THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 52, pp. 40852-40863, December 24, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Grainyhead-like 2 Enhances the Human Telomerase Reverse
Transcriptase Gene Expression by Inhibiting DNA
Methylation at the 5'-CpG Island in Normal Human

Keratinocytes™

Received for publication, January 13, 2010, and in revised form, September 22, 2010 Published, JBC Papers in Press, October 11,2010, DOI 10.1074/jbc.M110.103812

Wei Chen', Qinghua Dong®, Ki-Hyuk Shin**", Reuben H. Kim**¥, Ju-Eun Oh*, No-Hee Park**"l, and Mo K. Kang**"'
From the *School of Dentistry, SDental Research Institute, "Jonsson Comprehensive Cancer Center, and \David Geffen School of

Medicine, UCLA, Los Angeles, California 90095

We recently identified Grainyhead-like 2 (GRHL2) as a
novel transcription factor that binds to and regulates the activ-
ity of the human telomerase reverse transcriptase (hnTERT)
gene promoter. In this study, we investigated the biological
functions of GRHL2 and the molecular mechanism underlying
hTERT gene regulation by GRHL2. Retroviral transduction of
GRHL2 in normal human keratinocytes (NHK) led to a signifi-
cant extension of replicative life span, whereas GRHL2 knock-
down notably repressed telomerase activity and cell prolifera-
tion. Using promoter magnetic precipitation coupled with
Western blotting, we confirmed the binding of GRHL2 to the
hTERT promoter and mapped the minimal binding region at
—53 to —13 of the promoter. Furthermore, mutation analysis
revealed the three nucleotides from —21 to —19 to be critical
for GRHL2 binding. Because hTERT expression is regulated in
part by DNA methylation, we determined the effects of
GRHL2 on the methylation status of the hTERT promoter.
Senescent NHK exhibited hypermethylation of the CpG island,
which occurred with the loss of h-TERT expression. On the
contrary, the promoter remained hypomethylated in GRHL2-
transduced NHK, irrespective of cell proliferation status. Also,
knockdown of endogenous GRHL2 led to hypermethylation of
the promoter. These results indicate that GRHL?2 regulates the
hTERT expression through an epigenetic mechanism and con-
trols the cellular life span.

Telomerase is a ribonucleoprotein complex minimally
composed of the protein subunit hTERT? and the RNA tem-
plate human telomerase RNA (1). Most human tumors show
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a high level of telomerase activity, whereas normal somatic
cells display an undetectable level (2). Telomerase activation
in cancers has been implicated in the extension of cellular life
span, immortalization, and carcinogenesis (3—5). Telomerase
enzyme activity is closely associated with the expression of
hTERT, whereas human telomerase RNA is constitutively
expressed in most cells, including telomerase-negative normal
cells (6). Ectopic expression of hTERT alone is sufficient for
reconstitution of telomerase activity in cells, indicating that
hTERT is the rate-limiting step in telomerase activation (7).
Several studies have revealed transcriptional regulation of the
hTERT gene by direct DNA-protein binding of the trans-reg-
ulatory factors and involvement of DNA methylation of the
5'-CpG island of the hTERT promoter (8, 9).

We recently identified novel trans-regulators of the h\TERT
promoter by promoter magnetic precipitation coupled with
mass spectrometry (10). This is a global, high throughput
screening for the nuclear proteins that physically interact with
the promoter. Using this method, we identified MSH2, heter-
ogeneous nuclear ribonucleoproteins D and K, and Grainy-
head-like 2 (GRHL2) to be associated with the hTERT pro-
moter preferentially in cells exhibiting high telomerase
activity. Among them, GRHL2 was found to bind the hTERT
promoter near the transcription start site and to be necessary
for the h\TERT mRNA expression and telomerase activity in
oral squamous cell carcinoma (OSCC) cells.

Grainyhead (GRH) is a developmental transcriptional fac-
tor involved in dorsoventral patterning of the Drosophila em-
bryo (11), epithelial morphogenesis (12), and central nervous
system development (13). Notably, GRH is expressed in Dro-
sophila epithelium and is responsible for the cuticle formation
by transcriptional regulation of DOPA decarboxylase (14).
DOPA decarboxylase along with tyrosine hydroxylase is re-
sponsible for the maturation of the outer cuticle, making up
the impermeable protective barrier in Drosophila (15). GRH
also regulates cell proliferation, as evinced in post-embryonic
neuroblasts whose mitotic activity is maintained by GRH ex-
pression (16). GRH physically binds to the promoter region of
proliferating cell nuclear antigen (PCNA) gene in Drosophila
and exerts the regulatory effects on the promoter activity,
suggesting a possible role in DNA replication (17).

Mammalian homologues of GRH include GRHL1, GRHL2,
and GRHL3, which exhibit sequence and biochemical similar-
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ities with GRH (18, 19). Among them, GRHL3 is most exten-
sively characterized. Like GRH in Drosophila, GRHL3 is nec-
essary for the formation of epithelial impermeability barrier;
mice lacking GRHL3 exhibit defective stratum corneum of
the skin, compromising the epithelial barrier function (20,
21). GRHL1 plays a critical role in epithelial morphogenesis,
similar to GRHL3, but by regulating the expression of desmo-
glein-1 (DSG1), a desmosomal cadherin necessary for inter-
cellular adhesion in keratinocytes. A recent gene knock-out
study showed defects in hair anchorage and epidermal differ-
entiation in GRHL1-null mice resulting from the reduced ex-
pression of DSG1 (22). Although GRHL1 and GRHL3 share
the physiological roles in epidermal morphogenesis and kera-
tinocyte differentiation, GRHL?2 has been implicated in carci-
nogenesis. In a genome-wide screening of DNA amplification
in hepatocellular carcinoma samples, gain of GRHL2 in
8q22.3 was found to be associated with early recurrence of
hepatocellular carcinoma, suggesting its involvement in can-
cer development (23). We previously showed that GRHL2
expression was markedly enhanced in OSCC cells compared
with the normal counterparts (10). This finding combined
with the transcriptional role of GRHL2 in hTERT regulation
indicates that GRHL2 may be required for continued expres-
sion of hTERT during cellular immortalization and carcino-
genesis. In this study, we investigated the biological function
of GRHL2 and the mechanisms underlying its role in telomer-
ase regulation. Our data demonstrate a novel epigenetic func-
tion of GRHL?2 in the control of h"TERT gene expression and
cellular proliferation of human keratinocytes.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture—Primary NHK were prepared from
keratinized oral epithelial tissues (NHOK) or from foreskin
(NHEK) according to the methods described elsewhere (24).
Primary NHOK and NHEK were maintained in EpiLife me-
dium supplemented with the growth factors (Invitrogen).
These cells were serially subcultured until they reached senes-
cence, and the replication kinetics was determined by count-
ing the cell number and the population doubling (PD) levels
as described previously (24). NHOK cultures with exogenous
Bmi-1 expression (named NHOK/Bmi-1) (25) were also
maintained in EpiLife. Normal human oral fibroblasts
(NHOF) were obtained from gingival connective tissue ex-
plants and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) and Medium 199 (Invitrogen) supplemented with
10% fetal bovine serum (FBS) (Gemini BioProducts, West
Sacramento, CA). Human OSCC cell lines (SCC4 and SCC15)
and HOK-16B cells were cultured according to the methods
previously described (26).

Organotypic Cultures—The organotypic epithelial tissue
reconstructs were established in three-dimensional “raft” cul-
tures using NHEK as described by Dongari-Bagtzoglou and
Kashleva (27). Each culture was established with 10° cells
seeded on the subepithelial equivalents consisting of type I
collagen and NHOF. The raft cultures were also established
with SCC15 infected with LV-EGFP or LV-GRHL2i (see be-
low) using the same protocol. The tissue equivalents were
harvested after 14 days of culture and sectioned at the sagittal
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direction for histological examination by hematoxylin and
eosin staining.

Antibodies—W e used the following antibodies for this
study: GRHL2 (Abnova, Taipei City, Taiwan); hTERT (Santa
Cruz Biotechnology, Santa Cruz, CA); p16™*** (Santa Cruz
Biotechnology); Sp1 (Santa Cruz Biotechnology); pRb (Santa
Cruz Biotechnology), p-pRb (Cell Signaling Technology, Inc.
Danvers, MA); PCNA (Calbiochem); CDK6 (Santa Cruz Bio-
technology); and B-actin (Santa Cruz Biotechnology).

Retroviral Vector Construction and Infection—To transduce
exogenous proteins in cultured cells, we constructed retrovi-
ral vectors expressing wild-type GRHL2. Full-length cDNA
encoding GRHL2 was cloned from the cDNA library obtained
from primary NHOK by PCR amplification using the primers
5'-CGTTAACAAACATGTCACAAGAGTCG-3' (forward)
and 5'-GGATCCTAGATTTCCATGAGCGTGA-3' (re-
verse). GRHL2 cDNA was then subcloned into pLXSN retro-
viral expression vector (Clontech) at the Hpal/BamHI restric-
tion sites (underlined sequences). Retroviral vector
construction and infection were performed according to the
methods described elsewhere (29).

Knockdown of Endogenous GRHL2 or hTERT by Lentiviral
Vector—Endogenous GRHL2 expression was knocked down
with the lentiviral vector (LV-GRHL2i) expressing short hair-
pin RNA (shRNA) against the GRHL2 target sequence. Con-
struction of the LV-GRHL2i vector and the control (LV-
EGFP) expressing the enhanced green fluorescence protein
(EGFP) was described earlier (10). Stable knockdown of en-
dogenous hTERT was achieved using LV-hTERTi as de-
scribed in our previous work (28). All lentiviral vectors used
in this study allow detection of the infected cells by GFP™
signal under the epifluorescence microscope.

For some experiments, we utilized duplex siRNA targeting
GRHL2 or the control, scrambled siRNA (Santa Cruz Bio-
technology), which was introduced using Lipofectin (Invitro-
gen). Rapidly proliferating NHEK (2 X 10°) were plated in
60-mm dishes and transfected with 60 nm siRNA. The cul-
tures were harvested after 3 days post-transfection for bio-
chemical analyses.

PMP-WB Assay—PMP was performed using the streptavi-
din-coated Dynabeads® (Invitrogen) according to the meth-
ods described elsewhere (10). Biotinylated hTERT promoter
DNA fragment from —544 to +5 was amplified in a PCR us-
ing the forward primer 5'-CTCCGTCCTCCCCTTCAC-3’
and the reverse primer 5'-ATCGATCAGCGCTGCCT-
GAAACTC-3' with biotin conjugation on the 5’ end of the
forward primer. The PCR product was then immobilized onto
the beads and incubated with 200 ug of nuclear extract iso-
lated from SCC4 cells. After a 1-h incubation at room temper-
ature, the beads were collected by the magnetic apparatus and
washed with the binding buffer containing 0.5% Nonidet
P-40. Proteins that bound the hTERT promoter were co-pre-
cipitated with the beads, and were fractionated by SDS-PAGE.
Subsequently, Western blotting was performed to determine
the presence of GRHL2, Sp1, or RNA polymerase II in the
protein samples that co-precipitated with the magnetic beads.
For the regional mapping analysis of the h TERT promoter,
the 145-bp hTERT promoter fragment (—97 to +48) was am-
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plified into seven overlapping fragments using the specific
primer sets. The sequence of the primers and PCR conditions
will be available upon request. The PCR amplification in-
cluded biotinylated forward primers to allow for immobiliza-
tion of the PCR products onto Dynabeads®. Subsequently,
PMP-WB was performed as described above to detect binding
of GRHL?2, Sp1, or polymerase II onto different PCR
fragments.

To determine the specificity of binding, we incorporated spe-
cific and nonspecific competitors in the PMP-WB analyses. Spe-
cific competitor was the identical h\TERT promoter sequence
without the 5'-biotinylation such that it would not be immobi-
lized onto Dynabeads®. Noncompetitor was the 55-bp unrelated
DNA sequence derived from pLPCX vector (Clontech) digested
with HindIII and Clal with the sequence, 5'-TCGAATTCG-
TTAGGCCATTAAGGCCTGTCGACAAGCGGCCGCCTC-
GGCCAAACAT-3'.

Construction of Mutant hTERT Promoter Fragments—
hTERT promoter variants were constructed by site-directed
mutagenesis of the pGL3B-TRTP plasmid using the
QuikChange multisite-directed mutagenesis kit (Stratagene,
La Jolla, CA). We introduced three consecutive nucleotide
sequence alterations by converting purines to pyrimidines and
vice versa from the sequences at —53 to —13. Briefly, a 25-ul
PCR was carried out with 100 ng of pGL3B-TRTP as tem-
plate, 100 ng of mutagenic primer, 2.5 ul of Multireaction
buffer, 0.75 ul of QuikSolution, 1 ul of ANTPs, and 1 ul of
QuickChange multienzyme blend. All primers designed to
introduce the site-directed mutation were labeled with phos-
phorylation at the 5’ end. Primers were synthesized and puri-
fied by Integrated DNA Technologies (Coralville, IA), and the
sequences will be available upon request. The extension reac-
tion was initiated by pre-heating the reaction mixture to 95 °C
for 1 min, 30 cycles of 95 °C for 1 min, 55 °C for 1 min, and
65 °C for 15 min according to the length of the template. The
PCR amplification products were digested with 1 ul of Dpnl
at 37 °C for 1 h to digest the parental double-stranded DNA.
An aliquot of 1.5 ul of Dpnl-treated DNA from each mu-
tagenesis reaction was transformed into XL10-Gold ultra-
competent cells. Positive colonies were selected, and their
plasmids were isolated by mini-prep for DNA sequencing.
The mutant hTERT promoter fragments were used directly
for PMP-WB by immobilizing them onto Dynabeads® or in-
serted into the pGL3B-TRTP for promoter-luciferase analysis.

Western Blotting—Whole cell extracts (WCE) from cul-
tured cells were fractionated by SDS-PAGE and transferred to
Immobilon protein membrane (Millipore, Billerica, MA) and
probed for the presence of various proteins using the afore-
mentioned antibodies. Densitometric analyses were per-
formed using the Scion Image software (Scion Corp., Fred-
erick, MD) and normalized against B-actin.

Reverse Transcription (RT)-PCR—Total RNA was isolated
from the cultured cells using the RNeasy mini kit (Qiagen,
Chatsworth, CA). The RT reaction was performed with 5 ug
of RNA, and the PCRs were performed for hTERT, PCNA,
GRHL2, and GAPDH in a semi-quantitative manner. The
PCR amplification was performed with the following primer
sequences: 5'-CGAGCTGCTCAGGTCTTTCTTTTATG-3’
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(forward) and 5'-CCACGACGTAGTCCATGTTCA-
CAATC-3' (reverse) for \TERT with the annealing tempera-
ture of 56 °C; 5'-AGGGCTCCATCCTCAAGAAG-3’ (for-
ward) and 5'-CTCCTGGTTTGGTGCTTCAA-3' (reverse)
for PCNA at 54 °C; 5'-CTTAGTGCCCATGCCCAGTG-3’
(forward) and 5'-CGCTTGGAATTCTCCAGGTG-3' (re-
verse) for GRHL2 at 54 °C; and 5'-GACCCCTTCATTGAC-
CTCAAC-3'(forward) and 5'-CTTCTCCATGGTGGT-
GAAGA-3'(reverse) for GAPDH at 55 °C. The PCR products
were fractionated by agarose gel electrophoresis and stained
with ethidium bromide.

WTERT Promoter Luciferase Assay—A pGL3B-TRTP con-
taining the 1670-bp fragment (—1665 to + 5) of the hTERT
promoter region linked to firefly luciferase cDNA (kindly pro-
vided by Dr. J. C. Barrett, NCI, National Institutes of Health,
Bethesda) was used for the hTERT promoter reporter assay.
We included either wild-type hTERT promoter sequence or
the mutants as mentioned above for the promoter assay. Prior
to transfection, a 6-well plate with ~5 X 10* cells per well was
inoculated and cultured for 24 h. pGL3B-TRTP and the vari-
ant plasmids (1 ug per each well) were introduced into cells
using Lipofectin (Invitrogen). We also included the hTERT
promoter deletion from —49 to +5 using the plasmid, pGL3-
TRTP(A—49/+5), as described in our previous report (10).
Transfection efficiencies were controlled by pRL-SV40 plas-
mid (1 ng per each well) containing the Renilla luciferase
c¢DNA under the control of SV40 enhancer/promoter. Cells
were collected 48 h post-transfection, and the lysates were
prepared using the Dual-Luciferase reporter assay system
(Promega, Madison, WTI). Luciferase activity was measured
using a luminometer (Turner Designs, Sunnyvale, CA). The
hTERT promoter activity was determined as the mean of trip-
licate experiments.

Telomerase Assay—Telomerase activity was detected using
the TRAP-eze telomerase detection kit (Chemicon, Temecula,
CA) according to the manufacturer’s guidelines. This kit al-
lows for semi-quantitative detection of telomerase enzyme
activity and amplification of the internal control. WCE iso-
lated in 1X CHAPS buffer was used with the TRAP reaction
mixture in the two-step telomerase assay involving the PCR
amplification (2). The PCR products were separated by 12.5%
nondenaturing PAGE. The radioactive signal was detected by
PhosphorIlmager (GE Healthcare).

Methylation-specific PCR (MSP)—Methylation of the
hTERT promoter at the 5'-CpG island was studied by MSP,
according to the methods described elsewhere (30). The
genomic DNAs were isolated from the cultured cells using
Qiagen tissue/blood kit and modified by bisulfite treatment.
Promoter DNA at two different regions, R1 (from —217 to
+29) and R2 (from +32 to +219), were amplified using the
primer sets that can recognize only bisulfite-modified DNA
sequences (U primers) or unmodified sequences (M primers).
PCR products were electrophoresed in 2% agarose and visual-
ized under UV illumination.

Real Time Quantitative MSP—Quantitative MSP analysis
was performed in triplicate for each sample using LightCycler
480 SYBR Green I master kit (Roche Applied Science) accord-
ing to the manufacturer’s guideline. Amplification was carried
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FIGURE 1. GRHL2 expression is decreased during senescence of NHK. A, Western blotting was performed with the WCEs of primary NHOK (strain 08-2)
harvested at the indicated PD levels. Intracellular levels of GRHL2, PCNA, and p16™"** were determined. B-Actin was probed for the loading control.

B, NHEK (07-2) and NHOK (07-12) cultures were fractionated into cytoplasmic (denoted as C) or nuclear (denoted as N) samples at the indicated PD levels.
Western blotting was performed for GRHL2 and lamin B. Fractionated samples of SCC4 were included for comparison. C, rapidly proliferating NHEK (strain
09-1) were infected with LXSN or LXSN-GRHL2 and maintained in serial subcultures. Red arrow indicates the point of infection with LXSN-GRHL2. D, NHOK
infected with LXSN or LXSN-GRHL2 were stained for senescence-associated 3-galactosidase activity at the indicated PD levels, which were calculated from

the point of primary culture. Original magnification, X 100.

out in 96-well plates using LightCycler 480, with 0.25 um of
each primer and bisulfite modified DNA in a 10-pul final reac-
tion volume. Using the MSP primers for the hTERT promoter
region 2 (R2), thermal cycling was initiated with an incuba-
tion step of 10 min at 95 °C, followed by 45 cycles (95 °C for
10's, 55 °C for 20 s, and 72 °C for 20 s). Alu gene amplification
was used to control for DNA input amount (31). 2744 value
determination method was used to compare the fold differ-
ences in which AACq = Cq(hTERT) — Cq(Alu). Methylation
index (%) was calculated as M/(M + U) X 100, where M is the
quantity of methylated hTERT promoter, and U is the quan-
tity of unmethylated hTERT promoter (32).

DNA Methyltransferase Activity Assay—NHEK were
treated with or without 1 um 5-aza-2'-deoxycytidine (5-aza-
CdR, Sigma) for 5 days and then were harvested. Nuclear ex-
tracts were prepared using a commercial kit according to
manufacturer’s protocol (Active Motif, Carlsbad, CA).
DNMT1 activity was measured using an EpiQuik™ DNA
methyltransferase activity assay kit (Epigentek, Brooklyn, NY).
Nuclear extracts were incubated with the methylation sub-
strate for 1 h at 37 °C, and then exposed to the capture anti-
body for 60 min and the detection antibody for 30 min at
room temperature. Absorbance was read using a microplate
spectrophotometer at 450 nm, and the DNMT1 enzyme activ-
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ity (OD/h/ml) was calculated according to the following for-
mula: (sample OD — blank OD)/(sample volume X 1000),
according to the manufacturer’s guide.

RESULTS

GRHL?2 Extends the Replicative Life Span of Normal Human
Keratinocytes but Cannot Immortalize the Cells—We investi-
gated the role of GRHL2 in regulation of cell proliferation by
assessing the expression level of GRHL2 in cultured NHK.
Endogenous GRHL2 expression was detectable in the prolif-
erating culture of NHK and decreased during senescence (Fig.
1A). This decrease occurred with a concomitant reduction in
the expression of PCNA, a cell proliferation marker (26), and
a progressive increase in the expression of p16™"** We
checked for the intracellular localization of GRHL2 by frac-
tionating the cells at replicating and senescing phases into the
cytoplasmic and nuclear fractions (Fig. 1B). GRHL2 was
found mostly in the nuclear fraction of NHK and SCC4 cells,
and the intranuclear protein level was reduced dramatically
during senescence.

To determine the role of GRHL2 in the control of normal
cell proliferation, exogenous GRHL2 was transduced in NHK
using the retroviral vectors. Primary NHEK were infected
with LXSN-GRHL2 or the LXSN control vector, and main-
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tained in serial subcultures. The parental NHEK and those
infected with LXSN completed 22 PDs until senescence (Fig.
1C). GRHL2 transduction led to an extended life span for al-
most 50 PDs before senescence, although the cells did not
become immortalized. Furthermore, GRHL?2 led to a reduc-
tion in the number of cells expressing the senescence-associ-
ated B-galactosidase activity (Fig. 1D), a cytochemical marker
of senescence (33).

To gain insight into the mechanism underlying the en-
hanced cell proliferation, we performed Western blotting for
the key proteins associated with keratinocyte proliferation
and differentiation. NHEK infected with LXSN or LXSN-
GRHL?2 were harvested at the increasing PD levels, and West-
ern blotting was performed for GRHL2, PCNA, p53, p21%¥4F,
involucrin, and p16™*** (Fig. 24). Elevated GRHL2 expres-
sion was noted in cells infected with LXSN-GRHL2, and the
exogenous GRHL2 expression was maintained at this level
throughout the in vitro culture. Thus, the cell division arrest
beyond PD 49 was not due to the loss of exogenous GRHL2
expression. In fact, the transduced cells with higher PDs dem-
onstrated increased level of GRHL2, suggesting selection for
the cells with higher GRHL2 expression. Involucrin expres-
sion was drastically increased in the control cells during se-
nescence but was inhibited in the cells transduced with
GRHL2. Interestingly, these cells accumulated similar level of
p16™ * as the control at senescence (PD 19 and 23), yet un-
derwent an additional 20 PDs before senescence in the pres-
ence of high p16™"** level. Thus, extension of the replicative
life span by GRHL?2 did not occur through p16™*** suppres-
sion. Rather, GRHL2 allowed the cells to gain resistance to the
growth inhibitory effects of p16™"** and replicate in the ab-
sence of keratinocyte differentiation.

GRHL?2 Delays the Loss of h'TERT Expression and Telomer-
ase Activity in NHK—Because GRHL2 regulates the hTERT
promoter activity, we further characterized the effects of
GRHL2 on hTERT expression and telomerase activity.
GRHL2 transduction led to increased levels of R TERT, PCNA,
and hyperphosphorylated pRb (Ser-807/811) compared with
those infected with LXSN (Fig. 2B). Parental NHOK at PD 11
and those infected with LXSN or LXSN-GRHL2 demon-
strated readily detectable telomerase activity (Fig. 3). Telom-
erase activity was then lost in the control cells during senes-
cence at PD 23. On the contrary, the GRHL2-transduced cells
maintained telomerase activity beyond PD 40, although the
enzyme activity gradually decreased as the cells reduced
the proliferation rate. Thus, GRHL2 significantly prolonged
the time period during which telomerase activity was ex-
pressed in cells, although the level of the enzyme activity was
not induced by GRHL2.

We performed a series of GRHL2 knockdown experiments
in several different cell types, including primary NHEK,
SCC15, SCC4, and the NHOK/Bmi-1 cells, using the lentiviral
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FIGURE 3. Duration of active telomerase is prolonged in NHOK by
GRHL2 transduction. NHOK (09-1) infected with LXSN or LXSN-GRHL2
were harvested at the indicated PD levels and assayed for telomerase activ-
ity. WCE (1 ng) isolated in 1X CHAPS buffer was used for the PCR-based
TRAP assay. The radioactively labeled PCR products were separated by
12.5% nondenaturing PAGE. ITAS, internal telomeric amplification standard.
vector targeting GRHL2 expression (LV-GRHL2i). Infection
of cells with the viral vectors was highly efficient, as revealed
by the EGFP labeling (Fig. 44). SCC15 and SCC4 cells ex-
pressed higher levels of h\TERT than did NHEK or the
NHOK/Bmi-1 cells. Thus, after GRHL2 knockdown, the
OSCC cells exhibited a greater extent of A TERT down-regula-
tion. GRHL2 knockdown reduced the cell proliferation rate
and the levels of PCNA and hTERT expression compared
with the control (Fig. 4, B and C). Telomerase activity was
diminished in NHEK infected with LV-GRHL2i (data not
shown). To determine the effects of GRHL2 knockdown in
the organotypic culture, we established the three-dimensional
culture with SCC15 cells infected with LV-EGFP or with LV-
GRHL2i (Fig. 4D). Compared with the three-dimensional cul-
ture prepared with NHEK, SCC15 formed an irregular epithe-
lial sheath showing nuclear atypia and invasion into the
subepithelial layer. SCC15 cells after GRHL2 knockdown
showed epithelial atrophy, reduced epithelial thickness, and
loss of the invasive phenotype. Thus, GRHL2 expression in
cancer cells may be required for the maintenance of the can-
cerous phenotype.

In the next experiment, we determined whether GRHL2
enhances cell proliferation through an hTERT-dependent

FIGURE 2. GRHL2 transduction allows NHK to proliferate in the presence of elevated p16™*** |evels while attenuating the subculture-induced ke-
ratinocyte differentiation. A, NHOK (09-1) infected with LXSN or LXSN-GRHL2 were harvested at the indicated PD levels, and Western blotting was per-
formed for GRHL2, PCNA, p53, p21"AF1, involucrin, and p16™**A, B-Actin was probed as loading control. B, three independent cultures of NHOK (08-3, 08-4,
and 919) were infected with LXSN or LXSN-GRHL2. Western blotting was performed with WCE obtained at the indicated PD levels for GRHL2, hTERT, PCNA,
pRb, and p-Rb (Ser-807/811). B-Actin and CDK6 were used for loading controls. Densitometric analysis was performed and plotted.
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FIGURE 4. GRHL2 knockdown reduces cell proliferation, hTERT mRNA expression, and telomerase activity. A, rapidly proliferating NHEK and SCC15
cells were infected with LV-EGFP or LV-GRHL2i. Shown in the panel are the phase contrast and fluorescence images of the cells at 72 h after infection to
demonstrate the efficiency of infection. Original magnification, X100. B, NHEK, SCC15, and NHOK/Bmi-1 cells were infected with LV-EGFP or LV-GRHL2i and
harvested after 72 h post-infection. Semi-quantitative RT-PCR was performed to determine the level of GRHL2, PCNA, and hTERT mRNA with or without
GRHL2 knockdown. GRHL2 knockdown in SCC4 cells was accomplished in our previous report (10). GAPDH was amplified as a loading control. C, effects of
GRHL2 knockdown on cell proliferation were determined in NHEK, NHOK/Bmi-1, and SCC15 cells by counting the cells after 72 h post-infection. D, organo-
typic raft cultures were established with NHEK and SCC15 infected with LV-EGFP or LV-GRHL2i. After 14 days of culture, the reconstructs were harvested for

histological examination in sagittal orientation.

manner. Endogenous hTERT expression was knocked down
in the GRHL2-transduced cells. NHEK infected with LXSN or
LXSN-GRHL2 were superinfected with LV-hTERT]i or LV-
EGFP (empty vector). The cells infected with the lentiviral
vectors were identified by the GFP™ signal (Fig. 54). As ex-
pected, GRHL?2 transduction led to enhanced cell prolifera-
tion compared with the control cells, but the cell proliferation
was notably inhibited after h\TERT knockdown in the GFP™
cells (Fig. 5, A and B). Notably, NHEK infected with LXSN-
GRHL2 exhibited nonproliferative, flattened morphology af-
ter hTERT knockdown. PCNA expression was strongly en-
hanced in cells transduced with GRHL2, but hTERT
knockdown inhibited such an effect (Fig. 5C). By comparing
the cell counts of GFP* and GFP ™ cells, it appears that the
GFP™ cells were outgrown by the GFP ™ cells after h\TERT
knockdown, and this was more evident in the GRHL2-trans-
duced culture than the control. h\TERT knockdown was effi-
cient (~ 80%) as shown in the RT-quantitative PCR data in
the LXSN-infected NHEK (Fig. 5C), but GRHL2-transduced
NHEK showed moderate level of hTERT knockdown. This
may be due to enhanced hTERT expression resulting from
GRHL2 transduction and/or overgrowth of GFP™ cells in the

40858 JOURNAL OF BIOLOGICAL CHEMISTRY

same culture. These data suggest that GRHL2 promotes
NHEK cell proliferation in part through the hTERT-depen-
dent mechanism.

Characterization of the Interaction between GRHL?2 and the
hTERT Promoter—To delineate the role of GRHL2 in hTERT
regulation, we characterized the protein-DNA interactions
between GRHL2 and the hTERT promoter region by PMP-
WB. For these series of experiments, we compared the bind-
ing of GRHL2 to the hTERT promoter with that of Sp1, which
is a well characterized transcription factor known to bind the
hTERT promoter (34). The specificity of the interaction was
confirmed using the nonbiotinylated DNA competitor, which
reduced the binding of GRHL2 and Sp1 to the immobilized
hTERT DNA (Fig. 6A4). PMP-WB using the cells with varying
levels of GRHL2 revealed congruent levels of GRHL2 binding
to the promoter DNA, although the binding of Sp1 was not
affected (Fig. 6B). These data ruled out the mutual depen-
dence of binding between GRHL2 and Sp1 to the promoter
DNA.

We generated seven overlapping fragments of the h\TERT
promoter DNA from —97 to +48 by PCR amplification (Fig.
6C). These fragments were independently tested for their abil-
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FIGURE 5. Knockdown of endogenous hTERT counteracts the enhanced proliferation by GRHL2 transduction. A, NHEK were infected with LXSN or
LXSN-GRHL2. After selection with 200 pg/ml G418, the cells were infected with LV-EGFP (empty vector) or LV-hTERTi. Subsequently, the cells were main-
tained in culture for 8 days and photographed for phase contrast view or under epifluorescence. Original magnification, X 100. B, all test groups were
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cells) or under epifluorescence (GFP™). Shown in the bar graph are the cell counts in each group relative to that of NHEK/LXSN infected with LV-EGFP.

G, relative expression of PCNA and hTERT mRNA was determined in cells by RT-quantitative PCR. The graph shows the mean of triplicates and the standard

deviation.

ity to bind GRHL2. The strongest interaction was noted with
the fragment 4, and GRHL2 weakly interacted with the frag-
ments 2 and 3. Hence, the minimal sequences required for
GRHL2 binding spans from —53 to —13. We then made mu-
tations in three consecutive nucleotides from —53 to —13 and
assessed the GRHL2 binding (Fig. 74). The mutations at —21
to —19 notably reduced the binding, although the others did
not (Fig. 7B). Sp1 binding was abolished by the mutations at
—33 to —31 and —27 to —25; these mutations coincide pre-
cisely with the Sp1 binding region reported previously (34).
The mutations that abolished the binding of Sp1 and GRHL2
led to marked loss of hTERT promoter luciferase activity (Fig.
7C). These data indicate that the 40-bp fragment from —53 to
—13 is sufficient for GRHL2 and Sp1 binding and that the
GRHL2-binding site would require the three nucleotides from
—21 to —19 of the hTERT promoter.

GRHL?2 Inhibits the DNA Methylation at the 5'-CpG Island
of the hTERT Promoter—We previously showed that the
hTERT promoter is inactivated in senescent NHOK and
NHOF by DNA hypermethylation at the 5'-CpG island (9).
Because GRHL2 maintained the hTERT mRNA expression
during the extended life span, we tested for the possible inhib-
itory effects of GRHL2 on DNA methylation. MSP was per-
formed with the bisulfite-modified genomic DNA at two dif-
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ferent regions designated R1 and R2. Rapidly proliferating
NHEK/LXSN cells showed hypomethylation in both regions
at PD12, and methylation was increased at PD 23 when the
cells underwent senescence (Fig. 84). On the contrary, R1 and
R2 remained primarily hypomethylated in the NHEK/GRHL2
cells throughout the in vitro culture beyond PD 38. Our previ-
ous study showed that exogenous Bmi-1 transduction in
NHOK led to enhanced cellular proliferation and extension of
the replicative life span without prolonging the hTERT
mRNA expression (25). Thus, we determined the methylation
status of the hTERT promoter in the NHOK/Bmi-1 cells to
test whether the promoter hypomethylation in the NHEK/
GRHL2 cells is a by-product of enhanced proliferation or
linked with GRHL2 overexpression. Rapidly proliferating
NHOK/BO (control cells) and NHOK/Bmi-1 showed a hy-
pomethylated promoter at PDs 15-16, and the promoter be-
came hypermethylated in both cultures with the PD levels
22-25 at which time the NHOK/Bmi-1 cells maintained ac-
tive cell proliferation (Fig. 8B). Therefore, the reduced DNA
methylation in the NHEK/GRHL2 cells appears to be linked
with GRHL2 transduction and not a by-product of enhanced
cell proliferation. Furthermore, knockdown of endogenous
GRHL2 in rapidly proliferating NHEK (PD 19) led to hyper-
methylation at the R2 region of the hTERT promoter, al-
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FIGURE 6. GRHL2 binds in the proximal regions of the hTERT promoter. A, PMP was performed with 200 g of nuclear extracts of SCC4 cells in the presence of
the 62-mer DNA containing the hTERT promoter sequences from —52 to +9. The competitor was made of the identical 62-mer DNA but without conjuga-
tion to Dynabeads® due to the absence of 5’-biotinylation. The nonspecific competitor DNA was composed of unrelated vector DNA sequences. The pres-
ence of GRHL2 and Sp1 in the magnetic precipitates was determined by Western blotting. B, PMP-WB was performed as described in A but using the nu-
clear extracts from different cells, such as NHOK/Bmi-1, parental SCC4, and SCC4 infected with LV-EGFP or LV-GRHL2i. C, regional map is shown for the
seven overlapping fragments of the hTERT promoter amplified by PCR. D, PMP was performed with the seven hTERT fragments using nuclear extract of
SCC4 cells. Western blotting detected GRHL2, Sp1, and RNA polymerase Il (Pol Il) in the magnetic precipitates associated with different fragments.

A wildtype: -53 CCCCTCCCCTTCCTTTCCGCGGCCCCGCCCTCTCCTCGCGGC -13
mutant 1: -53 CCCAGACCCTTCCTTTCCGCGGCCCCGCCCTCTCCTCGCGGC -13
mutant 2: -63 CCCCTCCCCGGACTTTCCGCGGCCCCGCCCTCTCCTCGCGGC -13
mutant 3: -53 CCCCTCCCCTTCCTTGAAGCGGCCCCGCCCTCTCCTCGCGGC -13
mutant 4: -563 CCCCTCCCCTTCCTTTCCGCGTAACCGCCCTCTCCTCGCGGC -13
mutant 5: -563 CCCCTCCCCTTCCTTTCCGCGGCCCCGAAATCTCCTCGCGGC -13
mutant 6: -53 CCCCTCCCCTTCCTTTCCGCGGCCCCGCCCTCTAAGCGCGGC -13
mutant 7: -563 CCCCTCCCCTTCCTTTCCGCGGCCCCGCCCTCTCCTCGCTTA-13
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FIGURE 7. Mutational analysis of the hTERT sequences associated with
GRHL2. A, hTERT promoter sequences from —53 to —13 were mutated in
three consecutive nucleotide sequences, yielding seven different mutant
sequences as indicated in red. Underlined sequences are the Sp1-binding
sites reported elsewhere (34). B, PMP was performed with the seven mutant
and the wild-type hTERT promoter sequences. Western blotting revealed
GRHL2 and Sp1 binding with the DNA. C, SCC4 cells were transfected with
pGL3-Luc, pGL3-TRTP, or the pGL3-TRTP containing the mutant sequences
(either mutant 5 or mutant 6), and pGL3-TRTPA(—49 to +5) containing the
deletion of the sequences from —49 to +5. Firefly and Renilla luciferase
activities were determined at 48 h post-transfection and plotted as normal-
ized values. Error bars represent standard errors.

though the scrambled siRNA had no effect (supplemental Fig.
S1). This finding further supports the involvement of GRHL2
in hTERT regulation in part via modulation of DNA
methylation.

Using quantitative MSP, we quantitated the level of the
promoter methylation at the varying stages and determined
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the methylation index, which is the % ratio of the methylation
amplification signal to that of the combined signals (32). As
shown in Fig. 8C, the methylation index was drastically in-
creased in the control cells nearing senescence, whereas it was
notably suppressed in the GRHL2-transduced cells even at the
higher PD level. Furthermore, the enzyme activity of DNMT]1,
which is responsible for the CpG methylation (35), was
strongly induced in the NHEK control cells at high PDs near-
ing senescence and correlated well with the hTERT promoter
methylation status (Fig. 8D). Treatment of the replicating
cells at PD 15 with 1 uM 5-aza-CdR for 5 days inhibited the
DNMT1 activity. GRHL2 transduction notably inhibited the
DNMT1 enzyme activity compared with the control cells,
even at the higher PDs. These data support the notion that
GRHL2 maintains the hTERT expression in NHK by inhibit-
ing DNA methylation, possibly by interfering with the DNMT
enzyme activity.

DISCUSSION

We showed that GRHL2 is a novel transcription factor of
hTERT that maintains the gene expression and the telomer-
ase activity in NHK and modulates the replicative life span of
cells. This study was performed by transduction of exogenous
full-length GRHL2, which enhanced cell proliferation, pro-
longed expression of hTERT and telomerase activity, and re-
duced keratinocyte differentiation. GRHL?2 transduction also
led to inactivation of pRb by phosphorylation at Ser-807/811
and increased expression of PCNA, although its effect on
p16™* expression was not noted. This is interesting be-
cause p16™ ** is a major determinant of senescence in NHK
(36), yet GRHL?2 allowed the cells to continue to replicate in
the presence of high p16™ ** levels. GRHL2 knockdown led
to reduction of hTERT expression, loss of telomerase activity,
and reduced cell proliferation without affecting the cell viabil-
ity. Endogenous GRHL2 was found most predominantly in
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FIGURE 8. GRHL2 inhibits DNA methylation of the hTERT promoter. A, MSP was performed with the bisulfite-modified genomic DNA isolated from the
cells at the indicated PD levels. The NHEK/LXSN cells (09-1) were rapidly proliferating at PD 12 and senesced at PD 25, and the NHEK/GRHL2 cells prolifer-
ated exponentially and entered the senescing phase near PD 38 (Fig. 1). R7 and R2 indicate the two different regions of the hTERT promoter amplified by
MSP (see “Experimental Procedures”). U and M indicate amplification with the primer sets recognizing the hypo- and hypermethylated DNA, respectively.
B, MSP was also performed with the NHK/BO cells harvested at PD 15 (replicating) and PD 22 (senescing) and with actively replicating NHK/Bmi-1 cells har-
vested at PDs 16 and 25. C, MSP was performed with quantitative PCR for the R2 region, and the methylation index was calculated by taking the % ratio of
the M amplification signal to the combined M and U signals. D, DNMT1 enzyme activity was performed with the nuclear extracts of NHEK (PD 15) and the
cells infected with LXSN (PDs 21 and 27) and LXSN-GRHL2 (PDs 20 and 34). The parent NHEK (PD 15) treated with 5-aza-CdR (1 um) for 5 days was included

as a control (denoted as PD15-z).

the nuclei of both primary NHK and OSCC cells, and the ex-
pression level was heavily dependent on cellular replication
status. Senescent NHK demonstrated almost complete loss of
GRHL?2 expression. We previously reported notable telomer-
ase activity in rapidly proliferating NHK and complete loss of
the enzyme activity during senescence (26, 37). Because
GRHL2 is necessary for hTERT mRNA expression and telom-
erase activity, the reduced GRHL2 expression may be respon-
sible for the loss of telomerase activity during senescence in
NHK. Also, our data suggest that the positive effect of GRHL2
on cell proliferation is dependent on hTERT expression be-
cause hTERT knockdown suppressed the proliferation of the
GRHL2-transduced cells.

In this study, PMP-WB enabled detailed molecular analyses
of the interaction between GRHL2 and the hTERT promoter
in a highly quantitative manner. This is indeed a major advan-
tage of PMP-WB over other approaches, such as electro-
phoretic mobility shift assay (EMSA). EMSA relies on the de-
gree of the antibody-associated altered mobility to reveal the
specific protein-DNA interaction (38). PMP-WB, on the other
hand, allows for direct and quantitative detection of the pro-
teins bound to DNA. Using this approach, we found that
GRHL?2 binds to the hTERT promoter in a sequence-specific
manner within the region from —53 to —13, possibly interact-
ing with the three nucleotides from —21 to —19. Also, we
mapped the proximal binding site of Sp1, a transcription reg-
ulator of hTERT (39), located within the region from —33 to
—25 of the hTERT promoter (Fig. 7B). These nucleotide se-
quences precisely match the known Sp1-binding site reported
earlier (34), further adding confidence to the PMP-WB ap-
proach. Mutations of the GRHL2- and Sp1-binding sites abol-
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ished the hTERT promoter activity. Other mutations within
the proximal regions from —53 to —13 also reduced the pro-
moter activity (data no shown), suggesting occupancy of other
unknown essential transcription factors in this region.

This study showed that GRHL2 inhibits DNA methylation
of the hTERT promoter. Because hypermethylation of the
CpG island is associated with hTERT promoter inactivation
in senescent NHK (9), GRHL2 may utilize this epigenetic
mechanism to prolong the hTERT expression during the ex-
tended replicative life span. We previously showed that chem-
ical inhibition of DNMT1 with 5-aza-CdR in senescent
NHOK and NHOF led to re-expression of the hTERT mRNA
(9). Thus, the hTERT CpG methylation is likely due to the
enzyme activity of the DNMT. The finding that GRHL2 in-
hibits the DNMT1 activity further supports the involvement
of GRHL2 in this epigenetic regulation of the hTERT
promoter.

It is noteworthy that GRHL2 transduction did not enhance
the level of telomerase activity, although it maintained the
level of the enzyme activity during replication. On the con-
trary, human papillomavirus type 16 E6 protein markedly in-
creased telomerase activity beyond that of rapidly proliferat-
ing NHOK and led to cellular immortalization (25). This may
explain the fact that GRHL2 alone could not immortalize the
cells in this study. Hence, GRHL2 appears to be required for
the maintenance hTERT expression and telomerase activity,
yet not sufficient to further enhance them.

We previously showed that Bmi-1 overexpression in
NHOK markedly increased cell proliferation without enhanc-
ing or prolonging the hTERT expression (25). Interestingly,
Bmi-1 transduction had no effect on the hTERT promoter
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methylation despite the robust proliferation of the transduced
cells. Thus, the promoter hypomethylation in the GRHL2-
transduced cells is unlikely a by-product of enhanced cell pro-
liferation. Our study revealed the hTERT gene as the first
known transcriptional target of GRHL2. In fact, we identified
numerous other target genes of GRHL2 by microarray and
chromatin immunoprecipitation analyses.? It is possible that
this epigenetic mechanism involving inhibition of DNA meth-
ylation is commonly used by GRHL2 for its target gene regu-
lation. Also, the phenotypic effects of GRHL2, i.e. enhanced
cell proliferation, may result from altered expression of other
GRHL2 target genes in addition to hTERT.

GRHL2 is also known as Brother-of-Mammalian Grainy-
head identified based on the sequence similarity to Drosophila
GRH, especially within the DNA binding and dimerization
domains (18). GRH transcriptionally regulates the target gene
expression by physical binding to the promoters. GRH binds
the enhancer element of the DOPA decarboxylase promoter
in Drosophila, and this binding is required for the wound-
responsive promoter activation of DOPA decarboxylase (40).
GRH also binds the upstream regulatory element of the
PCNA promoter and enhances the gene expression (17). The
sequence of the GRH-binding site in the Drosophila PCNA
promoter is known as AAACCAGTTGGCA and that of Dro-
sophila DOPA decarboxylase as ATAACCGGTTTCC (17,
41). Perhaps due to the amino acid sequence homology, hu-
man GRHL1 can also bind these promoters, indicating func-
tional conservation between Drosophila GRH and the mam-
malian GRHL proteins (18). A recent study revealed the
consensus binding sequence of GRHL1 as AACCGGTT (22).
The binding site for GRHL?2 is not known; it may likely be
different from those of GRHL1 or GRH due to the sequence
dissimilarity between the above mentioned binding sequences
and the hTERT promoter sequence revealed in this study.

When GHRL2 was knocked down in SCC15 cells, the
three-dimensional culture demonstrated atrophic epithelium
that had lost the invasive phenotype (Fig. 4D). Furthermore, a
recent study reported the association between the gain of
GRHL2 and recurrence of hepatocellular carcinoma (23).
These findings suggest possible involvement of GRHL2 in
carcinogenesis, differently from GRHL1 or GRHL3, both of
which are involved in epithelial morphogenesis, differentia-
tion, and barrier formation (15). Our current data showed
that GRHL?2 inhibits keratinocyte differentiation that occurs
during serial subcultures (Fig. 2B). We also performed mi-
croarray experiments to profile differential gene expression
induced by GRHL?2 transduction in NHEK. GRHL?2 overex-
pression led to marked reduction of GRHL1 and GRHL3
mRNA expression and numerous other genes involved in ke-
ratinocyte differentiation, such as involucrin, loricrin, and the
proteins required for cornified envelope formation.® There-
fore, GRHL2 may negatively target the expression of these
genes to impede keratinocyte differentiation and epithelial
morphogenesis while enhancing keratinocytes proliferation
and possibly promoting carcinogenesis.

3W. Chen, Q. Dong, K.-H. Shin, R. H. Kim, J.-E. Oh, N.-H. Park, and M. K. Kang,
unpublished data.
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