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Abstract 21 

Keratinocytes are central to the barrier functions of surface epithelia, such as the gingiva 22 

and epidermis. RIPK4 is a key regulator of keratinocyte differentiation; however, the 23 

signalling pathways in which it functions remain poorly defined. In this study, we identified a 24 

regulatory relationship between RIPK4 and ELF3, an ETS family transcription factor. RIPK4 25 

was shown to be important for the upregulation of ELF3 gene expression by the PKC agonist 26 

PMA in both oral and epidermal keratinocytes. RIPK4 promotes keratinocyte differentiation 27 

in part by phosphorylating and thereby activating the IRF6 transcription factor. Significantly, 28 

silencing of IRF6 inhibited the PMA-inducible expression of ELF3. A role for the GRHL3 29 

transcription factor, a downstream target gene of IRF6, in the regulation of ELF3 expression 30 

was similarly demonstrated. ELF3 has previously been shown to regulate the expression of 31 

SPPR1A and SPRR1B, small proline-rich proteins that contribute to the cornification of 32 

keratinocytes. Consistently, RIPK4 and IRF6 were shown to be required for the PMA-33 

inducible expression of SPRR1A and SPRR1B. They were also shown to be important for the 34 

upregulation of TGM1, a transglutaminase that catalyses the cross-linking of proteins, 35 

including small proline-rich proteins, during keratinocyte cornification. RIPK4 was also 36 

shown to upregulate the expression of TGM2 independently of IRF6. Collectively, our 37 

findings position RIPK4 upstream of a hierarchal IRF6-GRHL3-ELF3 transcription factor 38 

pathway in keratinocytes, as well as provide insight into a potential role for RIPK4 in the 39 

regulation of keratinocyte cornification.  40 
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1. Introduction 41 

The stratified squamous epithelia of the oral cavity, as well as other surface epithelia 42 

(e.g. epidermis), provide protection against mechanical and chemical damage, and biological 43 

insults [1, 2]. The epithelia, which are organised into layers of morphologically and 44 

biochemically distinct cells, are highly dynamic and maintained through tightly regulated 45 

keratinocyte proliferation and differentiation [2, 3]. Tissue renewal, in turn, is initiated by 46 

stem cell populations in the basal layer that undergo a limited number of cell divisions before 47 

initiating terminal differentiation as they migrate towards the superficial layers. Depending on 48 

anatomical location, keratinocytes may also become enucleated, flattened, and cornified [2-4]. 49 

Cornification greatly strengthens the barrier functions of keratinocytes. During the final 50 

stages of keratinocyte terminal differentiation, the nucleus and its DNA are degraded and 51 

keratin filaments are aggregated into tight bundles by filaggrin to promote the collapsing of 52 

the cell into a flattened shape [2, 4]. Concomitantly, the cornified envelope is assembled just 53 

under the cell membrane through the cross-linking of various proteins (e.g. involucrin, 54 

loricrin, and small proline-rich proteins) by calcium-dependent transglutaminases, for 55 

example, transglutaminase-1 (TGM1). Intracellular lipids from lamellar bodies are also 56 

deposited in the cell membrane, where they become covalently attached to the cornified 57 

envelope as well as extruded from the cell to form intercellular lamellae. Collectively, this 58 

results in the replacement of the keratinocyte cell membrane with an insoluble structure that 59 

protects the underlying epithelial tissues [2, 4]. Keratinocytes also play active roles in 60 

epithelial homeostasis and host defence by producing cytokines that promote inflammation 61 

and wound healing in response to injury and infection [5]. 62 

Receptor-interacting protein kinase 4 (RIPK4) is an important regulator of keratinocyte 63 

differentiation [6]. For instance, the epidermis of Ripk4-deficient mice is disorganised and 64 

expanded, and the outermost cornified layers are absent, resulting in defective barrier function 65 
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[6, 7]. Mutations in RIPK4 cause Bartsocas-Papas syndrome [8, 9], a congenital syndrome 66 

that is characterised by severe oral and epidermal abnormalities. At the molecular level, 67 

RIPK4 can activate NF-κB [10-13], a critical regulator of epithelial tissue homeostasis [14]. 68 

Significantly, RIPK4 can directly activate Interferon regulatory factor 6 (IRF6) [12]. IRF6 is 69 

an important transcriptional regulator of keratinocyte differentiation and promotes the switch 70 

from proliferation to differentiation [15, 16]. IRF6 regulates keratinocyte differentiation in 71 

part by inducing the expression of the transcription factors Grainyhead-like 3 (GRHL3) and 72 

Ovo-like zinc-finger 1 (OVOL1) [12, 17, 18]. Similar to Ripk4-deficient mice, the spinous 73 

layer in the epidermis of Irf6-deficient mice is expanded, and the granular and cornified layers 74 

appear to be absent [15]. We recently established that RIPK4 also regulates the expression of 75 

proinflammatory cytokines by keratinocytes through its activation of IRF6 [19]. Thus, RIPK4 76 

appears to function as a key regulatory nodal point in the maintenance of epithelia 77 

homeostasis. 78 

To understand further the role of RIPK4 in keratinocytes, we sought to identify 79 

additional target genes of RIPK4 signalling. We show here that RIPK4 signalling regulates 80 

the expression of the ETS family transcription factor E74-like factor 3 (ELF3) in human 81 

keratinocytes. Specifically, our data suggest that RIPK4 promotes ELF3 gene expression via 82 

the IRF6-mediated upregulation of GRHL3. Moreover, this RIPK4-regulated IRF6-GRHL3-83 

ELF3 transcriptional network appears to control the expression of genes (e.g. SPRR1 and 84 

TGM1) that directly mediate keratinocyte cornification. 85 

 86 

2. Materials and Methods 87 

2.1 Reagents 88 

Keratinocyte serum-free medium and supplements (human EGF and bovine pituitary extract) 89 

(Cat. no. 37010022), GlutaMax-1 (Cat. no. 35050061), Opti-MEM I reduced serum medium 90 
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(Cat. no. 31985062), Lipofectamine RNAiMAX transfection reagent (Cat. no. 13778150), and 91 

the Silencer Select RIPK4 siRNA (Cat. no. 4390824, siRNA ID: s28865) and GRHL3 siRNA 92 

(Cat. no. 4392420, siRNA ID: s33754) were from Life Technologies. KGM-Gold BulletKit 93 

keratinocyte growth medium (Cat. no. 00192152) and ReagentPack (Cat. no. CC-5034) were 94 

purchased from Lonza. The ON-TARGETplus IRF6 siRNA (Cat. no. J-012227-05) was from 95 

GE Healthcare. Phorbol 12-myristate 13-acetate (Cat. no. P8139), actinomycin D (Cat. no. 96 

A9415), cycloheximide (Cat. no. C7698), and dimethylsulphoxide (Cat. no. D8418) were 97 

from Sigma-Aldrich. 98 

 99 

2.2 Cell culture 100 

Human OKF6/TERT-2 oral keratinocytes were cultured in keratinocyte serum-free medium 101 

supplemented with 0.4 ng/ml human EGF, 25 µg/ml bovine pituitary extract, 0.4 mM CaCl2, 102 

and 2 mM GlutaMax-1. Normal human epidermal keratinocytes were obtained from Lonza 103 

(Cat. no. 192627) and cultured in KGM-Gold medium according to the protocol provided by 104 

the supplier. All cells were maintained at 37°C in a humidified atmosphere of 5% CO2. 105 

 106 

2.3 Stimulation of keratinocytes with phorbol 12-myristate 13-acetate 107 

OKF6/TERT-2 cells and normal human epidermal keratinocytes were allowed to adhere 108 

overnight. Thereafter, the cells were stimulated with 100 ng/ml phorbol 12-myristate 13-109 

acetate (PMA) in dimethylsulfoxide (DMSO) for the times indicated in the figure legends. 110 

Time-matched, control cells were treated with 0.1% DMSO. 111 

 112 

2.4 Inhibition of RNA transcription and protein synthesis 113 

RNA transcription was inhibited by pretreating OKF6/TERT-2 cells with 1 μg/ml 114 

actinomycin D for 30 min prior to stimulation with PMA for 6 h. Protein synthesis was 115 
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inhibited by pretreating cells with 20 μg/ml cycloheximide for 30 min prior to stimulation 116 

with PMA for 6 h. Time-matched, control cells were treated with 0.1% DMSO or 0.1% 117 

ethanol, respectively. 118 

 119 

2.5 RNA interference-mediated gene silencing 120 

A reverse-transfection protocol was used for siRNA transfection of OKF6/TERT-2 cells and 121 

normal human epidermal keratinocytes. Briefly, the siRNA were diluted to 120 nM with 100 122 

µl Opti-MEM I reduced serum medium, mixed with 100 µl Opti-MEM I reduced serum 123 

medium containing 1 µl Lipofectamine RNAiMAX (Life Technologies), and incubated at 124 

room-temperature for 15-20 min. OKF6/TERT-2 cells and normal human epidermal 125 

keratinocytes (2 x 10
5
 cells in 1 ml medium) were seeded into 12-well plates and incubated 126 

with the siRNA transfection cocktail overnight. Thereafter, the medium was replaced and the 127 

cells stimulated with PMA 48 h (OKF6/TERT-2 cells) or 72 h (normal human epidermal 128 

keratinocytes) post-transfection. 129 

 130 

2.6 RNA purification and reverse transcription 131 

Total RNA was purified using the ReliaPrep RNA Cell miniprep system (Promega, Cat. no. 132 

Z6012), which includes an on-column DNase-treatment step. RNA was reverse transcribed 133 

into cDNA using random primers and GoScript Reverse Transcriptase (Promega, Cat. no. 134 

A6110) according to the manufacturer’s instructions. Briefly, 500 ng RNA was incubated in 135 

20 μl of reaction buffer supplemented with MgCl2, PCR nucleotide mix, RNasin ribonuclease 136 

inhibitor, 500 ng random primers, and 1 μl GoScript Reverse Transcriptase, for: 5 min at 137 

25°C, 60 min at 42°C, and 15 min at 75°C. The cDNA was typically diluted 1:4 with water 138 

prior to analysis by real-time PCR. 139 

 140 
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2.7 Gene expression profiling 141 

Two micrograms of RNA was reverse transcribed as described above. The cDNA (100 ng/µl) 142 

was mixed with TaqMan OpenArray Real-Time master mix (Life Technologies, Cat no. 143 

4462164), and then loaded onto an OpenArray Human Inflammation plate (Life 144 

Technologies, Cat. no. 4475389) using an OpenArray AccuFill System. PCR was performed 145 

on a QuantStudio 12K Flex Real-Time PCR System. The data were normalised against 146 

hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene expression using Expression 147 

Suite Software (version 1.0.1). 148 

 149 

2.8 Quantitative real-time PCR 150 

Quantitative real-time PCR (qPCR) was performed in triplicate using GoTaq Probe qPCR 151 

Master Mix (Promega, Cat. no. A6102) and pre-developed TaqMan assays (Life 152 

Technologies) for the following genes: ELF3 (Assay ID: Hs00963881_m1), GRHL3 (Assay 153 

ID: Hs00297962_m1), IRF6 (Assay ID: Hs00196213_m1), IVL (Assay ID: 154 

Hs00902520_m1), OVOL1 (Assay ID: Hs00190060_m1), RIPK4 (Assay ID: 155 

Hs01062501_m1), SPRR1A (Assay ID: Hs00954595_s1), SPRR1B (Assay ID: 156 

Hs00824893_m1), TGM1 (Assay ID: Hs00165929_m1), TGM2 (Assay ID: 157 

Hs00190278_m1), and TGM3 (Assay ID: Hs00162752_m1). PCR was performed on a 158 

QuantStudio 7 Flex Real-Time PCR System, and the data was normalised against HPRT (Life 159 

Technologies, Cat. no. 4326321E) or TBP (Life Technologies, Cat. no. 4326322E) gene 160 

expression. 161 

 162 

2.9 Statistical analysis 163 

Data combined from three or more independent biological replicates are presented as the 164 

mean ± SEM. Statistical analysis was performed using GraphPad Prism 6 (GraphPad 165 
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Software). Differences between two groups were evaluated using the Student’s t test. For 166 

multiple comparisons, statistical analysis was performed using a one-way analysis of variance 167 

(ANOVA). A p value <0.05 was considered to be statistically significant. 168 

 169 

3. Results 170 

3.1 RIPK4 regulates ELF3 gene expression in human keratinocytes 171 

In addition to regulating the PKC-mediated differentiation of keratinocytes [12], RIPK4 172 

also regulates their expression of proinflammatory cytokines [19]. To understand further the 173 

function of RIPK4 in keratinocytes, we sought to identify additional target genes of RIPK4 174 

signalling. To that end, OKF6/TERT-2 human oral keratinocytes (hereafter referred to as 175 

OKF6 cells) were transfected with a RIPK4 siRNA (Fig. 1A), and subsequently stimulated 176 

with the PKC agonist phorbol 12-myristate 13-acetate (PMA). Genes that were dependent on 177 

RIPK4 for their PMA-inducible expression were identified using the OpenArray Human 178 

Inflammation panel, and specific genes then validated by real-time PCR (qPCR). In addition 179 

to inflammatory cytokines, including some we had recently identified (e.g. CCL5) [19], ELF3 180 

was identified as a PMA-inducible, RIPK4-dependent gene (Fig. 1B). ELF3 is an epithelium-181 

specific ETS family transcription factor, and its expression is upregulated during calcium-182 

induced epidermal keratinocyte differentiation [20, 21]. Basal ELF3 gene expression in OKF6 183 

cells was also found to be RIPK4-dependent (Fig. 1B). Given that RIPK4 partly regulates 184 

downstream gene expression by activating IRF6 [12], we investigated whether IRF6 was 185 

important for ELF3 gene expression. The transfection of OKF6 cells with an IRF6 siRNA, 186 

which reduced IRF6 expression by >80% (Fig. 1C), strongly inhibited the PMA-inducible 187 

expression of ELF3 (Fig. 1D).The silencing of RIPK4 and IRF6 also inhibited the stimulation 188 

of ELF3 gene expression by PMA in normal human epidermal keratinocytes (Fig. 1E-F). 189 
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Collectively, these data suggest that RIPK4 regulates ELF3 gene expression in keratinocytes 190 

by activating IRF6. 191 

 192 

3.2 ELF3 gene expression is regulated downstream of GRHL3 in keratinocytes 193 

A putative IRF6-response element has recently been described for several IRF6-regulated 194 

genes, including GRHL3 [17, 18]. However, we were unable to identify potential binding 195 

sites for IRF6 in the ELF3 gene (data not shown). IRF6 promotes PKC-mediated keratinocyte 196 

differentiation in part by upregulating the expression of GRHL3 [12]. Therefore, we 197 

compared the kinetics of the PMA-inducible expression of ELF3 and GRHL3 in OKF6 cells. 198 

Significantly, ELF3 gene expression (Fig. 2A) was induced more slowly than GRHL3 (Fig. 199 

2B). OKF6 cells were also pretreated with actinomycin D (ActD) prior to PMA stimulation to 200 

demonstrate that the increase in ELF3 mRNA levels was due to transcription and not mRNA 201 

stabilisation (Fig. 2C). Given these findings, we investigated if GRHL3 was important for 202 

ELF3 gene expression. Indeed, the silencing of GRHL3 in OKF6 cells inhibited the PMA-203 

inducible expression of ELF3 (Fig. 2D). The PMA-inducible expression of involucrin (IVL), 204 

an early marker of keratinocyte terminal differentiation, and a component of the cornified 205 

envelope [2, 4], was also inhibited (Fig. 2E). As expected, the PMA-inducible expression of 206 

OVOL1, a direct IRF6 target gene [17], was unaffected by the silencing of GRHL3 (Fig. 2F). 207 

Taken together, these results suggest that GRHL3 functions downstream of RIPK4 and IRF6 208 

to regulate ELF3 gene expression in keratinocytes. 209 

 210 

3.3 Inhibition of protein synthesis upregulates ELF3 gene expression in keratinocytes 211 

To investigate further the mechanism underlying the PMA-inducible expression of ELF3 in 212 

keratinocytes, the effect of the protein synthesis inhibitor cycloheximide (CHX) on ELF3 213 

gene expression was investigated. As shown in Fig. 3A, CHX did not inhibit the PMA-214 
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inducible expression of ELF3. However, CHX treatment alone resulted in a largely 215 

comparable increase in ELF3 mRNA levels (Fig. 3A). OKF6 cells were also treated with 216 

CHX and ActD concurrently to confirm that the increase in ELF3 mRNA was transcription-217 

dependent (Fig. 3A). In view of these findings, the effects of CHX on basal and PMA-218 

inducible IRF6 and GRHL3 gene expression were also investigated. As for ELF3, IRF6 and 219 

GRHL3 mRNA levels were significantly increased in CHX-treated cells (Fig. 3B-C). 220 

Furthermore, the magnitudes of the stimulatory effects of CHX on IRF6 and GRHL3 mRNA 221 

levels were comparable to those exerted by PMA (Fig. 3B-C). A further small increase in 222 

IRF6 mRNA levels was apparent when the cells were treated with PMA and CHX 223 

concurrently (Fig. 3B). Notably, concurrent treatment with PMA and CHX synergistically 224 

increased GRHL3 mRNA levels (Fig. 3C). RIPK4 mRNA levels were also upregulated in 225 

response to CHX treatment (Fig. 3D). These data suggest that, in addition to positive 226 

regulation, the expression of ELF3, IRF6, GRHL3, and RIPK4 in oral keratinocytes (e.g. 227 

OKF6 cells) may also be negatively regulated by transcriptional repressor proteins. 228 

 229 

3.4 RIPK4 regulates SPRR1 gene expression in keratinocytes 230 

ELF3 has previously been shown to regulate the expression of small proline-rich proteins 231 

(SPRRs) [21-23], which are important components of the cornified envelope of terminally 232 

differentiated keratinocytes [2, 4]. For example, SPRR1 is a major component of the cell 233 

envelope of human oral keratinocytes [24]. Having established that RIPK4 regulates ELF3 234 

gene expression (Fig. 1), we therefore wanted to determine the importance of RIPK4 for 235 

SPRR1 gene expression. The stimulation of OKF6 cells with PMA resulted in the 236 

upregulation of SPRR1A and SPRR1B gene expression, and this was inhibited by the 237 

silencing of RIPK4 (Fig. 4A-B). RIPK4 was shown to also be important for the PMA-238 

inducible expression of SPRR1A and SPRR1B in epidermal keratinocytes (Fig. 4C-D). 239 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Page 11 of 25 

 

Similar to Ripk4-deficient mice, the cornified layers are also absent from the epidermis of 240 

Irf6-deficient mice [15]. Significantly, the PMA-inducible expression of SPRR1A and 241 

SPRR1B in OKF6 cells were shown to be IRF6-dependent (Fig. 4E-F). Interestingly, GRHL3 242 

was important for the upregulation of SPRR1A gene expression (Fig. 4G), whereas the PMA-243 

inducible expression of SPRR1B was GRHL3-independent (Fig. 4H). The importance of the 244 

upregulation of ELF3 expression by PMA for subsequent SPRR1 gene induction was 245 

examined further by pretreating OKF6 cells with CHX. Consistently, the PMA-inducible 246 

expression of SPRR1A and SPRR1B were inhibited by CHX (Fig. 4I-J). In contrast to ELF3 247 

basal gene expression (Fig. 3A), CHX did not increase the basal gene expression levels of 248 

either SPRR1A (Fig. 4I) or SPRR1B (Fig. 4J). Taken together, these results are consistent 249 

with RIPK4 regulating SPRR1A and SPRR1B expression in keratinocytes through the IRF6-250 

dependent induction of ELF3 gene expression. 251 

 252 

3.5 RIPK4 regulates TGM1 expression in keratinocytes 253 

The cross-linking of SPRRs to other proteins (e.g. loricrin) by transglutaminases (e.g. TGM1 254 

and TGM3) increases the strength and flexibility of the cornified envelope [2, 4]. Therefore, 255 

the importance of RIPK4 for the expression of TGM1 and TGM3 in keratinocytes was 256 

investigated. The stimulation of OKF6 cells with PMA resulted in the RIPK4-dependent 257 

upregulation of TGM1 gene expression (Fig. 5A). The PMA-inducible expression of TGM1 258 

in epidermal keratinocytes was also RIPK4-dependent (Fig. 5B). Similarly, the PMA-259 

inducible expression of TGM1 in OKF6 cells was also inhibited by the silencing of IRF6 260 

(Fig. 5C) and GRHL3 (Fig. 5D). Given that the data presented in Fig. 3 suggested that ELF3 261 

basal gene expression in OKF6 cells is partly regulated via transcriptional repression, the 262 

effect of CHX on TGM1 gene expression was determined. CHX did not increase TGM1 263 

mRNA levels in OKF6 cells (Fig. 5E), thereby distinguishing the mechanisms regulating 264 
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TGM1 and ELF3 basal gene expression in OKF6 cells. In contrast to TGM1, TGM3 gene 265 

expression in OKF6 cells was not upregulated by PMA (data not shown). These data suggest 266 

that TGM1 gene expression in PMA-treated keratinocytes is controlled by a RIPK4-IRF6-267 

GRHL3 regulatory network. 268 

 269 

3.6 RIPK4 regulates TGM2 gene expression in keratinocytes independently of IRF6 270 

In contrast to TGM1 and TGM3, TGM2 is ubiquitously expressed and does not appear to play 271 

a role in keratinocyte cornification [25]. However, extracellular TGM2 can bind and cross-272 

link extracellular matrix (ECM) components, which may help stabilise ECM-cell interactions 273 

[25]. Therefore, we investigated whether RIPK4 can regulate TGM2 gene expression. As 274 

shown in Fig. 6A, TGM2 mRNA levels in OKF6 cells were increased in response to PMA 275 

stimulation; moreover, the PMA-inducible expression of TGM2 was RIPK4-dependent (Fig. 276 

6A). On the other hand, neither IRF6 (Fig. 6B) nor GRHL3 (Fig. 6C) were required for the 277 

stimulation of TGM2 gene expression by PMA. Similar to TGM1 (Fig. 5D), the PMA-278 

inducible expression of TGM2 was inhibited by CHX (Fig. 6D). These data suggest that 279 

RIPK4 functions independently of IRF6 and GRHL3 to regulate TGM2 gene expression in 280 

keratinocytes. 281 

 282 

4. Discussion 283 

Keratinocyte differentiation is central to maintaining the barrier functions of surface 284 

epithelia. Depending on anatomical location (e.g. gingiva and epidermis), keratinocytes may 285 

also become cornified, which increases their strength and hence barrier functions [2-4]. 286 

Underpinning cornification are transcriptional networks which regulate the expression of 287 

structural proteins and enzymes that mediate the formation of the cornified envelope. Herein, 288 

we have established a role for RIPK4 in regulating an IRF6-GRHL3-ELF3 transcriptional 289 
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network that promotes the expression of small proline-rich proteins (e.g. SPRR1A) and 290 

transglutaminase-1 (TGM1) in keratinocytes. This would potentially position RIPK4 as an 291 

important regulator of keratinocyte cornification. 292 

ELF3 was identified as a downstream target gene of RIPK4 signalling in OKF6 cells 293 

(e.g. oral keratinocytes) and epidermal keratinocytes. ELF3 is an epithelium-specific member 294 

of the ETS family of transcription factors [20, 21], and has previously been demonstrated to 295 

be important for enterocyte differentiation [26]. RIPK4 promotes keratinocyte differentiation 296 

in part by phosphorylating and activating IRF6, which, in turn, induces the expression of 297 

additional transcriptional regulators (e.g. GRHL3) [12]. Our finding that the silencing of IRF6 298 

inhibited the PMA-inducible expression of ELF3 therefore suggests that RIPK4 regulates 299 

ELF3 gene expression in keratinocytes, at least in part, by activating IRF6. The ELF3 gene 300 

does not appear to contain proximal IRF6 binding sites, and thus IRF6 likely regulates ELF3 301 

gene expression indirectly, for example, by regulating the expression of an intermediary 302 

transcription factor. 303 

In this regard, GRHL3 was demonstrated to be important for ELF3 gene expression in 304 

keratinocytes. GRHL3 has been shown to regulate epidermal keratinocyte differentiation by 305 

recruiting the Trithorax complex to the promoters of epidermal differentiation genes (e.g. 306 

involucrin) [27]. The upregulation of GRHL3 expression in OKF6 cells by PMA largely 307 

preceded that of ELF3, and GRHL3 was demonstrated to be important for the PMA-inducible 308 

expression of ELF3. ELF3 was recently reported to be a direct target gene of GRHL3 in 309 

epidermal keratinocytes [28], and therefore GRHL3 likely functions downstream of RIPK4 310 

and IRF6 to mediate ELF3 gene expression. Interestingly, ELF3 was suggested to function 311 

upstream of GRHL3 in urothelial cells [29]. Additional studies will be required to fully 312 

understand the functional relationship between GRHL3 and ELF3 in regulating epithelial cell 313 

differentiation. 314 
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Notably, inhibition of protein synthesis in OKF6 cells with cycloheximide resulted in 315 

transcription-dependent increases in IRF6, GRHL3, and ELF3 mRNA levels. This suggests 316 

that their expression in oral keratinocytes may also be regulated by transcriptional repressors. 317 

ZEB1, which is a key mediator of epithelial-mesenchymal transition [30], has been reported 318 

to repress IRF6 gene expression in mammary epithelial cells (e.g. MDA-MB-231 cells) [31]. 319 

However, whether ZEB1, or other repressors (e.g. SNAIL proteins), can regulate keratinocyte 320 

differentiation by suppressing IRF6, GRHL3, and ELF3 gene transcription is yet to be 321 

established. 322 

The slower induction of ELF3 gene expression by PMA in OKF6 cells is consistent 323 

with ELF3 potentially playing a role during the later stages of oral keratinocyte 324 

differentiation; indeed, ELF3 has been shown to be most highly expressed in the most 325 

differentiated layers of the epidermis [32]. Importantly, ELF3 can regulate the expression of 326 

small proline-rich proteins (SPRRs) [21-23]. The cross-linking of SPRRs to other structural 327 

proteins (e.g. loricrin) increases the strength of the cornified envelope, while their relatively 328 

limited organised structure likely increases envelope elasticity [2, 4]. Consistently, we found 329 

that RIPK4 was important for the upregulation of SPRR1 gene expression in PMA-treated 330 

keratinocytes (e.g. OKF6 cells and epidermal keratinocytes). IRF6 and GRHL3 were also 331 

shown to be important for the upregulation of SPRR1 gene expression. Accordingly, RIPK4 332 

likely regulates SPRR1 gene expression, at least in part, through its activation of an IRF6-333 

GRHL3-ELF3 transcriptional network. 334 

The cross-linking of SPRRs, structural proteins (e.g. involucrin and loricrin), and lipids 335 

into the cornified envelope is catalysed by transglutaminases [25]. TGM1 in particular has 336 

been shown to be essential for the formation of the cornified envelope and epidermal barrier 337 

function [33]. In line with an earlier report demonstrating the direct regulation of TGM1 338 

transcription by GRHL3 in epidermal keratinocytes [27], GRHL3 was shown here to be 339 
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important for the upregulation of TGM1 gene expression in oral keratinocytes (e.g. OKF6 340 

cells). RIPK4 and IRF6 were additionally shown to be important for the upregulation of 341 

TGM1 expression. Consequently, the ability of RIPK4 to activate the IRF6-GRHL3 pathway 342 

[12], and thereby induce TGM1 expression, potentially positions RIPK4 as a key regulator of 343 

keratinocyte cornification (Fig. 7). 344 

RIPK4 was found to also be important for the upregulation of TGM2 gene expression in 345 

PMA-treated OKF6 cells. In contrast to its regulation of TGM1, RIPK4 regulated TGM2 346 

expression independently of both IRF6 and GRHL3. TGM2 gene expression has previously 347 

been shown to be regulated by NF-κB [34, 35], and thus RIPK4 likely regulates TGM2 gene 348 

expression in keratinocytes via its ability to activate NF-κB [10-12]. Although TGM2 does 349 

not appear to play a role in the formation of the cornified envelope, its cross-linking of 350 

extracellular matrix (ECM) components may nonetheless contribute to epithelial barrier 351 

function by decreasing ECM degradation as well as stabilising ECM-cell interactions [25]. 352 

Interestingly, RIPK4 has been found to be mutated in head and neck squamous cell 353 

carcinoma, including oral carcinoma [36], while the loss of ELF3 protein expression in oral 354 

squamous cell carcinoma was recently reported [37]. Therefore, the regulatory relationship 355 

between RIPK4 and ELF3 identified in this study may also be relevant to the development of 356 

squamous cell carcinoma. 357 

 358 

5. Conclusions 359 

In summary, we have identified and mechanistically defined a previously unrecognised 360 

regulatory relationship between RIPK4 and ELF3 in keratinocytes. Thus, RIPK4 might 361 

regulate the barrier functions of surface epithelia, at least in part, through its regulation of a 362 

hierarchal IRF6-GRHL3-ELF3 transcription factor pathway. 363 

 364 
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Figure Legends 500 

Fig. 1. RIPK4 and IRF6 dependent regulation of ELF3 gene expression in human 501 

keratinocytes. (A-D) OKF6 cells were transfected with a (A-B) RIPK4 or (C-D) IRF6 siRNA 502 

(+), or control siRNA (‒). (A) RIPK4 and (C) IRF6 mRNA levels in cells transfected with the 503 

control siRNA were each given an arbitrary value of 100% (n = 3). (B and D) The cells were 504 

subsequently stimulated with PMA for 6 h, and ELF3 mRNA levels measured (n = 3). (E-F) 505 

Human epidermal keratinocytes were transfected with a (E) RIPK4 or (F) IRF6 siRNA (+), or 506 

control siRNA (‒). The cells were subsequently stimulated with PMA for 6 h, and ELF3 507 

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

 
p < 0.05. 508 

 509 

Fig. 2. GRHL3 dependent regulation of ELF3 gene expression in human keratinocytes. 510 

(A-B) OKF6 cells were stimulated with PMA for the times indicated, and (A) ELF3 and (B) 511 

GRHL3 mRNA levels measured (n = 3). (C) OKF6 cells were pretreated with actinomycin D 512 

(ActD) for 30 min, stimulated with PMA for 6 h, and ELF3 mRNA levels measured (n = 4). 513 

(D-F) OKF6 cells were transfected with a GRHL3 (+) or control (‒) siRNA. The cells were 514 

subsequently stimulated with PMA for 24 h (D and E) or 2 h (F), and (D) ELF3, (E) IVL, and 515 

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

 
p < 0.05. 516 

 517 

Fig. 3. Inhibition of protein synthesis results in increased ELF3 gene expression in 518 

human keratinocytes. OKF6 cells were pretreated with cycloheximide (CHX) and/or 519 

actinomycin D (ActD) for 30 min, stimulated with PMA for 6 h, and (A) ELF3, (B) IRF6, (C) 520 

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

 
p < 0.05. 521 

 522 

Fig. 4. RIPK4 and IRF6 dependent regulation of SPRR1 gene expression in human 523 

keratinocytes. (A-B and E-H) OKF6 cells and (C-D) normal human epidermal keratinocytes 524 
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were transfected with a (A-D) RIPK4, (E-F) IRF6, or (G-H) GRHL3 siRNA (+), or a control 525 

siRNA (‒). The cells were subsequently stimulated with PMA for 24 h, and (A, C, E, and G) 526 

SPRR1A and (B, D, F, and H) SPRR1B mRNA levels measured (n = 4). (I-J) OKF6 cells 527 

were pretreated with cycloheximide (CHX) for 30 min, stimulated with PMA for 6 h, and (I) 528 

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

 
p < 0.05. 529 

 530 

Fig. 5. RIPK4 and IRF6 dependent regulation of TGM1 gene expression in human 531 

keratinocytes. (A, C, and D) OKF6 cells and (B) normal human epidermal keratinocytes 532 

were transfected with a (A-B) RIPK4, (C) IRF6, or (D) GRHL3 siRNA (+), or a control 533 

siRNA (‒). The cells were subsequently stimulated with PMA for 24 h, and TGM1 mRNA 534 

levels measured (n = 3-5). (E) OKF6 cells were pretreated with cycloheximide (CHX) for 30 535 

min, stimulated with PMA for 6 h, and TGM1 mRNA levels measured (n = 5). **
 
p < 0.01; *

 536 

p < 0.05. 537 

 538 

Fig. 6. RIPK4 dependent regulation of TGM2 gene expression in human keratinocytes. 539 

(A-C) OKF6 cells were transfected with a (A) RIPK4, (B) IRF6, or (C) GRHL3 siRNA (+), 540 

or a control siRNA (‒). The cells were subsequently stimulated with PMA for 24 h, and 541 

TGM2 mRNA levels measured (n = 3). (D) OKF6 cells were pretreated with cycloheximide 542 

(CHX) for 30 min, stimulated with PMA for 6 h, and TGM2 mRNA levels measured (n = 5). 543 

**
 
p < 0.01. 544 

 545 

Fig. 7. A proposed model for the regulation of ELF3 gene expression in human 546 

keratinocytes by RIPK4. The activation (phosphorylation) of IRF6 by RIPK4 promotes the 547 

expression of GRHL3, which induces, either directly or indirectly, ELF3 gene expression, 548 

culminating in the upregulation of SPRR1 gene expression. The upregulation of GRHL3 549 
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expression by RIPK4 and IRF6 concomitantly promotes the expression of TGM1, an enzyme 550 

that catalyses the cross-linking of small proline-rich proteins (e.g. SPRR1) to other structural 551 

proteins to facilitate the formation of the cornified envelope of terminally differentiated 552 

keratinocytes. RIPK4 also regulates, independently of IRF6 and GRHL3, the expression of 553 

TGM2. 554 



Figure 1
Click here to download high resolution image

http://ees.elsevier.com/cls/download.aspx?id=176128&guid=3ae0abac-75fb-4524-9e0e-c534a024e6fa&scheme=1


Figure 2
Click here to download high resolution image

http://ees.elsevier.com/cls/download.aspx?id=176129&guid=05afd5a5-b43a-4ea7-87d1-b0c5c7edd10e&scheme=1


Figure 3
Click here to download high resolution image

http://ees.elsevier.com/cls/download.aspx?id=176130&guid=dc258cfa-6e76-4f69-b6c9-69fd943a0dee&scheme=1


Figure 4
Click here to download high resolution image

http://ees.elsevier.com/cls/download.aspx?id=176131&guid=cfae71bb-69bb-43ab-b260-95f039893490&scheme=1


Figure 5
Click here to download high resolution image

http://ees.elsevier.com/cls/download.aspx?id=176132&guid=b35fe81f-8e15-4094-a9eb-77e549011925&scheme=1


Figure 6
Click here to download high resolution image

http://ees.elsevier.com/cls/download.aspx?id=176133&guid=1f1ac024-b2d0-4758-8dd0-dbd8ed14bc3e&scheme=1


Figure 7
Click here to download high resolution image

http://ees.elsevier.com/cls/download.aspx?id=176134&guid=2212fb1d-a7d5-4ae0-a6c5-9cf92a9c1b9c&scheme=1


 

Minerva Access is the Institutional Repository of The University of Melbourne

 

 

Author/s: 

Scholz, GM; Sulaiman, NS; Al Baiiaty, S; Kwa, MQ; Reynolds, EC

 

Title: 

A novel regulatory relationship between RIPK4 and ELF3 in keratinocytes

 

Date: 

2016-12-01

 

Citation: 

Scholz, G. M., Sulaiman, N. S., Al Baiiaty, S., Kwa, M. Q.  &  Reynolds, E. C. (2016). A novel

regulatory relationship between RIPK4 and ELF3 in keratinocytes. CELLULAR SIGNALLING,

28 (12), pp.1916-1922. https://doi.org/10.1016/j.cellsig.2016.09.006.

 

Persistent Link: 

http://hdl.handle.net/11343/123327

 

File Description:

Accepted version




