, observed in response to TPA. On the other hand, the PKC/PKD
inhibitor Gö6976 had no effect on the acute decrease in DNA specific activity or the promotion
of differentiation but inhibited the later increase (Figure 8). Gö6976 alone also inhibited DNA
synthesis at later times, an effect that is unlikely to represent non-specific cytotoxicity based
on our previous reports [15].

The lack of a significant effect of Gö6976 on the early TPA-induced inhibition of DNA
synthesis is perhaps unexpected since this compound should inhibit most of the same PKC
isoforms that mediate the differentiation blocked by Gö6983. This result suggests that PKD
also normally inhibits differentiation, as we previously suggested ([13] and reviewed in [7]).
Since Gö6976 inhibits both proproliferative, antidifferentiative PKD and prodifferentiative
PKC, this compound might be predicted to either induce or inhibit differentiation, depending
on its potency towards the protein kinases and the relative importance of each kinase in
keratinocyte biology. In fact, since Gö6976 exhibits essentially equal potency towards
conventional PKCs [29] and PKD [27], our results suggest that the pro-proliferative, anti-
differentiative effect of PKD predominates in our primary mouse keratinocytes. On the other
hand, we observed that Gö6983 reduced PKD serine916 phosphorylation (Figure 9), consistent
with the fact that in several cell types PKD can be activated by PKC (reviewed in [7]). However,
usually the novel PKC isoform(s), rather than conventional PKCs, are involved in this
activation of PKD (e.g., [37] and reviewed in [7]), suggesting that perhaps Gö6983’s inhibition
of PKC-δ is particularly relevant to its ability to inhibit PKD activation as well as TPA-induced
differentiation. In support of this latter idea, Ohba et al. [38] have shown that adenovirus-
mediated overexpression of PKC-δ triggers growth arrest and induces transglutaminase
expression in keratinocytes.

The idea that PKD exerts anti-differentiative effects argues that when PKD activity is blocked
by a PKD (or PKC/PKD or PKA/PKD) inhibitor, keratinocytes should be induced to
differentiate. Indeed, in a previous report we demonstrated that compounds with high potency
towards PKD induced keratinocyte differentiation and enhanced the differentiative response
to 1,25(OH)2D3, as measured by an increase in the late differentiation marker, transglutaminase
activity, whereas those that were ineffective towards PKD did not [15]. Why then was Gö6983,
which also inhibited PKD activation as shown by its reduction of PKD serine916

phosphorylation (Figure 9), unable to induce differentiation? We believe that the answer lies
in the ability of Gö6983 to efficiently inhibit PKC (Figure 9): by inhibiting PKC activity,
perhaps particularly that of PKC-δ as mentioned above, Gö6983 not only prevents PKD from
achieving full activity but also blocks various differentiative events as well (as summarized in
the model in Figure 10). Indeed, Gö6983 returned PKC substrate phosphorylation levels to the
control value (Figure 9). The inability of TPA to induce sloughing of resistant cells and open
up a niche under these conditions, i.e., inhibition by Gö6983, also prevents the secondary
proliferation (i.e., tumor-promoting effect) in response to TPA (illustrated in Figure 10).

In the work reported here, the PKA/PKD inhibitor H89 exerted a similar effect to Gö6976 on
transglutaminase activity, whereas the PKA inhibitor mPKI did not (Figure 3). Although
western analysis showed no significant H89-induced inhibition of PKD serine916

phosphorylation after a short incubation period (a total time of 135 minutes with H89), after
24 hours, the time period examined for effects on transglutaminase activity, H89 significantly
inhibited PKD serine916 phosphorylation (Figure 4). Similarly, the reported PKD inhibitor
resveratrol, which exerted a small but significant inhibitory effect on PKD autophosphorylation
(Figure 7), also stimulated transglutaminase activity alone and increased 1,25(OH)2D3’s effect
(Figure 5). However, although H89 had little effect on TPA-stimulated transglutaminase
activity (Figure 4), suggesting that it is not an effective PKC inhibitor, this agent induced a
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small but significant inhibition of PKC substrate serine phosphorylation acutely (Figure 4D
and E). Whether this is an ability of H89 to exert a minimal inhibitory effect on PKC activity,
a potential non-specificity of the anti-phosphoserine PKC substrate antibody (i.e., cross-
reactivity with phosphorylated PKA substrates) or possible crosstalk between the PKC and
PKA pathways is unknown, although mPKI also exerted a similar small but significant effect
on the observed PKC substrate immunoreactive bands (Figure 4B and C). On the other hand,
chronic treatment with H89 did not result in an inhibition of PKC substrate phosphorylation
(Figure 4D and E), suggesting that H89 is relatively selective for inhibition of PKA and PKD.
In contrast to H89, resveratrol completely blocked the transglutaminase response to TPA
(Figure 7) and returned PKC substrate serine phosphorylation levels to a value that was not
significantly different from control (Figure 7). Thus, our results suggest that in keratinocytes,
as in vitro [26], resveratrol can inhibit PKC as well as PKD.

In summary, our data support a the possibility of using relatively selective PKD inhibitors for
the prevention and/or treatment of epidermal tumorigenesis and possibly other skin diseases
characterized by hyperproliferation, such as psoriasis. However, a currently available PKD
inhibitor showed low potency (CID755637); other inhibitors such as Gö6976 and H89 are only
relatively selective for PKD. Indeed, there is a concern that PKC/PKD inhibitors like Gö6976
may be especially inappropriate since in addition to PKD they inhibit pro-differentiative PKC,
although at least in vitro Gö6976 appears able to inhibit the chronic effect of TPA to stimulate
proliferation, and our results suggest that Gö6976 may be useful for preventing epidermal
tumor formation. The PKA/PKD inhibitor H89 might also exhibit utility in this regard despite
the fact that the PKA pathway is also important in regulating growth in other cell types
(reviewed in [39]). Similarly, our results also provide evidence that resveratrol, whether
through its inhibition of PKD or perhaps effects on other enzymes such as sirtuin [40], should
be useful for inhibiting keratinocyte proliferation and stimulating differentiation in
hyperproliferative skin disorders. Therefore, these relatively selective inhibitors of PKD could
be effective weapons in the pharmaceutical arsenal for the treatment of such skin diseases.

Abbreviations

1,25(OH)2D3 1,25-dihydroxyvitamin D3

Gö6976 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo(2,3-
a)pyrrolo(3,4-c)-carbazole

Gö6983 3-[1-[3-(dimethylamino)propyl]-5-methoxy-1H-indol-3-yl}-4-(1H-
indol-3-yl)-1H-pyrrole-2,5-dione

H89 N-[2-(p-bromocinnamylamino) ethyl]-5-isoquinoline-sulfonamide

mPKI myristoylated protein kinase A inhibitor

PKA protein kinase A, cAMP-dependent protein kinase

PKC protein kinase C

PKD protein kinase D

Resveratrol trans-3,5,4’-trihdroxystilbene

TPA 12-O-tetradecanoylphorbol 13-acetate
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Figure 1.
Adenovirus-mediated Overexpression of PKD1 in Primary Mouse Epidermal Keratinocytes
Enhanced DNA Synthesis. Primary keratinocytes were mock-infected (Con) or incubated for
24 hours with purified, titred GFP-expressing virus (GFP) or adenovirus expressing
constitutively active PKD1 in which serines 738 and 742 are mutated to glutamates (S>E) or
dominant-negative PKD1 in which serines 738 and 742 are mutanted to alanines (S>A). (A
and C) Cell lysates were collected and PKD1 overexpression was verified by western analysis.
Illustrated is a blot representative of three separate experiments. (B and D) Keratinocytes
infected with GFP- or constitutively active mutant PKD1 (serine-738/742-to-glutamate, Panel
B) or dominant-negative mutant PKD1 (serine-738/742-to-alanine, Panel D) adenovirus were
incubated for one hour with 1 µCi/mL [3H]thymidine, and [3H]thymidine incorporation into
DNA was measured as described in Methods. Values represent the means ± SEM of 6 samples
from 3 separate experiments (note that for some values the error bars fall within the column
boundary); *p<0.05, ***p<0.001 versus the GFP-infected control.

Arun et al. Page 13

J Dermatol Sci. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
The Reported PKD Inhibitor, CID755673 Exhibited Low Potency to Inhibit Keratinocyte
Proliferation or TPA-induced PKD Activation. (A) Near-confluent keratinocytes were treated
with or without various concentrations of CID755673 as indicated for 24 hours prior to the
addition of 1 µCi/mL [3H]thymidine for 60 minutes. [3H]Thymidine incorporation into DNA
was then determined as in [15]. Values are expressed relative to the control (zero) and represent
the means ± SEM of three independent experiments performed in duplicate; *p<0.05 versus
the control. (B) Keratinocytes were pretreated for 2 hours with vehicle (DMSO, 0.1%) or 25
µM CID755673 prior to stimulation for 15 minutes with or without 100 nM TPA as indicated.
Cells were harvested and subjected to western analysis as described in Methods. This
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experiment was repeated twice with similar results. Comparable data were obtained in three
separate experiments performed with 50 µM CID755673 (data not shown).
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Figure 3.
The Protein Kinase A (PKA)/PKD Inhibitor H89, but not the PKA Inhibitor mPKI, Stimulated
Transglutaminase Activity and Enhanced the Effect of 1,25-Dihydroxyvitamin D3. Near-
confluent keratinocytes were treated for 24 hours with or without 250 nM 1,25-
dihydroxyvitamin D3 (D3) in the presence and absence of (A) 20 µM H89 or (B) 10 µM
myristylated protein kinase inhibitor (mPKI). The cells were then harvested and
transglutaminase activity measured as in [15]. Values represent the means ± SEM of the
percentage relative to the control, with all values normalized to protein content, from 3–5
separate experiments; *p<0.001 versus the control; †p<0.05 relative to D3 alone. (C) Near-
confluent keratinocytes treated for 24 hours with or without 250 nM D3 in the presence and

Arun et al. Page 16

J Dermatol Sci. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



absence of 20 µM H89 or 10 µM mPKI were assayed for [3H]thymidine incorporation into
DNA as described in Materials and Methods. Values represent the means ± SEM of the
percentage relative to the control, with all values normalized to protein content, from 3–5
separate experiments; *p<0.01 versus the control; †p<0.05 relative to D3 alone; §p<0.05 versus
the corresponding mPKI value.
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Figure 4.
H89 Had Little Effect on TPA-stimulated Transglutaminase Activity or PKC-mediated
Substrate Phosphorylation. (A) Near-confluent to confluent keratinocytes were treated for 6
hours with or without 100 nM TPA in the presence and absence of 20 µM H89. The cells were
then harvested and transglutaminase activity measured as in [15]. Values represent the means
± SEM of the percentage relative to the control, with all values normalized to protein content,
from 6 separate experiments; *p<0.05 versus the control. (B and C) Keratinocytes were
pretreated for 30 minutes with vehicle (DMSO, 0.1%), 20 µM H89 or 10 µM mPKI prior to
stimulation for 15 minutes with or without 100 nM TPA as indicated. Cells were harvested
and subjected to western analysis as described in Methods. Panel (B) shows a representative
blot. (C) Values represent the means ± SEM of 3 separate experiments and are expressed as
the percent of the control with all values normalized to actin; **p<0.01, ***p<0.001 versus
the control value; †p<0.05 versus TPA alone. (D) Keratinocytes were incubated with vehicle
(DMSO, 0.1% DMSO), 20 µM H89 or 10 µM mPKI for 24 hours. Harvested cell lysates were
subjected to western analysis as described in Methods. Panel (D) shows a representative blot.
(E) Values represent the means ± SEM of 3 separate experiments and are expressed as the
percent of the control with all values normalized to actin; *p<0.05 versus the control value.
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Figure 5.
Resveratrol Enhanced the Effect of 1,25-Dihydroxyvitamin D3 on Transglutaminase Activity.
Near-confluent keratinocytes were treated for 24 hours with or without 250 nM 1,25-
dihydroxyvitamin D3 (D3) in the presence and absence of 100 µM resveratrol. The cells were
then harvested and tranglutaminase activity measured as in [15]. Values are expressed relative
to the control and represent the means ± SEM of 3 independent experiments performed in
triplicate; *p<0.01, **p<0.001 versus the control; †p<0.01 versus D3 alone.
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Figure 6.
Resveratrol Dose-dependently Stimulated Transglutaminase Activity and Inhibited DNA
Synthesis in Epidermal Keratinocytes. (A) Near-confluent keratinocytes were treated with or
without various concentrations of resveratrol as indicated for 24 hours prior to the addition of
1 µCi/mL [3H]thymidine for 60 minutes. [3H]Thymidine incorporation into DNA was then
determined as in [15]. Values are expressed relative to the control and represent the means ±
SEM of four independent experiments performed in duplicate; *p<0.01, **p<0.001 versus the
control. (B) Near-confluent keratinocytes were treated with or without various concentrations
of resveratrol as indicated for 24 hours. The cells were then harvested and transglutaminase
activity measured as in [15]. Values are expressed relative to the control and represent the
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means ± SEM of 4 independent experiments performed in duplicate; *p<0.01 versus the
control.
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Figure 7.
Resveratrol Inhibited the Stimulatory Effect of an Acute TPA Treatment on Transglutaminase
Activity, as well as TPA-induced PKD Activation and PKC Substrate Serine Phosphorylation,
in Epidermal Keratinocytes. (A) Near-confluent keratinocytes were treated for 6 hours with or
without 100 nM TPA in the presence and absence of 100 µM resveratrol. The cells were then
harvested and transglutaminase activity measured as in [15]. Values are expressed relative to
the control and represent the means ± SEM of 4 independent experiments performed in
duplicate; *p<0.001 versus the control; †p<0.001 versus TPA alone. (B and C) Keratinocytes
were pretreated for 2 hours with vehicle (DMSO, 0.1%) or 100 µM resveratrol prior to
stimulation for 15 minutes with or without 100 nM TPA as indicated. [Note that a shorter
preincubation of 30 minutes produced lesser inhibitory effects (data not shown), suggesting a
time dependence to resveratrol’s inhibitory action.] Cells were harvested and subjected to
western analysis as described in Methods. Panel (B) shows a representative blot. (C) Values
represent the means ± SEM of 3 separate experiments and are expressed as the percent of the
control with all values normalized to actin; *p<0.05, **p<0.001 versus the control value;
†p<0.05 versus TPA alone.
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Figure 8.
The Protein Kinase C/PKD Inhibitor, Gö6976, Inhibited the Late TPA-induced Proliferation
but not the Initial TPA-elicited Inhibition of Proliferation, as well as the Late TPA-induced
Stimulation of Transglutaminase Activity but not the Initial TPA-elicited Effect. (A) Near-
confluent keratinocytes were treated in the presence and absence of 100 nM TPA with and
without the various inhibitors, as shown, for the indicated times prior to the addition of 1 µCi/
mL [3H]thymidine for 60 minutes. The cells were then harvested and DNA specific activity
was determined as in [13]. Values represent the means ± SEM of 3 independent experiments
performed in duplicate; *p<0.01, **p<0.001 versus the control; +p<0.001 versus TPA alone.
(B) Near-confluent keratinocytes treated in the presence and absence of 100 nM TPA with and
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without the various inhibitors, as shown, for the indicated times were harvested and
transglutaminase activity was determined as in [13]. Values represent the means ± SEM of 3
independent experiments performed in duplicate; *p<0.01, **p<0.001 versus the control;
+p<0.01 versus TPA alone.
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Figure 9.
Both Gö6976 and Gö6983 Inhibited TPA-induced PKD Activation and PKC Substrate Serine
Phosphorylation. Keratinocytes were pretreated for 30 minutes with vehicle (DMSO, 0.1%),
1 µM Gö6976 or 1 µM Gö6983 prior to stimulation for 15 minutes with or without 100 nM
TPA as indicated. Cells were harvested and subjected to western analysis as described in
Methods. Blots were cut using the molecular weight standards as markers and incubated with
primary antibodies recognizing phosphoserine916 PKD, phosphoserine PKC substrates or
actin. Immunoreactive bands, visualized with IRdye-coupled secondary antibodies, were
quantified using the Odyssey Infrared Imaging system. (A) shows a representative blot. (B)
Values represent the means ± SEM of 3 separate experiments and are expressed as the percent
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of the control with all values normalized to actin; *p<0.05, **p<0.01, ***p<0.001 versus the
control value; †p<0.05, ††p<0.01, †††p<0.001 versus TPA alone.
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Figure 10.
A model depicting the proposed mechanism of action of PKC and PKD in tumorigenesis. (A)
Illustrates the relationship between TPA and PKC in the activation of PKD in keratinocytes.
TPA substitutes for DAG in binding to the cysteine-rich domains of PKC, thereby producing
the active enzyme (PKC*). TPA also recruits PKD to the plasma membrane, where it can be
phosphorylated by PKC (particularly novel PKC isoforms) on serines 744 and 748 to yield
active PKD (PKD*). {At the same time through an unknown mechanism, TPA induces
oxidative stress [and the generation of reactive oxygen species], which activates tyrosine
kinases, such as Src and/or Abl. Active tyrosine kinase also phosphorylates PKD on tyrosine
469 (tyrosine 463 in human), not only to activate PKD but also to promote PKC-mediated
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phosphorylation on serines 744/748. The combination of serine 744/748 and tyrosine 469
phosphorylation elicits maximal PKD activation.} The PKC inhibitor Go¨6983 inhibits PKD
phosphorylation mediated by PKC (most likely PKCdelta), whereas the conventional PKC/
PKD inhibitor Go¨6976 inhibits primarily PKD activity. (B) Shown is the stratum basale, or
basal layer, of the epidermis with cells sitting on the basal lamina (BL). Exposure to TPA
activates PKC, as well as PKD through novel PKC isoform-mediated transphosphorylation
(see panel A). PKC activation induces differentiation of TPA-sensitive keratinocytes, which
then migrate from the basal layer to be sloughed (eventually) to the environment or culture
medium. However, elevated levels and/or activity of anti-differentiative PKD is proposed to
protect the keratinocytes from TPA-elicited differentiation, thus selecting for TPA-resistant
cells, which proliferate to fill the niche vacated by the differentiating basal keratinocytes.
Further TPA stimulation of these resistant cells results in additional proliferation and tumor
promotion.
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