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Abstract

Objectives: Control of cell proliferation is critical
for accurate cell differentiation and tissue forma-
tion, during development and regeneration. Here,
we have analysed the role of microphthalmia-asso-
ciated transcription factor MITF and its direct tar-
get, T-box factor TBX2, in regulating proliferation
of mammalian neural crest-derived melanocytes.
Materials and  methods: Immunohistochemistry
was used to examine spatial and temporal expres-
sion of TBX2 in melanocytes in vivo. RNAi and
cell proliferation analysis were used to investigate
functional roles of TBX2. Furthermore, quantitative
RT-PCR, western blot analysis and flow cytometry
were used to further scrutinize molecular mecha-
nisms underlying TBX2-dependent cell prolifera-
tion.

Results: TBX2 was found to be co-expressed with
MITF in melanocytes of mouse hair follicles.
Specific Tbx2 knockdown in primary neural crest
cells led to inhibition MITF-positive melanoblast
proliferation. 7hx2 knockdown in melan-a cells led
to reduction in Cyclin D1 expression and G1-phase
cell cycle arrest. TBX2 directly activated Ccndl
transcription by binding to a specific sequence in
the Cend1 promoter, and the defect in cell prolifer-
ation could be rescued partially by overexpression
of Cyclin DI in 7hx2 knockdown melanocytes.
Conclusions: Results suggest that the Mitf-Tbx2-
Cyclin D1 pathway played an important role in
regulation of melanocyte proliferation, and pro-
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vided novel insights into the complex physiology
of melanocytes.

Introduction

Regulation of cell proliferation is critical, not only dur-
ing embryonic development but also in the adult, dur-
ing tissue regeneration and tumour formation. A prime
example of cells under proliferation’s tight control is
provided by the vertebrate melanocyte lineage. Mela-
nocyte precursors are derived from the embryonic neu-
ral crest from whence they migrate considerable
distances during development (1-4). Numbers of their
differentiated progeny in the integument, resulting from
balance of proliferation, migration and death, influ-
ences extent of pigmentation (5-7). In the adult, mela-
nocytes proliferate during skin wound healing and
during repigmentation, for instance in vitiligo lesions
(8,9). Furthermore, during malignant transformation in
the adult, melanocytes can initiate abnormal prolifera-
tion and migration leading to local malignant melano-
mas as well as metastases (10,11). These examples
illustrate the profound importance of regulation of mel-
anocyte proliferation throughout life. Knowledge
gained from investigating mechanisms underlying mel-
anocyte proliferation provide deeper understanding, not
only of physiology, but also of pathophysiology, of
melanocytes.

Previous studies have shown that melanocyte prolif-
eration is regulated by numerous genes including those
encoding proteins involved in signalling and transcrip-
tion regulation, such as P-catenin, endothelin receptor
(EDNRB) and its ligand (EDN), the receptor KIT and
its ligand (KITL), hepatocyte growth factor receptor
(MET) and its ligand (HGF), and transcription factors
MITF, BRN2, PAX3 and SOX10. Of the latter, MITF, a
basic-helix-loop-helix-leucine zipper (bHLHZip) protein,
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is a crucial regulator of the melanocyte lineage, although
it is also expressed in a variety of other cell types
(12,13). MITF usually acts as a transcriptional activator
that regulates a variety of target genes (14,15), which in
turn are involved in regulation of cell proliferation (16),
survival (17,18), differentiation (19-22) and migration
(23, our as yet unpublished data).

Previous work has shown that 7bx2 is one of many
direct targets of MITF (24). It belongs to the family of
genes encoding T-box transcription factors, which play
important roles in a variety of tissues during embryonic
development (25,26). Tbx2 also participates in cell cycle
regulation and malignant transformation (27). Most stud-
ies of Thx2 focus on its role in generation of malignant
melanomas as it suppresses senescence by reducing
expression of p21<™' (28). Thx2 and its relative Thx3
both contribute to malignant melanoma invasiveness by
reducing expression of E-cadherin (29). Furthermore,
Tbx2 is expressed in several malignant melanoma and
melanocyte lines, in which it represses expression of
pigmentation gene Tyrpl (30). However, it is unclear
whether the Mitf-Thx2 pathway plays a role in normal
melanocyte proliferation.

Here, we have approached the question of the role
of Thx2 in melanocyte proliferation by experimentally
manipulating levels of TBX2 in primary neural crest
cells as well as in a melanocyte cell line, melan-a. Our
results show that TBX2 is expressed in melanocytes of
hair follicles of P3 mouse skin and that knockdown of
Tbx2 in primary neural crest cells inhibits melanocyte
proliferation. We further show that 7bx2 knockdown
induces Gl-phase cell cycle arrest in melan-a cells by
down-regulating cell cycle regulator Ccndl. Further-
more, overexpresssion of Ccndl after Thx2 knockdown
partly rescues melan-a cell proliferation. Hence, it
appears that the Mitf-Thx2-Ccndl pathway regulates
cell cycle progression of both melanoblasts and mela-
nocytes.

Materials and methods

Cell lines and reagents

Melan-a cells, a mouse melanocyte cell line, were cul-
tured in RPMI 1640 medium (Sigma, St. Louis, MO,
USA) supplemented with 10% FBS (Gibco), 2 mm L-
glutamine (Gibco, Grand Island, NY, USA), 50 pg/ml
gentamicin and 100 nm 12-O-tetradecanoylphorbol-13-
acetate (TPA; Sigma) in a humidified atmosphere with
5% CO, at 37 °C. HEK 293T cells were cultured in
DMEM (Gibco) with 10% FBS and 50 pg/ml gentam-
icin (Gibco) in a humidified atmosphere with 5% CO,
at 37 °C.
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Neural tube explant cultures

C57BL/6] (B6) mice were used for this study. It was
defined as embryonic day 0.5 (E0.5) when vaginal plugs
were found at noon of the day. E9.5 embryos were har-
vested from pregnant B6 females and neural tube (NT)
explants containing neural crest cells were isolated and
cultured as previously described (20). For most experi-
ments, melanocyte induction medium consisted of 90%
DMEM, | mm L-glutamine, 50 pg/ml gentamicin, 10%
FBS and 20 nM EDN3 (Sigma).

SIRNA and transfection

siRNAs specific for mouse 7bx2 and a negative control
were designed and produced by GenePharma (Shanghai,
China). Their sequences are shown in Table S1. Melan-
a cells were grown to 70% confluence in culture dishes
and transfected with 40 nm siRNAs/well using LipoJet™
In Vitro Transfection Kit (SignaGen Laboratories,
Rockville, MD, USA) according to the manufacturer’s
instructions. Cells were harvested at 72 h post-transfec-
tion for examination of transfection efficiency and
function.

Plasmid constructs

FUW-OSKM vector was purchased from Addgene
(Cambridge, MA, USA) and mouse Tbx2 cDNA (GC-
Mm30892) was purchased from Genecopoeia Inc (Rock-
ville, MD, USA). To generate FUW-Gfp, the sequence
comprising Oct4-P2A-Sox2-T2A-KIf4-E2A-cMyc was
excised from the FUW-OSKM vector and replaced with
a GFP cDNA, using restriction enzymes Xbal and Ascl.
To generate FUW-Gfp-Tbx2, Oct 4 sequence was first
replaced with GFP cDNA using restriction enzymes
Xbal and Nhel and Sox2-T2A-KIf4-E2A-cMyc sequence
was then replaced with the Tbx2 cDNA using a blunt-
end ligation strategy. To generate FUW-HA-Ccndl, a
cDNA of Cendl with a HA tag was placed in lieu of
Oct4-P2A-Sox2-T2A-KIf4-E2A-cMyc using restriction
enzymes Xbal and Ascl. Sequences of primers used in
the study are shown in Table S1.

Lentivirus preparation and infection

A lentiviral expression system was used to overexpress
TBX2 and Cyclin D1 in melan-a cells. Replication-
incompetent lentiviral particles were packaged as fol-
lows: 293T cells were grown to approximately 70%
confluence in T-25 flasks and were transfected with
0.75 pg pMD2G, 2.25 ng psPAX2, combined with 3 pg
of either FUW-Gfp or FUW-HA-Ccndl or FUW-Gfp-
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Tbx2 using PolyJet™ in virro DNA transfection reagent
(SignaGen Laboratories) according to the manufacturer’s
instructions. Forty-eight hours after transfection, culture
medium containing lentiviral particles was collected and
filtered through a 0.45 pm filter. After concentration
using Lenti-X Concentrator (Clontech Laboratories, Inc.,
Mountain View, CA, USA), supernatants containing
approximately 10° infectious units (IFU) per ml were
used to infect melan-a cells seeded in 12-well plates.
Cells were infected with two to three rounds of viral
supernatant (each round for 3 h).

RNA extraction and gene expression analysis

Total RNA was isolated 48 h after siRNA transfection
using Trizol reagent (Life Technologies, Carlsbad, CA,
USA) and reverse transcribed into cDNAs using a reverse
transcriptase kit (Agilent, Santa Clara, CA, USA) and ran-
dom primers (Promega, Madison, WI, USA) according to
the manufacturer’s instructions. For gene expression anal-
ysis, resulting cDNAs were used for real-time PCR using
SYBR Green technology (Applied Biosystems, Foster
City, CA, USA). All reactions were run in triplicate on an
ABI 7500 instrument (Applied Biosystems). Data were
normalized to those obtained for GAPDH. All gene-speci-
fic primers were designed by Primer 5 Software. Primer
sequences are depicted in Table S1.

Antibodies and immunofluorescence

Skin tissue samples were fixed in 4% paraformaldehyde
(PFA) in PBS and dehydrated in 30% sucrose, then cry-
oprotected with OCT. For immunofluorescence, 14 um
cryosections were processed in the following solutions:
5% BSA for 1 h at room temperature, rabbit anti-MITF
(1:200; a gift from Heinz Arnheiter) and mouse anti-
TBX2 (1:200; a gift from Colin R. Goding) at 4 °C
overnight. Sections were then incubated with fluo-
rophore-conjugated secondary antibodies (Invitrogen,
Carlsbad, CA, USA) for 1 h at room temperature.
Primary neural crest cells and melan-a cells were
fixed in 4% PFA in PBS for 25 min at room tempera-
ture then blocked in 5% BSA in PBS before addition of
primary antibodies. Double indirect immunostaining was
performed using appropriate rabbit anti-MITF (1:200),
mouse anti-MITF (1:200; Abcam, Cambridge, UK),
mouse anti-TBX2 (1:200), goat anti-TBX2 (1:50; Santa
Cruz Biotechnology, Dallas, TX, USA), rabbit anti-Ki67
(1:200; Millipore, Billerica, MA, USA), rabbit anti-
Cyclin D1 (1:50; Cell Signalling Technology, Danvers,
MA, USA) or mouse anti-HA (1:200; Covance, Prince-
ton, NJ, USA), each incubated overnight at 4 °C. Cul-
tures were then washed and primary antibodies revealed
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by corresponding secondary antibodies added for 1 h at
room temperature. Specimens were examined and pho-
tographed using a Zeiss fluorescence microscope.

Western blotting

Total proteins were extracted using SDS Lysis Buffer
(Beyotime, Shanghai, China), separated by 10% SDS—
PAGE gels and transferred to PVDF membranes. After
blocking in 5% non-fat milk for 2 h at room tempera-
ture, membranes were probed with specific antibodies
either to TBX2 (1:500; Santa Cruz Biotechnology),
Cyclin D1 (1:1000; Cell Signalling Technology), CDK4
(1:1000; Cell Signalling Technology), pRB (1:1000;
Cell Signalling Technology), E2F1 (1:1000; Cell Sig-
nalling Technology), CDK2 (1:1000; Cell Signalling
Technology), p21 (1:200; Santa Cruz Biotechnology),
HA (1:1000; Covance), or GAPDH (1:5000; Kangcheng
Bio-Tech, Shanghai, China), respectively, followed by
incubation with appropriately labelled goat anti-mouse
(1:5000; LI-COR), goat anti-rabbit (1:5000; LI-COR,
Lincoln, NE, USA) or donkey anti-goat (1:5000; LI-
COR) antibodies. Protein bands were visualized by
chemiluminescence using an Odyssey Infrared Imaging
System (LI-COR). GAPDH was used as loading control
and protein bands were analysed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Cell proliferation analysis

Melan-a cells were plated in 96-well plates, 2000 cells
per well, and transfected using LipoJet™ in vitro trans-
fection kit (SignaGen Laboratories) with 40 nm siRNA,
in each well. Cell number was recorded from day 1 to
day 4, and a growth curve was composed.

For cell cycle analysis, cells were collected by
trypsinization and fixed in 70% EtOH for 30 min. They
were washed in PBS and stained with 50 pg/ml propid-
ium iodide (PI) and 100 pg/ml RNase in PBS for
30 min. Pl-stained cells were filtered and analyzed on a
FACS Calibur (BD Biosciences, San Jose, CA, USA).

Chromatin immunoprecipitation (ChIP) and luciferase
reporter assays

For ChIP assay, anti-TBX2 antibody (C-17; Santa Cruz
Biotechnology) and melan-a cells were used. The fol-
lowing PCR primers for Ccndl promoter were used for
ChIP-PCR reaction: Ccnd1ChIP-F (ACTCGGAAACGC
ACCCATT) and Ccnd1ChIP-R (CACACGCAAGCCAA
GGAAG). As control, Tbx2 target gene p2l was used.
PCR primers for the p2I promoter were p21ChIP-F (GG

Cell Proliferation, 48, 631-642



634 L. Pan et al.

CTTAGATTCCCAGAGGG) and p21ChIP-R (TTCTGG
GGACACCCACTGG). ChIP experiments were per-
formed using Magna ChIP™ G Chromatin Immunopre-
cipitation Kit (Millipore) according to the manufacturer’s
instructions.

For luciferase reporter assays, a 431 bp fragment of
Ccndl promoter containing the putative T-box binding
element was inserted into the PGL3-promoter luciferase
reporter vector (Promega) using blunt-end ligation strat-
egy. Cloning primers were as follows: proCcend1-F: AC
TCGGAAACGCACCCATT and proCendl-R: AACT
TCAACAAAACTCCCCT. 293T cells were grown to
approximately 70% confluence in 96-well plates and
were transfected with increasing concentrations of either
GFP or Tbx2 expression vector (80 and 160 ng), 80 ng
of either PGL3-Basic or PGL3-Ccndl, combined with
I ng pRL-TK (Promega) expressing renilla luciferase,
using PolyJet™ in vitro DNA transfection reagent (Sig-
naGen Laboratories) according to the manufacturer’s
instructions. Luciferase activity was examined 48 h post
transfection using Dual-Luciferase Reporter Assay Sys-
tem (Promega). Relative luciferase activity was normal-
ized to that of PGL3-basic plasmid.

Statistical analysis

Each experiment was repeated at least three times and
all quantitative data are presented as mean £ SD. Statis-
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tical significance (P-value) between experimental and
control groups was assessed using Student’s z-test.
P < 0.05 was considered significant and P < 0.01 was
highly significant.

Results

Spatiotemporal expression of TBX2 in melanocytes

Previous in vitro studies have shown that Thx2 is
expressed in melanocytes but not in melanoblasts (30),
but up to now, in vivo pattern of TBX2 expression in
melanoblasts or melanocytes has been unknown. Hence,
we examined temporal and spatial expression of MITF
and TBX2 in hair follicle melanocytes in C57BL/6]J
mouse skin, using anti-MITF and anti-TBX2 antibodies.
As shown in Fig. la, TBX2 was not detected in melano-
cytes of PO hair follicles while melanocyte key regulator
MITF was readily expressed at this time point. In P3
mouse skin, however, MITF and TBX2 were seen co-
expressed in melanocytes (Fig. 1b,c). These results sug-
gest that MITF expression precedes that of TBX2 in
postnatal hair follicle melanocytes.

Tbx2 was required for mouse melanoblast proliferation

It has already been shown that 7hx2 participates in
embryonic development and is important in cell prolifer-

Figure 1. TBX2 expressed in hair follicle
melanocytes in mouse skin. (a, b) Double
immunolabelling for MITF and TBX2 in
postnatal hair follicles of mouse skin at PO
(a) and P3 (b). MITF staining specifically
labelled melanocytes. While MITF expression
(green nuclear staining) was detected in follic-
ular melanocytes at PO, TBX2 expression (red
nuclear staining) was only detected at P3. (c)
Percentage of TBX2 and MITF double-posi-
tive cells in hair follicle melanocytes of PO
and P3 mouse skins. Experiments were per-
formed in triplicate and are represented as
mean £ SD. Significance was determined by
Student’s #-test whereby **P < 0.01. White
arrows indicate positive cells. Dotted lines
label the boundaries of hair follicles.
Bar = 50 pum.
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ation during heart development (27). As TBX2 is
expressed in P3 follicular melanocytes, we examined
what its functional role might be during melanocyte
development. To this end, we established primary
embryonic neural crest cell cultures, in which melano-
cytes developed with rates of cell division and timing of
expression of key melanogenic genes similar to those
observed in vivo (21). We first isolated primary embry-
onic neural tube explants from E9.5 embryos of C57BL/
6] mice and cultured them in melanocyte induction
medium. As expected, expression of MITF was detected
after 2 days culture, but expression of TBX2 in the
same cultures was not observed in less than 4 days
(Fig. 2a). These results are consistent with in vitro
observation that 7hx2 is a downstream target of MITF.
To investigate functional roles of 7Hx2 in melano-
blasts, we used RNAIi to reduce expression of Thx2 in
primary embryonic neural crest cell cultures. Neural
crest cells were cultured for 3 days and then transfected
with appropriate control si-RNA or Tbx2-specific

@ MITF

Figure 2. Knockdown of T7bx2 inhibited
the proliferation of melanoblasts in pri-
mary neural crest cell cultures. Neural tube
explants were isolated from E9.5 C57BL/6J
embryos and cultured in melanocyte induction
medium. MITF staining labels melanoblasts.
(a) Double immunolabelling for MITF (green
nuclear staining) and TBX2 (red nuclear
staining) at different days culture. MITF
expression began at day 2 while TBX2 and
MITF were co-expressed only at day 4. White
arrows indicate positive cells. Bar = 20 um.
(b, ¢) siRNA-mediated 7hx2 down-regulation
reduced percentage of MITF and Ki67 dou-
ble-positive cells. Primary neural crest cells
were transfected with a negative control
(si-C) or Tbx2-specific siRNAs (si-Tbx2-1
and si-Tbx2-2). MITF and Ki67 double-posi-
tive cells were recorded and counted 4 days
after transfection. Bar = 50 pm (b). Note that
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cells was dramatically reduced after knock-

down of Tbx2 (c). Experiments were per- 0.55 -
formed in triplicate and are represented as

mean £ SD. Significance was determined by 0.5 -
Student’s r-test whereby **P < 0.01. Mock
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siRNAs (for short, si-Tbx2-1 and si-Tbx2-2) whose effi-
cacy to reduce TBX2 expression was tested in the cul-
tures. Four days after transfection, percentages of MITF
and Ki67 (marker of proliferating cells) double-positive
cells was significantly reduced in the 7hx2 knockdown
groups compared to mock and control si-C groups
(Fig. 2b,c). These results indicate that 7hx2 played a
role in melanocyte proliferation.

Knockdown of Tbx2 inhibited melanocyte proliferation

To further examine how Thx2 affected melanocyte pro-
liferation, we utilized a mouse melanocyte cell line,
melan-a, which afforded more detailed cell cycle analy-
sis than is possible with the small numbers of melano-
cytes that can be obtained from primary neural crest
cultures. To reduce TBX2 expression, we used two
Tbx2-specific siRNAs and the control si-RNA men-
tioned above. As shown by western blots (Fig. 3a), both
Tbx2-si-RNAs reduced TBX2 expression in contrast to
DAPI
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Figure 3. Knockdown of Tbx2 inhibited
melan-a cell proliferation. (a) Western blot
analysis of TBX2 expression using anti-
TBX2 antibody. Note that expression of
TBX2 was significantly reduced in melan-a
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mock or si-C. As shown in Fig. 3b, this reduction in
TBX2 expression was accompanied by decrease in cell
numbers between days one and four of transfection. This
relative reduction in cell numbers was also reflected in a
significant reduction in Ki67 positivity (Fig. 3c,d).
Hence, knockdown of 7bx2 was shown to inhibit
melan-a cell proliferation.

Tbx2 up-regulated endogenous expression of cell cycle
regulator Ccendl

To further analyse molecular mechanisms underlying
Thx2-dependent cell proliferation, we used quantitative
RT-PCR to examine expression of a number of cell
proliferation-related candidate genes following knock-
down of Thx2. As shown in Fig. 4a, 3 days after trans-
fection of either of the two si-Tbx2 or si-C, expression
of Mitf was unchanged compared to untransfected
(mock) melan-a cells, consistent with the notion that
Mitf lies upstream of Thx2. Moreover, Pax3 and Sox10
expression was also not changed, indicating that their
levels did not depend on 7bx2. Nevertheless, Tbx2
knockdown led to down-regulation of some of cell pro-
liferation-related genes including Ccndl (encoding
Cyclin DI1), Bcl9l, Cdca7, Mphosph9 and Dna2. In
contrast, Bmyc was up-regulated. Western blot analysis
confirmed reduction in expression of Cyclin D1 at the
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cells transfected with Tbx2-specific siRNAs
(si-Tbx2-1 and si-Tbx2-2). Intensity of bands
was measured using Image] software and
fold-change was normalized to that of mock
cells. (b) Proliferation analysis for melan-a
cells transfected with si-C, si-Tbx2-1 or si-
Tbx2-2. Cell numbers were recorded from
day 1 to day 4 after transfection. Note that
knockdown of Tbx2 led to reduced cell
growth compared to mock cells. (¢) Immuno-
labelling for Ki67 (red nuclear staining), a
marker for proliferating cells, in melan-a cells
transfected with si-C, si-Tbx2-1 or si-Tbx2-2.
Number of Ki67-positive cells was reduced in
Tbx2 knockdown cells after 3 days transfec-
tion by si-Tbx2. Bar = 50 pm. (d) Percentage
of Ki67-positive cells was determined based
on data similar to those shown in Fig. 2c.
Data are from triplicate experiments and are
represented as mean £+ SD. **P < 0.01.

si-Thx2-2

protein level (Fig. 4b). Cyclin D1 is of interest here as
it has been shown to work as a Gl-phase cell cycle
regulator by serving as a regulatory subunit of CDK4
or CDK6 (31).

To act as a transcription factor on nuclear target
genes, TBX2 needs to be in the nucleus; however,
TBX2 is expressed in both the cytoplasm and nucleus
of MCF-7 cells (32), and subcellular localization of
TBX2 and Cyclin DI in melan-a cells was unknown.
As shown in Fig. 4c, double immunofluorescence
showed that TBX2 and Cyclin D1 were indeed co-loca-
lized in the nucleus of melan-a cells. Moreover, overex-
pression of TBX2 in melan-a cells, achieved by
infection with an appropriate lentivirus, led to up-regula-
tion of Ccndl, at both mRNA and protein levels
(Fig. 4d,e). Taken together, these results suggest that
Tbx2 regulates expression of endogenous Ccndl in
melan-a cells.

To test whether TBX2 activates Ccndl by directly
binding Ccndl regulatory sequences, we employed stan-
dard chromatin-IP and promoter analyses. The Ccndl
gene contains a conserved TBX2 binding element
(TTGCAC) at bp —307 to —312 upstream of the Ccndl
transcriptional start site (Fig. Sla). Standard chromatin-
IP showed amplification of a corresponding amplicon
after TBX2 immunoprecipitation but not after control
IgG  immunoprecipitation  (Fig. S1b).  Furthermore,
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Figure 4. Tbx2 regulated expression of
endogenous Ccndl. Knockdown of Thx2 led
to down-regulation of Ccndl expression (a,
b). (a) Relative fold change in mRNA levels
of candidate proliferation-related genes in
melan-a cell transfected with si-Tbx2-1 or si-
Tbx2-2 compared to mock cells. Down-regu-
lation of 7hx2 caused reduction of several
proliferation-related genes, including Ccndl,
Bcl9l, Cdca7, Mphosph9, and Dna2. (b) Wes-
tern blot analysis of TBX2 and Cyclin DI
expression in melan-a cell transfected with si-
C, si-Tbx2-1 or si-Tbx2-2. Note that knock-
down of Thx2 lead to reduction in levels of
Cyclin D1, consistent with reduction in Tbx2
mRNA seen in (a). Intensity of bands was
measured using Imagel] software and fold-
change compared to level seen in mock cells
is indicated. (c) Immunolabelling for TBX2,
Cyclin D1, and MITF in melan-a cells
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luciferase reporter assays showed increased activity of
corresponding 431 bp Ccndl promoter fragment after
Thx2 co-transfection compared to GFP control co-trans-
fection (Fig. Slc). These results suggest that Ccndl is
one of the functional targets of TBX2 in melan-a cell
proliferation.

Knockdown of Tbx2 induced G1-phase cell cycle arrest
in melanocytes

To examine in more detail how 7bx2, by regulating
Ccendl, influenced the cell cycle, we transfected melan-a
cells for 3 days with si-C, si-Tbx2-1 or si-Tbx2-2,
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labelled the transfected as well as mock cells with pro-
pidium iodide, and subjected them to flow cytometry.
As shown in Fig. 5a and 5b, percentages of cells in G1
was increased after 7Hx2 knockdown, suggesting that
reduction of TBX2 expression induced Gl-cell cycle
arrest.

To further investigate GI1 arrest, we examined
expression of Gl-phase cell cycle-related proteins using
western blot analysis. As shown in Fig. 5S¢, compared to
respective controls, 7bx2 knockdown led to significant
reduction in expression levels of Cyclin D1 and CDK4.
We also examined expression of the RB-E2F1 complex,
whose activation is important for Gl-to-S phase
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Figure 5. Knockdown of 7Thx2 induced G1
cell cycle arrest and regulated expression
of cell cycle-related proteins. (a) Representa-
tive flow cytometric analysis of melan-a cells
either mock or transfected with si-C, si-Tbx2-
1 or si-Tbx2-2. Results show that percentages
of cells in G1 phase increased after knock-
down of Thx2. (b) Quantification (mean +
SD) from triplicate flow cytometric analyses
of percentages of G1, G2/M and S cell popu-
lations in melan-a cell transfected with si-C,
si-Tbx2-1 or si-Tbx2-2. *P < 0.05. (c) Wes-
tern blot analysis of cell cycle-related proteins
in melan-a cells and melan-a cells transfected
with si-C, si-Tbx2-1 or si-Tbx2-2. Note that
besides Cyclin D1, several other Gl-phase
related proteins, such as CDK4, pRB, and
E2F1, were reduced after knockdown of
Tbx2. Intensity of bands was measured using
Imagel software and fold-change is given in

transition. As shown in Fig. 5c¢, Tbx2 knockdown also
led to significant reduction in expression of E2F1 and
Ser780-phosphorylated RB. In contrast, there were no
obvious changes in expression levels of CDK2 and p21
(Fig. 5¢). These results suggest that Thx2 promoted mel-
anocyte cell cycle progression through Cyclin D1 and
RB-E2F1, but not p21 and CDK2.

Overexpression of Cendl partially rescued cell
proliferation defect in Tbx2 knockdown melanocytes

To examine whether 7hx2 knockdown indeed acted by
inhibiting expression of Ccndl to regulate melanocyte
proliferation, we further asked whether overexpression
of Cyclin DI might rescue impairment of melanocyte
proliferation in 7hx2 knockdown cells. As shown in
Fig. 6a, we used a lentiviral expression system to over-
express an HA-tagged Cyclin D1 or, for control pur-
poses, GFP in melan-a cells and established GFP and
Cyclin Dl-overexpressing stable cell lines. Such lines
were then transfected with either si-Tbx2 or si-C. After
3 days transfection, we performed immunofluorescence
to detect cells co-expressing GFP/Ki67 or HA/Ki67. As
shown in Figs. 6b and 6c, overexpression of Ccndl led
to increase in Ki67-positive cells in 7hx2 knockdown
cells compared to GFP-overexpressing/Tbx2 knockdown
cells. That the siRNA against 7hx2 has indeed led to
reduction in TBX2 in these Cyclin D1 overexpressing

© 2015 John Wiley & Sons Ltd

comparison to intensities in mock cells.

cells is shown by western blotting in Fig. 6d. Western
blot analysis also showed that E2F1 and CDK4, both
substantially reduced in si-Tbx2 transfected GFP-expres-
sing control cells, were increased in cells overexpressing
Cyclin D1 (Fig. 6d). These results clearly indicate that
TBX2 can functionally act through Ccndl to regulate
Gl-phase cell cycle progression in melanocytes.

Discussion

Melanocyte proliferation is a complex process regu-
lated by a variety of signalling and transcription fac-
tors. Of the latter, MITF occupies a key position. Here
we show that 7hx2, which has various roles in many
types of normal and transformed cells and which
(based on in vitro studies) is a direct target of MITF,
is expressed in melanocytes of mouse hair follicles.
Furthermore, we show that 7bx2 played a role in regu-
lating melanocyte numbers in primary neural crest cell
cultures. When tested in a melanocyte line in vitro, it
is required for cell proliferation by stimulating expres-
sion of Ccndl, a cell cycle regulator that has previ-
ously been shown to be involved in cell cycle control
in many cell types and in cancers (33,34). Finally, that
experimental overexpression of Ccndl rescues the pro-
liferation defect associated with Thx2 knockdown sug-
gests the existence of a linear pathway that links Mitf
with 7hx2 and Ccndl.
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Figure 6. Overexpression of Cyclin D1 in 7bx2 knockdown melan-a cells rescued cell proliferation. Melan-a cells were infected with the GFP
or Cyclin D1 lentivirus, respectively, and then continually cultured for 1 week. HA expression represented ectopic Cyclin D1 expression. (a) Wes-
tern blot analysis of HA and Cyclin D1 expression in Ccndl overexpressing melan-a cell. HA expression was detected in Ccndl overexpressing
cells, but not in mock and GFP-expressing melan-a cells. Intensity of Cyclin D1 and GAPDH bands was measured using ImageJ software and fold-
change indicated in comparison to corresponding bands in mock cells. (b) Cells infected with GFP lentivirus and double-immunolabled for GFP
and Ki67. Cells were either transfected with si-C or si-Tbx2-1. The lower set of panels shows cells infected with Cyclin D1 lentivirus and double-
immunolabelled for HA and Ki67. Cells were either transfected with si-C or si-Tbx2-1. Results show that the numbers of Ki67-positive cells
increased after overexpression of Cyclin D1 in 7hx2 knockdown cells compared to GFP control group (compare GFP/si-Tbx2 with Cyclin D1/si-
Tbx2). Bar = 50 um. (c) Percentage of Ki67-positive cells was determined based on data from Fig. 6b. Results are from triplicate experiments and
are represented as mean £ SD. *P < 0.05 and **P < 0.01. (d) Western blot analysis of cell cycle-related proteins from overexpression of Cyclin
D1 in Thx2 knockdown melan-a cells. Note that reduction in expression of CDK4 and E2F1 after 7hx2 knockdown was reversed after Cyclin D1
overexpression. Intensity of bands was measured using Imagel software and fold-change was calculated in comparison to GFP data.

The above interpretation of a linear pathway receives How can a linear Mitf-Tbx2 pathway be reconciled
support from previous observations showing that Mitf  with existence of other pathways that act in parallel but
and Thx2 have overlapping functions, not only in cell have opposing effects? It is likely that co-existence of
cycle regulation, but also in regulating senescence and such parallel pathways affords cells with the possibility
DNA repair (28,35-38). Hence, it is conceivable that for an exquisitely fine-tuned, context-dependent regula-
Mitf acts through Tbhx2 to affect a variety of biological tion of cell physiology. If, as schematically depicted in
processes. On the other hand, it has also been observed Fig. 7, Mitf can inhibit cell proliferation, for example
that distinct target genes may be regulated differentially through the up-regulation of p21, but stimulate cell prolif-
by Mitf and Thx2. For instance, Mitf positively regulates eration by down-regulating p2/ following up-regulation
the cell cycle regulator p21 (16) and pigmentation gene of Thx2, with the further support of up-regulation of
Tyrpl (39), but Tbx2 represses both p21 and Tyrpl Ccndl, then cells could switch between the two effects, or
(30,35). even oscillate, by dynamically regulating relative strength

© 2015 John Wiley & Sons Ltd Cell Proliferation, 48, 631-642
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——
S phase

G1 phase

Melanocyte proliferation

Figure 7. Diagram illustrating role(s) of MITF and TBX2 and
other factors in pathways regulating melanocyte proliferation.
MITF worked as a transcriptional activator to regulate target genes
involved in melanocyte proliferation. During melanocyte proliferation,
MITF activated 7bx2 and 7bx2 in turn stimulated Ccndl to promote
cell proliferation. MITF also directly activated p21 and so inhibited
cell proliferation. In addition, MITF can act through CDK2 to promote
malignant melanoma proliferation. Hence, MITF-TBX2-Cyclin DI,
MITF-p21, and MITF-CDK?2 are regulatory pathways that act in paral-
lel and may balance pro- and anti-proliferative mechanisms in melano-
cytes and/or malignant melanoma cells. Data for this model are based
on the findings from references (16,24,48-50) and this study.

of each pathway. This could be achieved, for instance, by
post-transcriptional or post-translational modifications of
respective gene products or by specific association with
co-factors, with the consequence that under distinct condi-
tions, different sets of target genes might be stimulated or
repressed. TBX2, for instance, contains two transcription
repression domains and one activation domain and can
indeed work either as an activator or a repressor (40).
Under most conditions, TBX2 acts as a repressor of gene
expression (35,41,42), but it can activate type 1 collagen
expression in NIH 3T3 fibroblasts (43), induce Has2 and
Tgf B2 during heart development (44), or, as shown here,
Ccendl. Nevertheless, we did not detect elevated p21
expression in 7bx2 knockdown melan-a cells. This, how-
ever, may not be surprising given that 7hx2 does not con-
sistently repress p2/ expression in all cell types. For
instance, expression of p2/ shows no change in human
lung fibroblasts overexpressing 7bx2 (45) while overex-
pression of Thx2 in Hek293 cells leads to increases in
transcript levels of p21 (46).

© 2015 John Wiley & Sons Ltd

It is also important to consider levels and activities
of TBX2 as cells progress through the cell cycle.
TBX2 levels are low in G1 and early S phase, rise in
late S and G2 phase, and decrease at the onset of mito-
sis (47). As shown here, 7hx2 knockdown mainly
induced Gl cell cycle arrest, likely because higher
levels of TBX2 are needed to increase Cyclin D1
levels and promote S-phase entry. This interpretation is
in line with the facts that silencing of Ccndl causes
G1/S arrest in vitro and inhibits malignant melanoma
growth in vivo (33,34). Our results strongly suggest
that 7bx2 regulates cell proliferation through Ccndl
both during melanocyte development and in malignant
melanoma. Our findings may thus have implications
not only for understanding the mechanisms of regula-
tion of normal melanocyte proliferation but also for
understanding and treatment of abnormal cell prolifera-
tion in malignant melanoma.
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