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An Intermediary Role of
proHB-EGF Shedding in
Growth Factor-induced
c-Myc Gene Expression

DAISUKE NANBA,' HIROFUMI INOUE,' YUKA SHIGEMI,' YUJI SHIRAKATA,?
KOJI HASHIMOTO,” anp SHIGEKI HIGASHIYAMA'3*

' Department of Biochemistry and Molecular Genetics, Ehime University Graduate Schaol of Medicine,
Shitsukawa, Toon, Ehime, Japan

Department of Dermatology, Ehime University Graduate School of Medicine, Shitsukawa, Toon, Ehime, Japan
PRESTO, JST, Japan

Activation of growth factor receptors by ligand binding leads to an increased expression of c-Myc, a transcriptional regulator for cell
proliferation. The activation of transcriptional factors via the activated receptors is thought to be the main role of c-Myc gene expression
Woe demonstrate here that epidermal growth factor receptor (EGFR)- and fibroblast growth factor receptor (FGFR)-mediated
¢-Myc induction and cell cycle progression in primary cultured mouse embryonic fibroblasts (MEFs) are abrogated by knockout of the
heparin-binding EGF-like grawth factar (Hb-egf) gene, or by a metalloproteinase inhibitor, although molecules downstream of the receptors
are activated. Induction of c-Myc expression by EGF or basic FGF is recovered in Hb-egf-depleted MEFs by overexpression of wild-type
proHB-EGF, but no recovery was observed with an uncleavable mutant of proHB-EGF. The uncleavable mutant also inhibited
EGF-induced acetylation of histone H3 at the mouse c-Myc first intron region, which could negatively affect transcriptional activation. We
conclude that signal transduction initiated by generation of the carboxyl-terminal fragment of proHB-EGF (HB-EGF-CTF) in the shedding

event plays an important intermediary role between growth factor receptor activation and ¢-Myc gene induction,

). Cell. Physiol. 214: 465-473, 2008, © 2007 Wiley-Liss, Inc.

Growth factors stimulate quiescent cells into DNA synthesis.
The transcription factor encoded by the c-Myc gene is
expressed in a strictly growth factor-dependent manner in
quiescent cells (Obaya et al,, 1999) and directs gene
transcription associated with the transition from quiescence to
proliferation. For example, ¢-Myc induces a number of target
molecules involved in G| phase entry into the cell cycle,
including Cdc25A, cyclin D2, CDK4, Cull, and E2F2
(Galaktionov et al., 1996; Leone et al,, 1997; Bouchard et al.,
1999; Hermeking et al., 2000), supporting the conclusion that
c-Myc plays a central role in cell cycle progression as an
upstream regulator of cell cycle regulatory molecules. Indeed,
c-Myc null cells are able to survive, but display a marked
lengthening of both the G| and G2 phases of the cell cycle.
Although the duration of § phase in ¢-Myc null cells remains
unchanged, the GO to S phase transition is also significantly
delayed (Mateyak et al., 1997).

A key step for signaling through the epidermal growth factor
receptor (EGFR) is the release of mature ligands such as
heparin-binding EGF-like growth factor (HB-EGF) from their
membrane-anchored precursor forms, a process referred to as
“ectodomain shedding” (Blobel, 2005; Higashiyama and Nanba,
2005). The HB-EGF precursor (proHB-EGF) is cleaved by
members of the “a disintegrin and metalloprotease” (ADAM)
protease family (Asakura et al,, 2002; Blobel, 2005; Higashiyama
and Nanba, 2005), yielding the carboxyl terminal fragment of
proHB-EGF (HB-EGF-CTF) in parallel with the production of
HB-EGF. We have previously characterized HB-EGF-CTF as
a novel Intracellular signaling molecule that is acquired
post-translationally and translocated into the nucleus, where it
binds to and inactivates the promyelocytic leukemia zinc finger
protein (PLZF) (Nanba et al., 2003). PLZF is a transcriptional
repressor that suppresses transcription of genes such as c-Myc,
cyelin A2, and HoxD 1 | (Yeyati et al, 1999; Barna et al., 2000;
McConnell et al., 2003). Thus, shedding of proHB-EGF

participates in activation of two independent signal
transduction pathways: signaling from EGFR after engagement
of the shed growth factor, and a HB-EGF-CTF-mediated
signaling (Higashiyama and Nanba, 2005). Here, we
demonstrate that HB-EGF-CTF signaling is involved in growth
factor-induced c-Myc expression.

Materials and Methods
Materials

| 2-0-tetradecanoylphorbol- | 3-acetate (TPA) was purchased from
WAKO Pure Chem. Ind., Ltd. (Osaka, Japan), KB-R7785 (Asakura
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eral,, 2002) and EGFR-neutralizing antibodies were obtained from
Carna Biosciences, Inc. (Kobe, Japan) and Immuno-Biclogical
Laboratories Co., Ltd. (Takasaki, Japan), respectively. Recombinant
EGF and basic fibroblast growth factor (bFGF) were purchased
from R&D Systems, Inc. (Minneapolis, MN).

Cell culture

The fibrosarcoma cell line HT 1080 was cultured in Eagle minimum
essential medium (EMEM) (Nikken Bio Medical Laboratory, Kyota,
Japan) with 10% fetal calf serum (FCS), 100 units of penicillin G
potassium, and 100 g of streptomycin sulfate per millilicer. The
culture of primary human epidermal keratinocytes was prepared as
described previously (Hashimoto etal., 1994).E|3.5 embryos from
loxHB-EGF mice were used to generate mouse embryonic
fibroblasts (MEFs). MEFs were maintained in Dulbecco’s modified
Eagle medium (DMEM) (Nikken) supplemented with 10% FCS,
100 units of penicillin G potassium, and 100 pg of streptomycin
sulfate per milliliter. Quiescent MEFs were prepared by serum
s@rvation for 3 days. All cells were cultured in a humidified 37 C/
5% CO; incubator.,

Ribonuclease protection assay (RPA)

Total RNA was isolated from keratinocytes (1.0 x 10® cells) or
MEFs (2.0 » 10° cells) with Trizol reagent (Invitrogen, Carlsbad,
CA). Riboprobes were labeled with digoxigenin (DIG) using the
DIG RNA labeling kit (Roche Diagnostics, Basel, Switzertand)
according to the manufacturer's protocol. Thirty micrograms of
total RNA harvested from cells cultured under each condition
were hybridized with DIG-labeled probes. RNase treatment and
gel resolution of protected probes were performed according to
the manufacturer’s protocol with the RPAII kit (Ambion, Austin,
TX). Each value (c-Myc/Gapdh) was normalized using the value for
non-treated cells as taken to be one in each experiment. The values
(means + 5D) were determined based on results in at least three
independent experiments. P-values were obrained from Student’s
t-test

ipitation and imr

1
Imrr P £ 4

Immunoprecipitation and immunoblotting of cell lysates was
performed as described previously (Goishi etal., 1995; Nanba etal,,
2003). The primary antibodies used were as follows: mouse
monoclonal antibodies to phospho-EGFR (Upstate, Billerica, MA);
rabbit polyclonal antibodies to EGFR (Santa Cruz Biotechnology,
Santa Cruz, CA), Erk|/2, phospho-Erk1/2 (Cell Signaling

TABLE |. Primer sequences for PCR and RT-PCR amalysis

Technalogy, Lexington, KY), anti-B-actin (SIGMA, St. Louis, MO)
and anti-HB-EGF-CTF antibodies (H1). Incubations of | h were
performed with two secondary antibodies: HRP-conjugated goat
anti-mouse and rabbit 1gG (Promega. Madison, WI).

ProHB-EGF-AP shedding assay

HT 1080 cells stably expressing alkaline phosphatase (AP)-tagged
proHB-EGF (Asakura et al., 2002) were seeded in 24-well plates at
a density of 1.0 x 10° cells per well and incubated for 24 h.
Recombinant EGF (final 1-50 ng/ml), and bFGF (final 1-50 ng/mi)
were added and the plates were incubated for a further | h. pAP-
HB-EGF plasmids were transiently transfected into MEFs using a
MEF Nucleofector kit (Amaxa Biosystems, Gaithersburg, MD),
Twenty-four hours after transfection, the cells were treated with
KB-R7785 (final 10-20 juM) and TPA (final 100 nM). Aliquots (100
! each) of the conditioned media were used to measure AP activity
as described previously (Tokumaru et al,, 2000),

Immunofluorescence microscopy and visualization of the
fluor signal | ity

Immunofluorescence microscopy of human keratinocytes using
a rabbit polyclonal antibody to HB-EGF-CTF (Miyagawa et al..
1995) was performed as described previously (Nanba et al,, 2003).
We visualized the intensity of the fluorescent signal in each picture
using Scion image (Scion Corporation, Frederick, MD),

Adenovirus construction and infection

Adenovirus vectors carrying genes encoding LacZ, green
fluorescent protein (GFP), AP-tagged or non-tagged proHB-EGF,
and uncleavable proHB-EGF were prepared using an adenovirus
expression kit (Takara Biomedicals, Otsu Japan). An adenovirus
expressing Cre recombinase (Kanegae et al, 1995) under the
control of the CAG promoter (Niwa et al.. 1991) was obmined
from RIKEN BRC (Tsukuba, Japan). Purified, concentrated, and
titer-checked viruses were applied to cells at a multiplicity of
infection (MQI) of 100,

PCR, RT-PCR, and quantitative PCR analysis

Deletion of the mouse Hb-egf gene, mRMA expression of EGFR
ligands, and Pizf in MEFs were confirmed by PCR and RT-PCR
analysis, respectively. Primers are shown in Table |. Quantitative
PCR was performed using the ABI Prism 7700 sequencer detection
system (Applied Biosystems, Foster, CA) with TagMan Gene
Expression Assay kits (Applied Biosystems) for mouse c-Myc

Primer Sequence

loxHB-EGF (forward) 5 -CGGACAGTGCCTTAGTGGAACCTC-3"
loxHB-EGF (reverse) 5 -GCTTCTTCTTAGGAGGGAATCTTGGC-3"
Mouse Hb-egf (forward) 5 TGCCGTCGGTGATGCTGAACT-3"

Mouse Hb-egf (reverse) S .GGTTCAGATCTGTCCCTTCCAAGTC-3'

Mause Tgf« (forward)
Meouse Tgfe (reverse)
Mouse Amphiregulin (forward)
Mouse Amphiregulin (reverse)
Mouse Epiregulin (forward)
Mouse Epiregulin (reverse)
Mouse Pizf (forward)

Mouse Pizf (reverse)

Mouse GAPDH (farward)
Mouse GAPDH (reverse)
Region | (forward)

Region | (reverse)

Region |l (forward)

Region |l (reverse)

Region |l (forward)

Region lIl {reverse)

Region IV (forward)

Region IV (reverse)
2i5-binding region (forward)
2f5-binding region (reverse)

5“GGAATTCCTAGCGCTGGGTATCCTGTTA-3'
5'-CAAGCTTACCACCACCAGGGCAGTGATG-3"
5-GCAATTGTCATCAAGATTACTTTGG-3'

S TCTGTTTCTCCTTCATATTCCCTG-3"

5 GGAATTCTGACGCTGCTTTGTCTAGGTT-3'
S“CAAGCTTTATGCATCCAGCGGTTATGAT-3'
5".-TCAAGAGCCACAAGCGCATCCACA.3
5'“CGAGGCACCGTTGTGTGTTCTCA-3'
S“CGTATTGGGCGCCTGGTCACCAG-3"

5 -TCGCTCCTGGAAGATGGTGATGGG-3'
5-GTGCAATGAGCTCGATGAAGGAAG-3'
S.GTCTTCTTATTCCGGACTCCTCG-3

5 TTACTGGACTGCGCAGGGAG-3'

5 -CCACGTATACTTGGAGAGCCACTT-3"

5 -GGTAAGCACAGATCTGGTGGTCTT-3'
5"-AAGTCAGAAGCTACGGAGCCTTCT-3'
5GACGGCGCGAATAGGGAC-3"
5"CTACTATCAGTGACGCTCGTCG-3'

5 -TATTGTGTGGAGLGAGGCAGCT-3'
5-GTGTAAACAGTAATAGCGCAGCATGAATTAAC.3"

JOURNAL OF CELLULAR PHYSIOLOGY DOl 10.1002/CP
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mRNA. The values (means + SD) were determined based on
results in at least three independent experiments. P-values were
obtained from Student’s t-test

Cell cycle analysis

Cell cycle analysis was performed as described previously (Nanba
et al., 2003), using a FACScan instrument (Becton & Dickinson,
Franklin Lakes, NJ).

Che precip (ChIP) assay
Mock-treated or EGF-stimulated cells were formaldehyde
crosslinked, harvested, and disrupted by Bioruptor (COSMOBIO,
Tokyo, Japan). following the method in the EZ ChIP manual
(Upstate). Immunoprecipitation was performed with
anti-acetylated histone H3 (Upstate), anti-PLZF (Calbiochem, San
Diego. CA), or anti-FLAG antibodies (SIGMA). The primers used in
this assay are shown in Table |.

Results
Effect of cell growth factors on proHB-EGF shedding

Shedding of proHB-EGF occurs following stimulation by injury.
UV, oxidants, phorbol esters, GPCR agonists, etc. (Takenobu
et al,, 2003; Higashiyama and Nanba, 2005). To investigate
whether stimulation of growth factors such as EGF and bFGF
induces shedding of proHB-EGF, we performed an AP-tagged
assay with HT 1080 cells that were stably transfected with
AP-tagged proHB-EGF (Tokumaru et al,, 2000). Increasing AP
activity in the medium, indicating release of HB-EGF, was
detected after stimulation of both EGF and bFGF (Fig. 1A). We
also confirmed the production of HB-EGF-CTF after
stimulation with these growth factors (Fig. 1B).

A metalloprotease inhibitor, KB-R7785, effectively blocked
growth factor-induced proHB-EGF shedding, indicating
involvement of metallopre in the shedding mechanism, as
reported previously (Tokumaru et al., 2000; Nanba etal., 2003;
Shirakara et al,, 2005) (Fig. |A). Moreover, we examined the
localization of endogenous HB-EGF-CTF in human
keratinocytes. Accumulation of endogenous HB-EGF-CTF in
nuclei (Nanba et al., 2003) was markedly enhanced by the
addition of bFGF, and this was inhibited by KB-R7785 (Fig. 2).

Effects of an inhibitor of proHB-EGF shedding
on ¢-Myc expression induced by EGF

We have previously shown that HB-EGF-CTF, which is
produced after shedding, regulates the expression of cyclin A2
by inhibition of the PLZF repressor protein (Nanba etal , 2003).
PLZF has also been known to inhibit the expression of human
c-Myc (McConnell et al., 2003). Therefore, we suspected that
shedding of proHB-EGF and subsequent production of
HB-EGF-CTF may control human c-Myc gene expression by
abrogation of PLZF function. To examine the involvement of
proHB-EGF shedding in EGF-induced c-Myc expression, we first
performed an RPA with human primary cultured keratinocytes
with intrinsic expression of HB-EGF, EGFR, and PLZF.
Treatment with KB-R7785, a potent proHB-EGF shedding
inhibitor (Asakura et al., 2002), resulted in a decreased
expression of c-Myc mRNA under growth medium conditions
(MDCBI53 medium supplemented with insulin and bovine
hypothalamic extract) to close to the basal level (Fig. 3A),
whereas KB-R7785 did not affect phosphorylation of EGFR and
Erk1/2, even when recombinant EGF was present (Fig. 3B).
Treatment with a combination of KB-R7785 and anu-EGF
receptor antibodies appeared to lead to even greater
suppression of the c-Myc gene. These results imply that the
activation of EGFR signaling brought about full induction of
c-Myc expression with shedding of proHB-EGF,

JOURNAL OF CELLULAR PHYSIOLOGY DO 10.1002/)CP
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Fig. |. Induction of proHB-EGF shedding by stimulation of EGF and
bFGF. AP-tagged proHB-EGF was stably expressed in HT 1080
fibrosarcoma cells. A: Thesa cells were treated with various
concentrations of EGF or bFGF for | h, and the AP activity was
yzed in each di Open bars, no stimulation; closed bars,
| ng/mi; dotted bars, 10 ng/ml; shaded bars, 50 ngiml; slashed bars,
50 ng/ml of growth factor and 10 uM of KB-R7785. All experiments
were performed Independently in triplicate. B: The lysates were
collected from the above cells after each stimulation, and
immunoprecipitated with anti-HB-EGF-CTF antibodies. After that,
SDS-PAGE and immunoblotting with the above antibodies (upper
part) were performed. f}-actin in each cell lysate was detected with
anti-f-actin antibodies as an indi of protein loading (lower part).

To evaluate whether this event is species specific, we also
examined expression of -Myc in MEFs. mRNA of c-Myc was
induced by stimulation of EGF and treatment with KB-R7785
partially suppressed c-Myc expression (Fig. 3C), but had no
remarkable effect on phosphorylation of EGFR and Erk|/2
under treatment of KB-R7785 in MEFs (Fig. 3D). TPA is one of
the strongest inducers of proHB-EGF shedding. To confirm the
blocking effect of shedding by the metalloproteases inhibitor.
KB-R7785, in MEFs, we performed proHB-EGF-AP shedding
assay with adenovirus infection system (Fig. 3E). KB-R7785
even blocked the induction of proHB-EGF shedding by TPA.

Reduction of EGF-induced ¢-Mye gene expression in
proHB-EGF-depleted mouse embryonic fibroblasts

To define the transcriptional regulation of ¢-Myc by HB-EGF
more precisely, we generated Hb-egf-deficient MEFs using Cre/
loxP technology (Fig. 4A). MEFs were isclated from loxHBE-EGF
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control IgG «HB-EGF-CTF

no treatment no treatment bFGF bFGF+ KB-R7785

signal ntensity d

Fig. 2. Intracellular localization of endogenous HB-EGF-CTF in human keratinocytes, determined by fluorescent microscopy. Human

kerati ytes were stimulated with 10 ng/mIbFGF for 30 min, after which they were fixed and stained with normal rabbit IgG or anti-HB-EGF-CTF
antibodies. A, B, E, and F are images taken before stimulation; (C) and (G) are images collected after stimulation; and (D) and (H) show the effect of
KB-R7785 treatmaent before stimulation with bBFGF. A and E, normal rabbit IgG; B-D and F-H, anti-HB-EGF-CTF antibodies. Parts E-H show
analytical data for A-D, respectively, determined using Scion Image.
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Fig. 3. Involvement of shedding of proHB-EGF In e-Myc transcription by human primary cultured keratinocytes and mouse embryonic
fibroblasts, A: Analysis ofc-Myc mRNA expressionin inocytesby RPA. Thei ities ofthe bands for e-Myc and Gapdh mRNA were measured
by densitometry. In some cases, the keratinocytes were pretreated with 10 uMof KB-R7785 and/or 10 png/ml of EGFR-neutralizing antibody for | h.
Some of the cultures were further treated with 10 ng/mi of EGF for | h. Expression of Gapdh mRNA was examined as a control. *P<0.05 versus
non-treated keratinocytes (lane 1) and **P <0.05 versus EGF-treated keratinocytes (lane 5). B: Phosphorylation of EGFR (middle parts) and
Erk- /-2 (lower parts) in keratinocytes wasobserved inaWestern blot assay. C: Analysis of c-Myc mRNA expression in MEFs by RPA. The intensities
of the bands for c-Myc and Gapdh mRNA were measured by densitometry. D : Detection of EGF signaling through the EGF receptor by

an IP-Western assay. All experiments were performed independently in triplicate. E: Effect of KB-R7785 on shedding ofproHB-EGF in MEFs. MEFs
transiently expressed with AP-proHB-EGF were stimulated with 100nM of | 2-o-tetradecanoylphorbol-| 3-acetate (TPA). Before stimulation with
TPA, the cells were treated with 20 M of KB-R7785. *P < 0.05 versus EGF-treated MEFs. A and C, The expression level of c-Myc was normalized
using the level of Gapdh, and the fold induction is shown on the basis of the expression ratio relative to no treatment.
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mice (Iwamoto et al., 2003; Shirakata et al,, 2005) and infected
with adenoviruses encoding either Cre or GFP. Deletion of the
Hb-egf gene and the absence of its MRNA transcript were
confirmed in Cre recombinase-expressing MEFs (HB * cells);
in contrast, the gene and transcript were retained in
GFP-expressing MEFs (HB''" cells) (Fig. 4A-C). HB-EGF
protein production in HB''" and HB " cells was detected by
Western blotting (Fig. 4B, lower part). Stmulation of EGF
induced ¢-Myc expression in quiescent HB™'* cells, and
up-regulation of c-Myc by EGF was also attenuated in HB '~
cells (Fig. 4D). Strikingly, phosphorylation of EGFR and Erk1/2
was stimulated equally in response to EGFin HB*'* and HB '
cells (Fig. 4E).

Negative effects of uncleavable mutant of proHB-EGF
on ¢-Myc gene expression and cell cycle progression

We next performed a recovery assay with adenovirus infection
of MEFs to introduce exogenous expression of wild-type
proHB-EGF. Protein production by wild-type or mutant
proHB-EGF in HB ' cells Is shown in Fig. 5A. Infection with
viruses carrying the wild-type protein restored c-Myc induction
in HB '~ cells by EGF (Fig. 5B). Although the quiescent MEFs
proceeded into S phase following EGF stimulation, entry into
this phase was somewhat delayed in HB '~ cells compared

to HB''" cells with statistical significance (Fig. 5C). On the
other hand, expression of an uncleavable mutant of proHB-EGF
(Nanba et al., 2003) by adenovirus infection severely depressed
¢-Myc expression in both MB '~ and HB*'" cells (Fig. 5B).
Moreover, adenovirus-driven overexpression of the
uncleavable mutant completely inhibited cell cycle progression
into S phase, although overproduction of wild-type proHB-EGF
in HB ' cells accelerated entry into S phase (Fig. 5C). It is
presumably due to a potent dominant negative effect of the
uncleavable form.

Elevated transcription of ¢c-Myc was induced in quiescent
MEFs stimulated with bFGF (Fig. 6A). The increased
transcription of c-Myc mRNA in response to bFGF was
significantly depressed in HB " cells (Fig. 6A). Expression of
wild-type proHB-EGF recovered the induction of the e-Myc
gene by bFGF in HB ' cells, but expression of the uncleavable
mutant of proHB-EGF did not do so (Fig. 6B). These data raise
the possibility that the release of overexpressed HB-EGF
restored c-Myc induction by bFGF. However, induction by bFGF
was not inhibited by treatment with HB-EGF-neutralizing
antibodies under the expression of proHB-EGF (Fig. 6B). bFGF
induced quiescent MEFs into S phase, but S phase entry was
delayed in HB ' cells compared to HB"'" cells (Fig. 6C).
Furthermore, expression of the uncleavable mutant markedly
suppressed 5 phase entry, similarly to the result with EGF
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Fig. 4. Involvement of HB-EGF in e-Myc transcription induced by EGFR signaling. A: Sch icr jon of genaration of
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proHB-EGF-deficient MEFs from loxHB-EGF mice. B: The upper part shows PCR detection of the Hb-egf gene in loxHB-EGF MEFs after infection

with adenoviruses expressing GFP (HB ') or Cre (HB '
band reflectsthefrag size decr frer Hb-egf g

)- The upper band represents the intact Hb-egf gene flanked by loxP sites, and the lower
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were collected for 10° cells for each condition. C: RT-PCRanalysis ofmRNAs for EGFR ligands (Hb-egf, Tgf-e, Amphiregulin, and Epiregulin) and Pizf
mRMA, expression. D: Analysis of e-Mye mRNA expression in HE''* and HB ' cells by quantitative PCR analysis. Serum-starved MEFs were

stimulated with 10 ng/ml EGF for | h. Expression of Gapdh mRNA was examined as a normalization control, and densitometric analysi
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These results suggest that proHB-EGF shedding and
subsequent HB-EGF-CTF signaling can modulate bFGF
signaling-induced c-Myc expression and cell cycle progression.

Epigenetic effect of uncleavable proHB-EGF on
Mouse c-Mye gene promoter

We have previously reported that HB-EGF-CTF inactivates
PLZF, a transcriptional repressor, by induction of translocation
to the cytoplasm. On the other hand, a recent study has shown
that PLZF represses expression of human ¢-Myc (McConnell
et al., 2003). When we checked the PLZF-binding motifs in the
5 kb region from the transcriptional start site of the mouse
c-Myc gene, six putative sites were found (Fig. 7A). To examine
chromatin modification in MEFs infected by adenoviruses
carrying GFP or the uncleavable mutant of proHB-EGF,

a chromatin immunoprecipitation (ChIP) assay was performed,
After stimulation with EGF, the level of acetylated histone H3
increased at the region Il (Fig. 7B), where the acetylation,
however, was not induced with expression of the uncleavable
form of proHB-EGF. These data suggest that production

of HB-EGF-CTF followed by shedding is required for

histone modification, We also examined the participation

of PLZF in this region in the ChIP assay. However, the
fragment of the region Ill was not detected with anti-PLZF
antibodies (data not shown). We also tried detection of

this region with anti-FLAG antibodies in FLAG-tagged
PLZF-overexpressed cells, but the region Il was not detected
again (Fig. 7C).

Discussion

Induction of c-Myc transcription by receptor tyrosine kinases
(RTKs) is regulated by at least two distinctintracellular signaling
pathways: the Ras/Raf/MEK/ERK (MAPK) pathway (Kerkhoff
et al., 1998) and the Src pathway (Barone and Courtneidge,
1995; Chiariello et al., 2001). The MAPK pathway induces
proHB-EGF shedding by the activation of metalloproteases

(Gechtman et al,, 1999; Umata et al,, 2001). The activated
metalloproteases cleave proHB-EGF at the plasma
membrane, generating both the EGFR ligand HB-EGF and the
transcription-modulating protein HB-EGF-CTF (Nanba et al.,
2003). The present study demonstrates that signal transduction
mediated by HB-EGF-CTF modulates induction of ¢-Myc
transcription and cell cycle progression by EGF and bFGF.

Reiss et al. provided evidence that proteolysis of
transmembrane proteins on the cell surface is involved in ¢-Myc
expression, by showing decreased expression of c-Myc in
ADAM | 0-deficient MEFs (Reiss et al., 2005). ADAM 0 cleaves
M-cadherin, an event that causes redistribution of B-catenin
from the plasma membrane to the cytaplasmic pool, thereby
accelerating [3-catenin/Tef signaling and the resulting c-Myc
expression (He et al, 1998). ADAMIO is also a sheddase for
proHB-EGF and other EGFR ligand precursors (Sahin et al,
2004). Therefore, it is possible that KB-R7785,
ametalloproteinase inhibitor, could inhibit the increase in c-Myc
expression by blocking redistribution of 3-catenin (Fig. 3A, C).
However, expression of the c-Myc gene by growth factors
diminished in MEFs in which the Hb-egf gene was removed by
Cre recombinase (Figs. 4D, 5B, and 6A). Moreover, expression
of an uncleavable mutant of proHB-EGF did not recover
expression of c-Myc, rather inhibited it (Figs. 5B and 6B),
suggesting that full induction of the c-Myc gene by growth
factors requires shedding of proHB-EGF. CTF signaling derived
from proHB-EGF may also contribute to ¢-Myc transcription
induced by growth factors.

c-Myc participates in a variety of biological processes,
including cell proliferation, differentiation, apoptosis,
metabolism, and tumorigenesis (Dang, 1999; Murphy et al.,
2005). We performed cell cycle analysis to determine the
effects caused by a change in c-Myc expression. Delayed S phase
entry was observed in Hb-egf-depleted MEFs following
stimulation with either EGF or bFGF (Figs. 5C and 6C).
Expression of the uncleavable mutant of proHB-EGF in the
presence of the wild-type protein completely stopped the cell
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Fig. 7. Inhibition of EGF-induced acetylation of histone H3 at the mouse c-Myc intron | by the uncleavable mutant of proHB-EGF. A: Schematic

diagram of the c-Myc promoter, exon |, intron |, and exon |l. Gray boxesshow the PLZ F-bindi if-lilee si he

d L
EETay are

named as regions I, Il, 111, and IV; fS indicates the binding motif of ZF5, a navel c-Myc suppressar; black boxes indicate exons; and P1 and P2 are
transcriptional start sites. B: ChIP assay with MEFs infected by adenovirusesincluding cDNA of GFP or the uncleavable mutant of proHB-EGF, and

PLZF (C). All experiments were performed indep

1y in tripl

JOURNAL OF CELLULAR PHYSIOLOGY DOI 10.1002)CP

n
|

471



472

NANBA ET AL,

cycle. These results indicate that the shedding event of
proHB-EGF is one of the important steps to regulate cell cycle
progression, even in the presence of growth factors, Therefore,
the present study raises a possibility that cellular behavior
invalving c-Myc expression is controlled by regulating
proteolysis of cell surface proteins and signaling by their
cell-associated remnant fragments.

Our current studies indicate that the CTFs of other EGF
family members such as amphiregulin, TGF-a, and epiregulin
bind to PLZF as well as HB-EGF does (unpublished work,
Morimoto and Higashiyama), and that these members share
shedding enzymes in some extent (Sahin et al, 2004). The
former supports the idea that CTF signaling would be
redundant in some members of the EGF family for explaining
that the lack of HB-EGF-CTF showed partial inhibition of ¢-Myc
induction by EGF and bFGF. The latter indicates that
overexpression of uncleavable proHB-EGF would
competitively block the shedding of other members in the EGF
family and works as a dominant negative form, explaining that
uncleavable proHB-EGF markedly blocked S phase entry of cell
cycle induced by EGF and bFGF.

Stimulation of EGF enhanced acetylation of histone H3 at the
keratin 16 and c-fos chromatin promoter (Cheung et al.. 2000:
Wang et al, 2006). We also observed enhanced levels of
acetylated histone H3 with EGF treatment in the mouse c-Myc
intron | near the boundary of the exon | (Fig. 78). The activated
¢-Myc allele in Burkitt's lymphoma is associated with a cluster of
somatic mutations within a discrete domain of intron | that
define protein recognition sequences, designated as c-Myc
intron factors (MIFs) (Zajac-Kaye and Levens, 1990; Tachibana
etal, 1993; Yu etal,, 1993). The sequence of the intron | in the
mouse c-Myc gene is partly homologous to that in the human

|e—mycewdon,
|
|GelProiferaﬁon|

Fig. 8. A schematic diagram for the proposed role of HB-EGF-CTF
signaling in c-Mye transcription induced by growth factor receptor
activation. (*) Activation of ADAMs by MAPK pathway has already
been reported (Gechtman et al., 1999; Umata et al., 2001).

¢-Myc, and this region could also be important in the regulation
of the expression of c-Myc in mouse.

PLZF negatively regulates the human cyclin AZ and c-Myc
genes (Yeyati et al, 1999; McConnell et al., 2003) and the
consensus binding sequence has been identified. We have
recently reported that HB-EGF-CTF targets PLZF to
de-repress the human cyclin A2 gene (Nanba et al,, 2003), It
was shown here that shedding of proHB-EGF and sequential
production of HB-EGF-CTF affected activation of ¢-Myc in
MEFs, and PLZF may participate in this event. However,
over-expression of PLZF did not result in attenuation of
acetylation of histone H3 at the intron | region, which
includes two similar PLZF-binding motif sites (Fig. 7C).
Moreover, we tested the influence of ZF5, a novel
regulatory factor for e-Myc expression (Numoto et al., 1993),
which has a binding site in the upper region of exon | (Fig. 7A).
However, no effects of the uncleavable proHB-EGF mutant
were observed at this region in the ChiIP assay (Fig. 7B). These
results raise the possibility that other CyH; type zinc finger
transcriptional repressors with similar features to PLZF
might be targeted by HB-EGF-CTF in the expression of
mouse c-Myc. This speculation might be supported by two
pieces of the following importantinformation. (1) HB-EGF-CTF
is able to bind Bclé, a PLZF-like transcriptional repressor
{Kinugasa et al., 2007). (2) PLZF-like repressors (Kruppel-type
zinc finger repressors) are well-known gene family showing that
active rounds of segmental duplication, involving single genes or
larger regions and including both tandem and distributed
duplication events, have driven the expansion of this
mammalian gene family. Comparisons between the human
genes and ZNF loci mined from the draft mouse, dog, and
chimpanzee genomes highlighted a substantial level of
lineage-specific change. Kruppel-type zinc finger genes are
widely expressed and clustered genes are typically not
coregulated, indicating that paralogs have evolved to fill roles in
many different biological processes in each species
(Huntley et al., 2006).

JOURNAL OF CELLULAR PHYSIOLOGY DO 10.1002/)CP

In conclusion, we have shown here that shedding of
proHB-EGF induces epigenetic changes in the mouse c-Myc
gene, in support of the induction of expression of c-Myc by EGF
or bFGF. HB-EGF-CTF may target other transcriptional
repressors besides PLZF, and further studies are required to
identify the target repressors. We propose a possible model for
the mechanism of c-Myc regulation by RTKs in Figure 8.
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KEYWORDS Summary
:)‘i‘r;ﬁ‘m SA ey Background: 1a,25-Dihydroxyvitamin D3 (1a,25(OH),Ds), the active form of vitamin
PPAR~: d D, suppresses keratinocyte proliferation, promotes keratinocyte differentiation, and
A vy . induces involucrin expression. Peroxisome proliferation-activated receptors (PPARs)
are ligand-activated transcription factors. It has been reported that PPARs stimulate
keratinocyte differentiation and regulate the expression of differentiation molecules,
Objective: Keratinocytes treated with 1a,25(0H);D; induced PPARy, which was
followed by increased involucrin expression. In this study, we investigated whether
PPARy is involved in the 1a,25(0H);D;-induced involucrin expression in human
keratinocytes.
Methods: Subconfluent keratinocytes were treated with 10 7 M 1a, 25(0H).D; for the
indicated times, and PPAR and involucrin mRNA expression were determined by real-
time RT-PCR. The levels of PPARs, involucrin, p38, and phospho-p38 proteins were
assayed by Western blotting, and the DNA binding activities of PPARy and AP-1 were
investigated by electrophoretic mobility shift assays (EMSA). To examine the role of
PPARy in 1a,25(0H);D; responses, recombinant adenovirus carrying a dominant-
negative form of PPARy (Axdn-PPARy) was constructed and transfected into kerati-
nocytes. The p38 inhibitor 5B203580 was added to the cultures to evaluate the
involvement of p38 in involucrin expression.
Results: 1a,25(0H);D; induced PPARy expression and stimulated PPARy activity. The
introduction of dn-PPARy inhibited the expression of involucrin mRNA and protein
induced by 1a,25(0H);D;, and suppressed AP-1 DNA binding activity. 1a,25(0H),D;

Abbreviations: 1a,25(0H);D;, 1a,25-dihydroxyvitamin D3; AP-1, activator protein-1; Ax, adenovirus vector; m.o.i., multiplicity of
infection; PPAR, peroxisome proliferator-activated receptor; VDR, vitamin D receptor; VDRE, vitamin D response elements.
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also triggered the phosphorylation of p38, which contributes to involucrin induction.
Moreover, dn-PPARy prevented the 1a,25(0H);D;-induced phasphorylation of p38.

Conclusions: These results suggest that PPARy regulates involucrin expression by
controlling the AP-1 signal and p38 activation in 1a,25(0H);D;-induced keratinocyte

differentiation.

(1 2007 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland

Ltd. All rights reserved.

1. Introduction

Within the epidermis, keratinocytes migrate from
the proliferative basal compartment to the upper,
terminally differentiated, cornified layers of the
skin, passing through a series of differentiation
stages characterized by the expression of specific
marker genes [1]. As involucrin is a major compo-
nent of the cornified envelope, and its expression in
the epidermis is tightly linked to the status of
keratinocytes differentiation, involucrin is a widely
used marker for keratinocyte differentiation. The
activity of the involucrin promoter is complex and
cell type-specific.

1c,25(0H); D5 is a hormonally active form of vita-
min D, and its cellular functions are usually
mediated through the nuclear hormone receptor,
VDR, which binds as a heterodimer with the retinoid
X receptor (RXR) to the vitamin D response element
(VDRE) in the promoter region of vitamin D-respon-
sive genes [2]. Studies have shown that
1,25(0H);D; induces the terminal differentiation
of preconfluent cultured human keratinocytes,
together with elevated expression of involucrin
and formation of cornified envelope [3].

PPARs are transcription factors belonging to the
ligand-activated nuclear hormone receptor super-
family. On binding ligands, PPARs form heterodi-
mers with RXR to facilitate the transcription of
target genes involved in many cellular functions,
including epidermal differentiation and barrier
formation [4,5]. All of the PPAR superfamily
members (e.g., PPARx, PPARB /S, and PPARy) have
been identified in keratinocytes [6], and the acti-
vation of PPARs regulate the expression of several
differentiation markers [5,7]. PPARy ligands
appear to regulate cellular differentiation and
cutaneous homeostasis, similar to other nuclear
hormones such as glucocorticoids, retinoids, and
vitamin D [8,9]. Here, we show that PPARy signal is
involved in 1a,25(0H);Ds-induced involucrin
expression in human keratinocytes, by regulating
AP-1 transactivation and p38 activity. This report
suggests a vital role for PPARy in the 1a,25(0H);
D, response of cultured differentiating human
keratinocytes.

2. Materials and methods
2.1. Keratinocyte culture

Primary normal human keratinocytes were isolated
from surgically discarded neonatal skin samples.
This study was conducted according to the Declara-
tion of Helsinki Principles, and all of the procedures
that involved human subjects received prior
approval from the Ethics Committee at the Ehime
University School of Medicine, Japan. Written con-
sent was provided by patient guardian before
experiments were initiated. Normal human kerati-
nocytes were cultured in MCDB153 medium as
described previously [10].

2.2. Adenovirus vector construction and
infection

The pcDNA3 expression vector expressing flag-
tagged L468A/E471A PPARy (dn-PPARy) was a gift
from Professor Chatterjee (University of Cambridge,
UK). This double-mutant form of PPARy exhibits
impaired transcriptional activity, silences basal
transcription, and is a potent dominant-negative
inhibitor of wild-type PPARy activity [11]. Adeno-
virus vector (Ax) containing dn-PPARy was gener-
ated and transfected into keratinocytes as
described previously [12]. Ax1W was used as the
control vector to exclude the effect of Ax itself,

2.3. Real-time RT-PCR

Total RNA from cultured cells was isolated using
Isogen (Nippon Gene, Japan). Real-time RT-PCR
was performed and analyzed in an ABI PRISM 7700
sequence detector (Applied Biosystems, Branch-
burg, NJ). The primers and probes used for GAPDH,
involucrin, and the PPARs were obtained from
Applied Biosystemns (Norwalk, CT). The RNA analysis
was carried out using a TagMan RT-PCR Master Mix
Reagent Kit (Applied Biosystems). cDNA synthesis
and PCR were performed and the level of gene
expression was quantified using the comparative
CT method as described previously [13]. The level
of target gene expression in the test samples was



1a,25-Dihydroxyvitamin D3 induces involucrin expression via PPARy 55

normalized against GAPDH and is reported as the
difference relative to GAPDH.

2.4. Western blotting

Keratinocytes were harvested at specific times after
treatment and whole cell lysates were extracted.
Twenty micrograms of protein were separated by
SDS-PAGE and transferred to polyvinylidene difluor-
ide membranes. Analyses were performed using a
Vistra ECF Kit (Amersham Biosciences, Arlington
Heights, IL), and membranes were then scanned
using a Fluorolmager (Molecular Dynamics, Sunny-
vale, CA). The following antibodies were used for
Western blotting: goat anti-B-actin (Santa Cruz Bio-
technology, CA), rabbit anti-involucrin (Biomedical
Technologies, Stoughton, MA), rabbit anti-Frail
(Santa Cruz Biotechnology, CA), rabbit anti-c-Fos
(Cell Signaling, Beverly, MA), rabbit anti-p38 and
anti-phospho-p38 (Cell Signaling, Beverly, MA), and
specific antibodies against PPARa, PPARB /&, PPARy
{Santa Cruz Biotechnology, CA) [6,14].

2.5. Preparation of nuclear extracts and
electrophoretic mobility shift assays
(EMSA)

Nuclear proteins were isolated, and the EMSA was
performed as described previously [12] using a Light
Shift™ Chemiluminescent EMSA Kit (Pierce, Rock-
ford, IL) according to the manufacturer’s instruc-
tions. Specific PPARy oligonucleotide probe sets
(biotin-labeled and unlabeled probes) and AP-1
probe sets were obtained from Panomics (Redwood
City, CA). For the supershift assays, nuclear extracts
were preincubated with anti-Fra1 or anti-c-Fos anti-
body, or with species-matched control nonspecific
IgG for 1 h at 4 °C, after which a biotin-labeled AP-1
probe was added. Protein—DNA complexes were
separated and transferred to Biodyne™ B nylon
membranes (Pierce). The biotin-labeled molecules
in the membranes were detected using a Chemilu-
minescent Nucleic Acid Detection Module (Pierce)
and were exposed to X-ray film [12].

2.6, Luciferase assay

A reporter plasmid containing the involucrin promo-
ter and firefly luciferase (pINV-Luc) was constructed
as described previously [15]. To normalize the trans-
fection efficiency, a plasmid containing Renilla luci-
ferase driven by the herpes simplex virus thymidine
kinase promoter (pRL-TK; Promega, Madison, WI)
was included in the assay. The reporter plasmids
were introduced into keratinocytes using FUGENE6
(Roche Molecular Biochemicals, Indianapolis, IN)

according to the manufacturer's instructions. After
treatment, the same number of cells was harvested
with 250 pL of lysis buffer (Promega), and the luci-
ferase activity was measured using the Dual-Luci-
ferase Reporter Assay System (Promega) with a
luminometer (Luminescencer JNR AB-2100; Atto,
Japan). The relative luciferase activity was calcu-
lated by normalizing to the level of Renilla lucifer-
ase activity.

2.7. Chemicals

1a,25[0H);D; was a generous gift from Teijin Phar-
maceutical Co. Ltd. (Japan). In this study, 1077 M
1a,25[0H];D; or same volume of EtOH (vehicle) was
added into cultures. SB203580 was purchased from
Calbiochem-Novabiochem International Co. (San
Diego, CA) and dissolved in DMSO at 10mM as a
stock solution. One micromole SB203580 was added
into cultures, and we did not detect cytotoxic
effects in the keratinocytes treated with
SB203580 using a cytotoxicity detection kit (Roche
Diagnostics, German) (data not shown).

2.8. Statistical analysis

At least three independent experiments were per-
formed, with similar results. One representative
experiment is shown in each figure. The relative
mRNA expression and relative luciferase activity are
expressed as the mean + 5.D. (n > 3). Statistical
significance was determined using Student's paired
t-tests. Differences were considered statistically
significant at p < 0.05 and indicated as *p < 0.05
in the figures.

3. Results

3.1. Rapid induction and activation of

First, we investigated PPAR expression in
1a,25(0H),D;-treated human keratinocytes. Real-
time PCR analyses revealed that PPARx mRNA
remained relatively constant over time with
1a,25(0H),D; treatment. Transcription of PPARB/&
was increased slightly after stimulation for 48 h,
whereas the expression of PPARy was induced
rapidly as early as 12 h after stimulation and was
upregulated by more than 10-fold at 48 h (Fig. 1a).
The expression of PPAR proteins was shown in
Fig. 1b, PPAR«a, (/& proteins were easily detected
but remained unchanged during keratinocyte differ-
entiation, confirmed the result from high calcium-
induced differentiation [6]. Robust upregulation of
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Fig. 1 1a,25(0H);D; stimulates rapid induction and activation of PPARy. (a) Subconfluent keratinocytes were incubated
with 1a,25(0H);D; for the indicated times (0, 12, 24, 48 h). Total RNA was collected, and real-time RT-PCR was
performed. (b) Keratinocytes were treated with 1a,25(0H);D; and collected after 12, 24, or 48 h of incubation. Total
proteins were analyzed by Western blotting with antibodies against involucrin, PPARs, and f-actin. (c) Keratinocytes were
exposed to 1a,25(0H);D3, and nuclear extracts were collected at the indicated times (12, 24, or 48 h). A biotin-labeled
PPARy probe was incubated with the nuclear proteins, and EMSA was performed. The data are representative of at least
three independent experiments.

PPAR~ protein was observed in 1«,25(0H);D;-trea- activation of PPARy (Fig. 1a and b). This could
ted keratinocytes, beginning at 12 h and peaking at  suggest a causal relationship between PPARy and
48 h (Fig. 1b). Next, we examined whether high  involucrin expression in 1a,25(0H);D5-treated
expression of PPARy results in specific signal activity ~ human keratinocytes.
in 1a,25(0H);D;-induced keratinocyte differentia-
tion. We performed EMSA to examine the DNA bind-  3.2. Regulation of 1«,25(0H),D;3-induced
ing activity of PPARy using nuclear keratinocyte involucrin expression by PPARy
extracts and a PPARy-specific probe, which could
not bind to PPARa or PPARP protein [12]. The activ-  Recent studies have shown that PPARy ligands sti-
ity was up-regulated by 1a,25(0H);D;, with a sig-  mulate differentiation and promote involucrin
nificant effect observed between 12 and 48 h post-  expression directly or synergistically with PPARB/%
treatment (Fig, 1c). According to a previous report  ligand in both cultured human keratinocytes [6] and
[6], PPARy pratein is rarely detected in undifferen-  murine skin following topical application [7], imply-
tiated cells; however, we detected a substantial  ing that the PPARy signal contributes to involucrin
signal in vehicle cells using Western blotting  expression.
(Fig. 1b) and EMSA (Fig. 1c). The conflicting results We hypothesized that activated PPARy is impor-
may be attributable to different culture conditions. tant for 1«,25(0H);D;-induced involucrin expres-
For example, the keratinocytes used by Westeraard  sion. No synthetic or natural PPARy antagonists
et al. [6] were isolated from adult skin, and thecells  have been described as completely blocking PPARYy
were collected when they reached 30—40% conflu-  activation; therefore, to test our hypothesis, we
ence. In our study, primary human keratinocytes  constructed an adenovirus vector (Ax) carrying a
from neonatal skin were stimulated at subconflu-  dominant-negative mutant of PPARy (Axdn-PPARy)
ence. Moreover, the different culture media and  to inactivate the PPARy signal [11]. To investigate
experimental techniques may have also affected  the role of PPARy in the activation of the involucrin
the results. Our data suggest that PPARy isactivated ~ promoter, we performed a luciferase assay. The
in differentiating keratinocytes induced by  1a,25(0H);Ds-induced activity of the involucrin pro-
1et,25(0H);D5. moter was significantly inhibited by dn-PPARy
In 1a,25(0H);D;-treated human keratinocytes, (Fig, 2a). Moreover, dn-PPARy also suppressed the
involucrin was induced after the expression and  1a,25(0H);D;-induced expression of involucrin



