*Manuscript

Click here to view linked References

O©CoO~NOOTA~AWNE

10

11

12

13

14

15

16

17

18

19

20

Cellular Signalling Revised MS CLS-D-16-00264

A novel regulatory relationship between RIPK4 and ELF3 in keratinocytes

Glen M. Scholz, Nur S. Sulaiman®, Sahar Al Baiiaty', Mei Qi Kwa?, and Eric C. Reynolds

Oral Health Cooperative Research Centre, Melbourne Dental School, Bio21 Molecular

Science and Biotechnology Institute, University of Melbourne, Victoria 3010, Australia.

! These authors made equal contributions.

2 Current address: Institute of Molecular and Cell Biology, A*STAR, Singapore.

Running title: RIPK4 and ELF3 in keratinocytes

The abbreviations used are: ActD, actinomycin D; CHX, cycloheximide; ELF3, E74-like

factor 3; GRHL3, Grainyhead-like 3; IRF6, Interferon regulatory factor 6; I\VVL, involucrin;

OVOL1, Ovo-like zinc-finger 1; RIPK, Receptor-interacting protein kinase; SPRR, small

proline-rich protein; TGM, transglutaminase.

Page 1 of 25


http://ees.elsevier.com/cls/viewRCResults.aspx?pdf=1&docID=8033&rev=1&fileID=176126&msid={1F6AB8EE-B304-4C56-B9FA-DC35F2DB0673}

O©CoO~NOOTA~AWNE

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Abstract

Keratinocytes are central to the barrier functions of surface epithelia, such as the gingiva
and epidermis. RIPK4 is a key regulator of keratinocyte differentiation; however, the
signalling pathways in which it functions remain poorly defined. In this study, we identified a
regulatory relationship between RIPK4 and ELF3, an ETS family transcription factor. RIPK4
was shown to be important for the upregulation of ELF3 gene expression by the PKC agonist
PMA in both oral and epidermal keratinocytes. RIPK4 promotes keratinocyte differentiation
in part by phosphorylating and thereby activating the IRF6 transcription factor. Significantly,
silencing of IRF6 inhibited the PMA-inducible expression of ELF3. A role for the GRHL3
transcription factor, a downstream target gene of IRF6, in the regulation of ELF3 expression
was similarly demonstrated. ELF3 has previously been shown to regulate the expression of
SPPR1A and SPRR1B, small proline-rich proteins that contribute to the cornification of
keratinocytes. Consistently, RIPK4 and IRF6 were shown to be required for the PMA-
inducible expression of SPRR1A and SPRR1B. They were also shown to be important for the
upregulation of TGML1, a transglutaminase that catalyses the cross-linking of proteins,
including small proline-rich proteins, during keratinocyte cornification. RIPK4 was also
shown to upregulate the expression of TGM2 independently of IRF6. Collectively, our
findings position RIPK4 upstream of a hierarchal IRF6-GRHL3-ELF3 transcription factor
pathway in keratinocytes, as well as provide insight into a potential role for RIPK4 in the

regulation of keratinocyte cornification.
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1. Introduction

The stratified squamous epithelia of the oral cavity, as well as other surface epithelia
(e.g. epidermis), provide protection against mechanical and chemical damage, and biological
insults [1, 2]. The epithelia, which are organised into layers of morphologically and
biochemically distinct cells, are highly dynamic and maintained through tightly regulated
keratinocyte proliferation and differentiation [2, 3]. Tissue renewal, in turn, is initiated by
stem cell populations in the basal layer that undergo a limited number of cell divisions before
initiating terminal differentiation as they migrate towards the superficial layers. Depending on
anatomical location, keratinocytes may also become enucleated, flattened, and cornified [2-4].

Cornification greatly strengthens the barrier functions of keratinocytes. During the final
stages of keratinocyte terminal differentiation, the nucleus and its DNA are degraded and
keratin filaments are aggregated into tight bundles by filaggrin to promote the collapsing of
the cell into a flattened shape [2, 4]. Concomitantly, the cornified envelope is assembled just
under the cell membrane through the cross-linking of various proteins (e.g. involucrin,
loricrin, and small proline-rich proteins) by calcium-dependent transglutaminases, for
example, transglutaminase-1 (TGML1). Intracellular lipids from lamellar bodies are also
deposited in the cell membrane, where they become covalently attached to the cornified
envelope as well as extruded from the cell to form intercellular lamellae. Collectively, this
results in the replacement of the keratinocyte cell membrane with an insoluble structure that
protects the underlying epithelial tissues [2, 4]. Keratinocytes also play active roles in
epithelial homeostasis and host defence by producing cytokines that promote inflammation
and wound healing in response to injury and infection [5].

Receptor-interacting protein kinase 4 (RIPK4) is an important regulator of keratinocyte
differentiation [6]. For instance, the epidermis of Ripk4-deficient mice is disorganised and

expanded, and the outermost cornified layers are absent, resulting in defective barrier function
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[6, 7]. Mutations in RIPK4 cause Bartsocas-Papas syndrome [8, 9], a congenital syndrome
that is characterised by severe oral and epidermal abnormalities. At the molecular level,
RIPK4 can activate NF-xB [10-13], a critical regulator of epithelial tissue homeostasis [14].
Significantly, RIPK4 can directly activate Interferon regulatory factor 6 (IRF6) [12]. IRF6 is
an important transcriptional regulator of keratinocyte differentiation and promotes the switch
from proliferation to differentiation [15, 16]. IRF6 regulates keratinocyte differentiation in
part by inducing the expression of the transcription factors Grainyhead-like 3 (GRHL3) and
Ovo-like zinc-finger 1 (OVOL1) [12, 17, 18]. Similar to Ripk4-deficient mice, the spinous
layer in the epidermis of Irf6-deficient mice is expanded, and the granular and cornified layers
appear to be absent [15]. We recently established that RIPK4 also regulates the expression of
proinflammatory cytokines by keratinocytes through its activation of IRF6 [19]. Thus, RIPK4
appears to function as a key regulatory nodal point in the maintenance of epithelia
homeostasis.

To understand further the role of RIPK4 in keratinocytes, we sought to identify
additional target genes of RIPK4 signalling. We show here that RIPK4 signalling regulates
the expression of the ETS family transcription factor E74-like factor 3 (ELF3) in human
keratinocytes. Specifically, our data suggest that RIPK4 promotes ELF3 gene expression via
the IRF6-mediated upregulation of GRHL3. Moreover, this RIPK4-regulated IRF6-GRHL3-
ELF3 transcriptional network appears to control the expression of genes (e.g. SPRR1 and

TGM1) that directly mediate keratinocyte cornification.

2.  Materials and Methods

2.1 Reagents
Keratinocyte serum-free medium and supplements (human EGF and bovine pituitary extract)

(Cat. no. 37010022), GlutaMax-1 (Cat. no. 35050061), Opti-MEM I reduced serum medium
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(Cat. no. 31985062), Lipofectamine RNAIMAX transfection reagent (Cat. no. 13778150), and
the Silencer Select RIPK4 siRNA (Cat. no. 4390824, siRNA 1D: s28865) and GRHL3 siRNA
(Cat. no. 4392420, siRNA ID: s33754) were from Life Technologies. KGM-Gold BulletKit
keratinocyte growth medium (Cat. no. 00192152) and ReagentPack (Cat. no. CC-5034) were
purchased from Lonza. The ON-TARGETDplus IRF6 siRNA (Cat. no. J-012227-05) was from
GE Healthcare. Phorbol 12-myristate 13-acetate (Cat. no. P8139), actinomycin D (Cat. no.
A9415), cycloheximide (Cat. no. C7698), and dimethylsulphoxide (Cat. no. D8418) were

from Sigma-Aldrich.

2.2 Cell culture

Human OKF6/TERT-2 oral keratinocytes were cultured in keratinocyte serum-free medium
supplemented with 0.4 ng/ml human EGF, 25 pg/ml bovine pituitary extract, 0.4 mM CaCl,,
and 2 mM GlutaMax-1. Normal human epidermal keratinocytes were obtained from Lonza
(Cat. no. 192627) and cultured in KGM-Gold medium according to the protocol provided by

the supplier. All cells were maintained at 37°C in a humidified atmosphere of 5% CO,.

2.3 Stimulation of keratinocytes with phorbol 12-myristate 13-acetate

OKF6/TERT-2 cells and normal human epidermal keratinocytes were allowed to adhere
overnight. Thereafter, the cells were stimulated with 100 ng/ml phorbol 12-myristate 13-
acetate (PMA) in dimethylsulfoxide (DMSO) for the times indicated in the figure legends.

Time-matched, control cells were treated with 0.1% DMSO.

2.4 Inhibition of RNA transcription and protein synthesis

RNA transcription was inhibited by pretreating OKF6/TERT-2 cells with 1 pg/ml

actinomycin D for 30 min prior to stimulation with PMA for 6 h. Protein synthesis was
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inhibited by pretreating cells with 20 ug/ml cycloheximide for 30 min prior to stimulation
with PMA for 6 h. Time-matched, control cells were treated with 0.1% DMSO or 0.1%

ethanol, respectively.

2.5 RNA interference-mediated gene silencing

A reverse-transfection protocol was used for siRNA transfection of OKF6/TERT-2 cells and
normal human epidermal keratinocytes. Briefly, the siRNA were diluted to 120 nM with 100
pl Opti-MEM | reduced serum medium, mixed with 100 pl Opti-MEM | reduced serum
medium containing 1 pl Lipofectamine RNAIMAX (Life Technologies), and incubated at
room-temperature for 15-20 min. OKF6/TERT-2 cells and normal human epidermal
keratinocytes (2 x 10° cells in 1 ml medium) were seeded into 12-well plates and incubated
with the siRNA transfection cocktail overnight. Thereafter, the medium was replaced and the
cells stimulated with PMA 48 h (OKF6/TERT-2 cells) or 72 h (normal human epidermal

keratinocytes) post-transfection.

2.6 RNA purification and reverse transcription

Total RNA was purified using the ReliaPrep RNA Cell miniprep system (Promega, Cat. no.
Z6012), which includes an on-column DNase-treatment step. RNA was reverse transcribed
into cDNA using random primers and GoScript Reverse Transcriptase (Promega, Cat. no.
A6110) according to the manufacturer’s instructions. Briefly, 500 ng RNA was incubated in
20 ul of reaction buffer supplemented with MgCl,, PCR nucleotide mix, RNasin ribonuclease
inhibitor, 500 ng random primers, and 1 ul GoScript Reverse Transcriptase, for: 5 min at
25°C, 60 min at 42°C, and 15 min at 75°C. The cDNA was typically diluted 1:4 with water

prior to analysis by real-time PCR.
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2.7 Gene expression profiling

Two micrograms of RNA was reverse transcribed as described above. The cDNA (100 ng/ul)
was mixed with TagMan OpenArray Real-Time master mix (Life Technologies, Cat no.
4462164), and then loaded onto an OpenArray Human Inflammation plate (Life
Technologies, Cat. no. 4475389) using an OpenArray AccuFill System. PCR was performed
on a QuantStudio 12K Flex Real-Time PCR System. The data were normalised against
hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene expression using Expression

Suite Software (version 1.0.1).

2.8 Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed in triplicate using GoTaq Probe g°PCR
Master Mix (Promega, Cat. no. A6102) and pre-developed TagMan assays (Life
Technologies) for the following genes: ELF3 (Assay ID: Hs00963881_m1), GRHL3 (Assay
ID: Hs00297962_m1), IRF6 (Assay ID: Hs00196213 m1), IVL (Assay ID:
Hs00902520 m1), OVOL1 (Assay ID: Hs00190060 m1), RIPK4 (Assay ID:
Hs01062501_m1), SPRR1A (Assay ID: Hs00954595 s1), SPRR1B (Assay ID:
Hs00824893 m1), TGML1 (Assay ID: Hs00165929 m1), TGM2 (Assay ID:
Hs00190278 m1), and TGM3 (Assay ID: Hs00162752_m1). PCR was performed on a
QuantStudio 7 Flex Real-Time PCR System, and the data was normalised against HPRT (Life
Technologies, Cat. no. 4326321E) or TBP (Life Technologies, Cat. no. 4326322E) gene

expression.

2.9 Statistical analysis

Data combined from three or more independent biological replicates are presented as the

mean £ SEM. Statistical analysis was performed using GraphPad Prism 6 (GraphPad
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Software). Differences between two groups were evaluated using the Student’s t test. For
multiple comparisons, statistical analysis was performed using a one-way analysis of variance

(ANOVA). A p value <0.05 was considered to be statistically significant.

3. Results

3.1 RIPK4 regulates ELF3 gene expression in human keratinocytes

In addition to regulating the PKC-mediated differentiation of keratinocytes [12], RIPK4
also regulates their expression of proinflammatory cytokines [19]. To understand further the
function of RIPK4 in keratinocytes, we sought to identify additional target genes of RIPK4
signalling. To that end, OKF6/TERT-2 human oral keratinocytes (hereafter referred to as
OKF6 cells) were transfected with a RIPK4 siRNA (Fig. 1A), and subsequently stimulated
with the PKC agonist phorbol 12-myristate 13-acetate (PMA). Genes that were dependent on
RIPK4 for their PMA-inducible expression were identified using the OpenArray Human
Inflammation panel, and specific genes then validated by real-time PCR (gPCR). In addition
to inflammatory cytokines, including some we had recently identified (e.g. CCL5) [19], ELF3
was identified as a PMA-inducible, RIPK4-dependent gene (Fig. 1B). ELF3 is an epithelium-
specific ETS family transcription factor, and its expression is upregulated during calcium-
induced epidermal keratinocyte differentiation [20, 21]. Basal ELF3 gene expression in OKF6
cells was also found to be RIPK4-dependent (Fig. 1B). Given that RIPK4 partly regulates
downstream gene expression by activating IRF6 [12], we investigated whether IRF6 was
important for ELF3 gene expression. The transfection of OKF6 cells with an IRF6 siRNA,
which reduced IRF6 expression by >80% (Fig. 1C), strongly inhibited the PMA-inducible
expression of ELF3 (Fig. 1D).The silencing of RIPK4 and IRF6 also inhibited the stimulation

of ELF3 gene expression by PMA in normal human epidermal keratinocytes (Fig. 1E-F).
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Collectively, these data suggest that RIPK4 regulates ELF3 gene expression in keratinocytes

by activating IRF®6.

3.2 ELF3 gene expression is regulated downstream of GRHL3 in keratinocytes

A putative IRF6-response element has recently been described for several IRF6-regulated
genes, including GRHL3 [17, 18]. However, we were unable to identify potential binding
sites for IRF6 in the ELF3 gene (data not shown). IRF6 promotes PKC-mediated keratinocyte
differentiation in part by upregulating the expression of GRHL3 [12]. Therefore, we
compared the kinetics of the PMA-inducible expression of ELF3 and GRHL3 in OKF6 cells.
Significantly, ELF3 gene expression (Fig. 2A) was induced more slowly than GRHL3 (Fig.
2B). OKF6 cells were also pretreated with actinomycin D (ActD) prior to PMA stimulation to
demonstrate that the increase in ELF3 mRNA levels was due to transcription and not mRNA
stabilisation (Fig. 2C). Given these findings, we investigated if GRHL3 was important for
ELF3 gene expression. Indeed, the silencing of GRHL3 in OKF6 cells inhibited the PMA-
inducible expression of ELF3 (Fig. 2D). The PMA-inducible expression of involucrin (IVL),
an early marker of keratinocyte terminal differentiation, and a component of the cornified
envelope [2, 4], was also inhibited (Fig. 2E). As expected, the PMA-inducible expression of
OVOL1, a direct IRF6 target gene [17], was unaffected by the silencing of GRHL3 (Fig. 2F).
Taken together, these results suggest that GRHL3 functions downstream of RIPK4 and IRF6

to regulate ELF3 gene expression in keratinocytes.

3.3 Inhibition of protein synthesis upregulates ELF3 gene expression in keratinocytes
To investigate further the mechanism underlying the PMA-inducible expression of ELF3 in
keratinocytes, the effect of the protein synthesis inhibitor cycloheximide (CHX) on ELF3

gene expression was investigated. As shown in Fig. 3A, CHX did not inhibit the PMA-
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inducible expression of ELF3. However, CHX treatment alone resulted in a largely
comparable increase in ELF3 mRNA levels (Fig. 3A). OKF6 cells were also treated with
CHX and ActD concurrently to confirm that the increase in ELF3 mRNA was transcription-
dependent (Fig. 3A). In view of these findings, the effects of CHX on basal and PMA-
inducible IRF6 and GRHL3 gene expression were also investigated. As for ELF3, IRF6 and
GRHL3 mRNA levels were significantly increased in CHX-treated cells (Fig. 3B-C).
Furthermore, the magnitudes of the stimulatory effects of CHX on IRF6 and GRHL3 mRNA
levels were comparable to those exerted by PMA (Fig. 3B-C). A further small increase in
IRF6 mRNA levels was apparent when the cells were treated with PMA and CHX
concurrently (Fig. 3B). Notably, concurrent treatment with PMA and CHX synergistically
increased GRHL3 mRNA levels (Fig. 3C). RIPK4 mRNA levels were also upregulated in
response to CHX treatment (Fig. 3D). These data suggest that, in addition to positive
regulation, the expression of ELF3, IRF6, GRHL3, and RIPK4 in oral keratinocytes (e.g.

OKF6 cells) may also be negatively regulated by transcriptional repressor proteins.

3.4 RIPK4 regulates SPRR1 gene expression in keratinocytes

ELF3 has previously been shown to regulate the expression of small proline-rich proteins
(SPRRs) [21-23], which are important components of the cornified envelope of terminally
differentiated keratinocytes [2, 4]. For example, SPRR1 is a major component of the cell
envelope of human oral keratinocytes [24]. Having established that RIPK4 regulates ELF3
gene expression (Fig. 1), we therefore wanted to determine the importance of RIPK4 for
SPRR1 gene expression. The stimulation of OKF6 cells with PMA resulted in the
upregulation of SPRR1A and SPRR1B gene expression, and this was inhibited by the
silencing of RIPK4 (Fig. 4A-B). RIPK4 was shown to also be important for the PMA-

inducible expression of SPRR1A and SPRR1B in epidermal keratinocytes (Fig. 4C-D).
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Similar to Ripk4-deficient mice, the cornified layers are also absent from the epidermis of
Irf6-deficient mice [15]. Significantly, the PMA-inducible expression of SPRR1A and
SPRR1B in OKF6 cells were shown to be IRF6-dependent (Fig. 4E-F). Interestingly, GRHL3
was important for the upregulation of SPRR1A gene expression (Fig. 4G), whereas the PMA-
inducible expression of SPRR1B was GRHL3-independent (Fig. 4H). The importance of the
upregulation of ELF3 expression by PMA for subsequent SPRR1 gene induction was
examined further by pretreating OKF6 cells with CHX. Consistently, the PMA-inducible
expression of SPRR1A and SPRR1B were inhibited by CHX (Fig. 41-J). In contrast to ELF3
basal gene expression (Fig. 3A), CHX did not increase the basal gene expression levels of
either SPRR1A (Fig. 41) or SPRR1B (Fig. 4J). Taken together, these results are consistent
with RIPK4 regulating SPRR1A and SPRR1B expression in keratinocytes through the IRF6-

dependent induction of ELF3 gene expression.

3.5 RIPK4 regulates TGM1 expression in keratinocytes

The cross-linking of SPRRs to other proteins (e.g. loricrin) by transglutaminases (e.g. TGM1
and TGM3) increases the strength and flexibility of the cornified envelope [2, 4]. Therefore,
the importance of RIPK4 for the expression of TGM1 and TGM3 in keratinocytes was
investigated. The stimulation of OKF6 cells with PMA resulted in the RIPK4-dependent
upregulation of TGM1 gene expression (Fig. 5A). The PMA-inducible expression of TGM1
in epidermal keratinocytes was also RIPK4-dependent (Fig. 5B). Similarly, the PMA-
inducible expression of TGM1 in OKF6 cells was also inhibited by the silencing of IRF6
(Fig. 5C) and GRHL3 (Fig. 5D). Given that the data presented in Fig. 3 suggested that ELF3
basal gene expression in OKF6 cells is partly regulated via transcriptional repression, the
effect of CHX on TGML1 gene expression was determined. CHX did not increase TGM1

MRNA levels in OKF6 cells (Fig. 5E), thereby distinguishing the mechanisms regulating
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TGM1 and ELF3 basal gene expression in OKF6 cells. In contrast to TGM1, TGM3 gene
expression in OKF6 cells was not upregulated by PMA (data not shown). These data suggest
that TGM1 gene expression in PMA-treated keratinocytes is controlled by a RIPK4-1RF6-

GRHL3 regulatory network.

3.6 RIPK4 regulates TGM2 gene expression in keratinocytes independently of IRF6

In contrast to TGM1 and TGM3, TGMZ2 is ubiquitously expressed and does not appear to play
a role in keratinocyte cornification [25]. However, extracellular TGM2 can bind and cross-
link extracellular matrix (ECM) components, which may help stabilise ECM-cell interactions
[25]. Therefore, we investigated whether RIPK4 can regulate TGM2 gene expression. As
shown in Fig. 6A, TGM2 mRNA levels in OKF6 cells were increased in response to PMA
stimulation; moreover, the PMA-inducible expression of TGM2 was RIPK4-dependent (Fig.
6A). On the other hand, neither IRF6 (Fig. 6B) nor GRHL3 (Fig. 6C) were required for the
stimulation of TGM2 gene expression by PMA. Similar to TGML1 (Fig. 5D), the PMA-
inducible expression of TGM2 was inhibited by CHX (Fig. 6D). These data suggest that
RIPK4 functions independently of IRF6 and GRHL3 to regulate TGM2 gene expression in

keratinocytes.

4. Discussion

Keratinocyte differentiation is central to maintaining the barrier functions of surface
epithelia. Depending on anatomical location (e.g. gingiva and epidermis), keratinocytes may
also become cornified, which increases their strength and hence barrier functions [2-4].
Underpinning cornification are transcriptional networks which regulate the expression of
structural proteins and enzymes that mediate the formation of the cornified envelope. Herein,

we have established a role for RIPK4 in regulating an IRF6-GRHL3-ELF3 transcriptional
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network that promotes the expression of small proline-rich proteins (e.g. SPRR1A) and
transglutaminase-1 (TGML1) in keratinocytes. This would potentially position RIPK4 as an
important regulator of keratinocyte cornification.

ELF3 was identified as a downstream target gene of RIPK4 signalling in OKF6 cells
(e.g. oral keratinocytes) and epidermal keratinocytes. ELF3 is an epithelium-specific member
of the ETS family of transcription factors [20, 21], and has previously been demonstrated to
be important for enterocyte differentiation [26]. RIPK4 promotes keratinocyte differentiation
in part by phosphorylating and activating IRF6, which, in turn, induces the expression of
additional transcriptional regulators (e.g. GRHL3) [12]. Our finding that the silencing of IRF6
inhibited the PMA-inducible expression of ELF3 therefore suggests that RIPK4 regulates
ELF3 gene expression in keratinocytes, at least in part, by activating IRF6. The ELF3 gene
does not appear to contain proximal IRF6 binding sites, and thus IRF6 likely regulates ELF3
gene expression indirectly, for example, by regulating the expression of an intermediary
transcription factor.

In this regard, GRHL3 was demonstrated to be important for ELF3 gene expression in
keratinocytes. GRHLZ3 has been shown to regulate epidermal keratinocyte differentiation by
recruiting the Trithorax complex to the promoters of epidermal differentiation genes (e.g.
involucrin) [27]. The upregulation of GRHL3 expression in OKF6 cells by PMA largely
preceded that of ELF3, and GRHL3 was demonstrated to be important for the PMA-inducible
expression of ELF3. ELF3 was recently reported to be a direct target gene of GRHL3 in
epidermal keratinocytes [28], and therefore GRHL3 likely functions downstream of RIPK4
and IRF6 to mediate ELF3 gene expression. Interestingly, ELF3 was suggested to function
upstream of GRHL3 in urothelial cells [29]. Additional studies will be required to fully
understand the functional relationship between GRHL3 and ELF3 in regulating epithelial cell

differentiation.
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Notably, inhibition of protein synthesis in OKF6 cells with cycloheximide resulted in
transcription-dependent increases in IRF6, GRHL3, and ELF3 mRNA levels. This suggests
that their expression in oral keratinocytes may also be regulated by transcriptional repressors.
ZEB1, which is a key mediator of epithelial-mesenchymal transition [30], has been reported
to repress IRF6 gene expression in mammary epithelial cells (e.g. MDA-MB-231 cells) [31].
However, whether ZEB1, or other repressors (e.g. SNAIL proteins), can regulate keratinocyte
differentiation by suppressing IRF6, GRHL3, and ELF3 gene transcription is yet to be
established.

The slower induction of ELF3 gene expression by PMA in OKF6 cells is consistent
with ELF3 potentially playing a role during the later stages of oral keratinocyte
differentiation; indeed, ELF3 has been shown to be most highly expressed in the most
differentiated layers of the epidermis [32]. Importantly, ELF3 can regulate the expression of
small proline-rich proteins (SPRRs) [21-23]. The cross-linking of SPRRs to other structural
proteins (e.g. loricrin) increases the strength of the cornified envelope, while their relatively
limited organised structure likely increases envelope elasticity [2, 4]. Consistently, we found
that RIPK4 was important for the upregulation of SPRR1 gene expression in PMA-treated
keratinocytes (e.g. OKF6 cells and epidermal keratinocytes). IRF6 and GRHL3 were also
shown to be important for the upregulation of SPRR1 gene expression. Accordingly, RIPK4
likely regulates SPRR1 gene expression, at least in part, through its activation of an IRF6-
GRHL3-ELF3 transcriptional network.

The cross-linking of SPRRs, structural proteins (e.g. involucrin and loricrin), and lipids
into the cornified envelope is catalysed by transglutaminases [25]. TGML1 in particular has
been shown to be essential for the formation of the cornified envelope and epidermal barrier
function [33]. In line with an earlier report demonstrating the direct regulation of TGM1

transcription by GRHL3 in epidermal keratinocytes [27], GRHL3 was shown here to be
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important for the upregulation of TGM1 gene expression in oral keratinocytes (e.g. OKF6
cells). RIPK4 and IRF6 were additionally shown to be important for the upregulation of
TGM1 expression. Consequently, the ability of RIPK4 to activate the IRF6-GRHL3 pathway
[12], and thereby induce TGM1 expression, potentially positions RIPK4 as a key regulator of
keratinocyte cornification (Fig. 7).

RIPK4 was found to also be important for the upregulation of TGM2 gene expression in
PMA-treated OKF6 cells. In contrast to its regulation of TGM1, RIPK4 regulated TGM2
expression independently of both IRF6 and GRHL3. TGM2 gene expression has previously
been shown to be regulated by NF-kB [34, 35], and thus RIPK4 likely regulates TGM2 gene
expression in keratinocytes via its ability to activate NF-xB [10-12]. Although TGM2 does
not appear to play a role in the formation of the cornified envelope, its cross-linking of
extracellular matrix (ECM) components may nonetheless contribute to epithelial barrier
function by decreasing ECM degradation as well as stabilising ECM-cell interactions [25].

Interestingly, RIPK4 has been found to be mutated in head and neck squamous cell
carcinoma, including oral carcinoma [36], while the loss of ELF3 protein expression in oral
squamous cell carcinoma was recently reported [37]. Therefore, the regulatory relationship
between RIPK4 and ELF3 identified in this study may also be relevant to the development of

squamous cell carcinoma.

5. Conclusions

In summary, we have identified and mechanistically defined a previously unrecognised
regulatory relationship between RIPK4 and ELF3 in keratinocytes. Thus, RIPK4 might
regulate the barrier functions of surface epithelia, at least in part, through its regulation of a

hierarchal IRF6-GRHL3-ELF3 transcription factor pathway.
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Figure Legends

Fig. 1. RIPK4 and IRF6 dependent regulation of ELF3 gene expression in human
keratinocytes. (A-D) OKF6 cells were transfected with a (A-B) RIPK4 or (C-D) IRF6 siRNA
(+), or control siRNA (-). (A) RIPK4 and (C) IRF6 mRNA levels in cells transfected with the
control siRNA were each given an arbitrary value of 100% (n = 3). (B and D) The cells were
subsequently stimulated with PMA for 6 h, and ELF3 mRNA levels measured (n = 3). (E-F)
Human epidermal keratinocytes were transfected with a (E) RIPK4 or (F) IRF6 siRNA (+), or
control siRNA (-). The cells were subsequently stimulated with PMA for 6 h, and ELF3

MRNA levels measured (n = 3). **p < 0.01; *p < 0.05.

Fig. 2. GRHL3 dependent regulation of ELF3 gene expression in human keratinocytes.
(A-B) OKF®6 cells were stimulated with PMA for the times indicated, and (A) ELF3 and (B)
GRHL3 mRNA levels measured (n = 3). (C) OKF®6 cells were pretreated with actinomycin D
(ActD) for 30 min, stimulated with PMA for 6 h, and ELF3 mRNA levels measured (n = 4).
(D-F) OKF6 cells were transfected with a GRHL3 (+) or control (-) siRNA. The cells were
subsequently stimulated with PMA for 24 h (D and E) or 2 h (F), and (D) ELF3, (E) IVL, and

(F) OVOL1 mRNA levels measured (n = 3). **p <0.01; *p < 0.05.

Fig. 3. Inhibition of protein synthesis results in increased ELF3 gene expression in
human keratinocytes. OKF6 cells were pretreated with cycloheximide (CHX) and/or
actinomycin D (ActD) for 30 min, stimulated with PMA for 6 h, and (A) ELF3, (B) IRF6, (C)

GRHL3, and (D) RIPK4 mRNA levels measured by gPCR (n =5). **p <0.01; *p < 0.05.

Fig. 4. RIPK4 and IRF6 dependent regulation of SPRR1 gene expression in human

keratinocytes. (A-B and E-H) OKF6 cells and (C-D) normal human epidermal keratinocytes
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were transfected with a (A-D) RIPK4, (E-F) IRF6, or (G-H) GRHL3 siRNA (+), or a control
siRNA (-). The cells were subsequently stimulated with PMA for 24 h, and (A, C, E, and G)
SPRR1A and (B, D, F, and H) SPRR1B mRNA levels measured (n = 4). (I-J) OKF6 cells

were pretreated with cycloheximide (CHX) for 30 min, stimulated with PMA for 6 h, and (1)

SPRR1A and (J) SPRR1B mRNA levels measured (n = 4). **p < 0.01; *p < 0.05.

Fig. 5. RIPK4 and IRF6 dependent regulation of TGM1 gene expression in human
keratinocytes. (A, C, and D) OKF6 cells and (B) normal human epidermal keratinocytes
were transfected with a (A-B) RIPK4, (C) IRF6, or (D) GRHL3 siRNA (+), or a control
siRNA (-). The cells were subsequently stimulated with PMA for 24 h, and TGM1 mRNA
levels measured (n = 3-5). (E) OKF®6 cells were pretreated with cycloheximide (CHX) for 30
min, stimulated with PMA for 6 h, and TGM1 mRNA levels measured (n =5). **p <0.01; *

p <0.05.

Fig. 6. RIPK4 dependent regulation of TGM2 gene expression in human keratinocytes.
(A-C) OKF®6 cells were transfected with a (A) RIPK4, (B) IRF6, or (C) GRHL3 siRNA (+),
or a control siRNA (-). The cells were subsequently stimulated with PMA for 24 h, and
TGM2 mRNA levels measured (n = 3). (D) OKF6 cells were pretreated with cycloheximide
(CHX) for 30 min, stimulated with PMA for 6 h, and TGM2 mRNA levels measured (n = 5).

** ) < 0.01.

Fig. 7. A proposed model for the regulation of ELF3 gene expression in human
keratinocytes by RIPK4. The activation (phosphorylation) of IRF6 by RIPK4 promotes the
expression of GRHL3, which induces, either directly or indirectly, ELF3 gene expression,

culminating in the upregulation of SPRR1 gene expression. The upregulation of GRHL3

Page 24 of 25



O©CoO~NOOTA~AWNE

550

551

552

553

554

expression by RIPK4 and IRF6 concomitantly promotes the expression of TGM1, an enzyme
that catalyses the cross-linking of small proline-rich proteins (e.g. SPRR1) to other structural
proteins to facilitate the formation of the cornified envelope of terminally differentiated
keratinocytes. RIPK4 also regulates, independently of IRF6 and GRHL3, the expression of

TGM2.
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