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Abstract

Previous studies have shown that Meis1 plays an important role in the pathogenesis of acute mye-
loid leukemia (AML) and acute lymphoblastic leukemia (ALL). Meis1 belongs to the TALE family,
the members of which are used as biomarkers for AML. Meis1 has been shown to play a functional
role in epithelial tissues, such as skin. However, its functions in skin carcinogenesis remain poorly
understood. On the other hand, the c-Met inhibitor SU11274 has been identified through drug
screening with HOXA9/Meis1-induced AML cell lines. SU11274 altered cell proliferation and the
cell cycle status in human AML cell lines. Thus, we hypothesized that the effects of SU11274 are
dependent on Meis1 and that its knockdown may diminish the effects of SU11274 not only in AML
cell lines, but also in skin cancer cell lines. In order to test our hypothesis, we established Meis1
knockdown cell lines using two skin squamous cell carcinoma cell lines (B9 and D3) and treated
these cell lines with SU11274. The results obtained showed that SU11274 suppressed cell prolife-
ration by modulating cell cycle progression in the presence of Meis1, but not in its absence. Fur-
thermore, an expression analysis showed that SU11274 activated the transcription of Meis1, which
led to the transcription of Hifla and Cdkn2a (p16Ink4a and p19Arf). These results suggest that
Meis1 is required for the c-Met inhibitor SU11274 to suppress the proliferation of the skin squa-
mous cell carcinoma cell lines.
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1. Introduction

Meisl (myeloid ecotropic insertion site 1) is a member of the TALE (three amino acid loop extension) family of
homeodomain transcription factors, which interact with Hox transcription factors and promote the expression of
their target genes [1]-[3]. These interactions functionally incorporate Meisl into a range of Hox-dependent de-
velopmental programs [4]. The expression of HOXA9 and Meisl is frequently up-regulated in primary acute
myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) [5] [6]. Research into the potential of HOX
and TALE genes to act as biomarkers of AML are currently ongoing, and correlations with responses to chemo-
therapy have already been reported [7]-[9]. As in leukemia, gene expression studies in lung adenocarcinomas
[10], neuroblastomas [11]-[13], ovarian carcinomas [14], and nephroblastomas [15] have shown that the expres-
sion of Meisl is up-regulated in tumor tissues, which is suggestive of an oncogenic role. A previous study indi-
cated that Meisl is required for skin tumorigenesis in a mouse model [16]. However, the mechanisms underly-
ing the functions of Meisl in skin tumorigenesis remain poorly understood. On the other hand, several studies
have suggested that Meisl plays a functional role in several tissues, such as hematopoietic stem cells (HSCs)
[17], cardiomyocytes [18], lung cancer cell lines [19], thymus [20] and skin [16]. These findings suggest that
Meisl exerts anti-proliferative effects as well as oncogenic activities, and has complex roles in cell proliferation,
which may depend on the cellular context.

Several studies have indicated that Meis1 transcriptionally activates Hifla and Cdkn2a (p16Ink4a and p19Arf)
in long-term HSCs (LT-HSCs) and cardiomyocytes, respectively [18] [21]. Hifla is a major transcriptional reg-
ulator of hypoxic responses and Meisl activates Hifla to inhibit the generation of reactive oxygen species (ROS)
in HSCs [22]-[24]. The Cdkn2a locus encodes two separate proteins (Cdkn2a, also known as pl6lnk4a and
p19Arf) generated from alternative open reading frames. Cdkn2a (p16Ink4a and p19Arf) has been identified as a
tumor suppressor, which belongs to the cyclin-dependent kinase inhibitor family and induces cell cycle arrest,
apoptosis, and senescence [25] [26]. Furthermore, several studies showed that papilloma growth and squamous
cell carcinoma incidence were markedly increased in Cdkn2a (pl6Iink4a and p19Arf)-deficient mice using the
two-stage chemically induced skin carcinogenesis protocol [27] [28]. Hifla and Cdkn2a (p16Ink4a and p19Arf)
play important roles in tumor suppression in this manner.

Previously, a pyrrole indolinone compound, SU11274, that targets the ATP-binding site of c-Met was shown
to block HGF-dependent c-Met activation [29]. The c-Met inhibitor SU11274 has been identified through can-
didate drug screening using Meis1/HoxA9-induced AML cell lines. SU11274 was found to decrease cell proli-
feration and alter the cell cycle in human AML cell lines [30]. In other cases, SU11274 has been shown to re-
duce cell viability in vitro in a number of cancers including glioblastoma, lung cancer, and melanoma [31]-[33].
Therefore, we tested the hypothesis that the effects of SU11274 are dependent on Meisl and that its knockdown
may diminish the effects of SU11274 in skin cancer cell lines.

2. Materials and Methods
2.1. Short Hairpin RNAs (shRNAs)

Meisl shRNAs were generated using the pSUPER shRNA system (Oligo Engine) in accordance with the manu-
facturer’s protocol. ShRNA sequences were selected as previously described [19] [34]. The forward oligo was
synthesized with the Bgl Il end. The reverse oligo was synthesized with the Hind Il1 end. The primer sequences
are listed in Table 1. The annealed oligos were cloned into the pSUPER retro vector.

2.2. Cell Culture and Retro Virus Infection

The squamous cell carcinoma cell line (B9) and the spindle cell squamous cell carcinoma cell line (D3) were
provided by Dr. Allan Balmain and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma) con-
taining 10% Fetal Bovine Serum (FBS) (CCB) and 1% Penicillin-Streptomycin Mixed Solution (Nacalai Tes-
que). PlatE ecotropic packaging cells were transfected with the control pSUPER-puro vector (6 pg) or Meisl
shRNA vector (6 pg) using the FUGENE® 6 Transfection Reagent (Promega) in accordance with the manufac-
turer’s recommendation. The retrovirus-containing medium was collected 48 hours after transfection and sup-
plemented with 4 pg/mL polybrene (MILLIPORE) into B9 and D3 cells. Infected cells were selected for 2

weeks in the presence of 2 pg/mL puromycin.
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Table 1. Primer sequences used for shRNA and qRT-PCR.

Gene Forward primer Reverse primer
Meis1 GATCCCCGGATAACTTGATGA AGCTTAAAAAGGATAACTTGA
ShRNAL TTCAATTCAAGAGATTGAATC TGATTCAATCTCTTGAATTGAA
ATCAAG TTATCCT TTT TA TCATCAAGTTATCCGGG
Meis1 GATCCCCGCTCAGTAGCTTAA AGCTTAAAAAGCTCAGTAGCTT
ShRNA2 GGGAATTCAAGAGATTCCCTT AAGGGAATCTCTTGAATTCCCTT
AAGCTACTGAGCTTTTTA AAGCTACTGAGCGGG
Meis1 GCACAGGTGACGATGATGAC TCCGGGCATTAATAAACCAA
Hifla CGGCGAGAACGAGAAGAA AAACTTCAGACTCTTTGCTTCG
p16'NKea CCGCTGCAGACAGACTGG ATCGGGGTACGACCGAAA G
p19”T GTCGCAGGTTCTTGGTCACT GCCCTCTTCTCAAGATCCTCT
Actb ACCTCATGAAGATCCTGACC CGTTGCCAATAGTGATGACC

2.3. c-Met Inhibitor Treatment

SU11274 (Sigma) was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 80 uM and stored at
—20°C. Cells were treated with SU11274 (Sigma) at a concentration of 1 uM or 10 uM. DMSO (0.01%) was
used as a control.

2.4. Cell Viability Assay (XTT Assay)

Cell viability was determined using the XTT assay with Cell Proliferation Kit 2 (XTT) in accordance with the
manufacturer’s protocol (Roche). Approximately 1000 cells were seeded in each well of a 96-well culture plate.
The XTT assay solution was added to the plate at 18, 42, 66, and 90 hours and incubated for 6 hours each time.
Absorbance was measured at 450 nm using a 2030 ARVO™ X multilabel reader (Perkin Elmer).

2.5. qRT-PCR

Total RNA was isolated from the indicated cells using TRIzol (Invitrogen) in accordance with the manufactur-
er’s protocol. cDNA was generated with the iScript™ Select cDNA Synthesis Kit (Bio-Rad) using 100 ng of
DNase-pretreated total RNA. qRT-PCR was performed using SsoFast™ EvaGreen® Supermix With Low ROX
in accordance with the manufacturer’s protocol (Bio-Rad). mMRNA expression levels were determined using the
Applied Biosystems® 7500 (Life Technologies) and normalized to the levels of g-Actin. The primer sequences
used are listed in Table 1.

2.6. Cell Cycle Analysis

Cells were cultured for 96 hours after being treated (DMSO or c-Met inhibitor; 1 uM, 10 uM). They were then
collected and fixed in 70% ethanol at 4°C for 30 min. The fixed cells were stained with propidium iodide (50
pg/mL) containing 200 pg of RNase A/mL and 1% Triton at 37°C for 40 min. A flow cytometric analysis was
conducted with JSAN (Japan-made sorter, analyzer) (Bay Bioscience). Approximately 1.0 x 10° cells were
scanned to analyze the DNA content. Necrotic cells were excluded and the percentage of cells in the G,, S, and
G,/M phases of the cell cycle was determined.

2.7. Statistical Analysis

A total of at least three replicates were performed for all of the experiments. The significance of differences was
calculated using the unpaired one and two-tailed Student’s t-tests by yst at 2000. A P-value <0.05 was consi-
dered significant and that <0.01 highly significant.

3. Results
3.1. Knockdown of Meis1 Increases the Proliferation of B9 and D3 Cells

In order to investigate the role of Meisl in cells, we utilized short hairpin RNAs (ShRNAS) to repress the ex-
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pression of endogenous Meisl in the skin squamous cell carcinoma cell line, B9 and the skin spindle cell squa-
mous cell carcinoma cell line, D3 cells. B9 and D3 cells were transduced with retroviral vectors expressing
shRNAs to specifically silence Meisl. The results of the gRT-PCR analysis showed that the mRNA expression
levels of Meisl were reduced significantly more by Meisl shRNA1 and shRNA2 (B9: Meisl shRNA1; P =
0.0176, shRNA2; P = 0.0128, D3: Meisl shRNAL; P = 0.000454, shRNA2; P = 0.000245) than by the control
vector (pSUPER) (Figure 1(a), Figure 1(b)). Several studies have indicated that Meisl activates the transcrip-
tion of Hifla and Cdkn2a (p16™**and p19"™) [18] [23]. Therefore, we examined the mMRNA expression levels
of Hifla and Cdkn2a (p16"™**and p19"™) using qRT-PCR. The results obtained showed that the mRNA levels of
these genes were also significantly decreased after silencing the expression of Meisl by Meisl shRNA1 and
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Figure 1. Meis1 regulates the proliferation of squamous cell carcinoma cells. (a) The relativemRNA levels of Meisl, Hifla,
p16™K42 and p19”™ in BY cells transduced with a control vector (pSUPER) (black), Meisl shRNAL (dotted), and Meisl
ShRNA?2 (latticed) were examined by qRT-PCR. (b) The relativemRNA levels of Meis1, Hifla, p16'™ % and p19*T in D3
cells transduced with a control vector (pSUPER) (black), Meisl1 shRNA1 (dotted), and Meisl shRNA2 (latticed) were
examined by gRT-PCR. (c) The viability of B9 cells transduced with a control vector (pSUPER) (black), Meis1 shRNA1
(dotted), and Meisl shRNA2 (latticed) was examinedusing the XTT assay. Absorbance at 450 nm was plotted. (d) The
viability of D3 cells transduced with a control vector (pSUPER) (black), Meis1 shRNA1 (dotted), and Meisl shRNA2
(latticed) was examinedusing the XTT assay. Absorbance at 450 nm was plotted. (€) B9 cells transduced with a control
vector (pSUPER) (black), Meis1 shRNAL (dotted), and Meis1 shRNA2 (latticed) were subjected to the cell cycle analysis. (f)
D3 cells transduced with a control vector (pSUPER) (black), Meis1l shRNAL (dotted), and Meisl shRNA2 (latticed) were
subjected to the cell cycle analysis. For all the graphs, experiments were performed in triplicate. The P-value was calculated
by the t-test and displayed as the mean = SD, n = 3. Error bars represent SD; standard deviation. ™: P < 0.01, ": P < 0.05.
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ShRNA2 (B9: Hifla: Meisl shRNA1; P = 2.58E-05, ShRNA2; P = 2.50E-05; p16"™“%: Meisl shRNAL; P =
9.60E—06, ShRNA2; P = 1.14E-05; p19"™ Meis1 shRNAL; P = 0.00129, shRNA2; P = 0.000247, D3: Hifla:
PMeisl shRNAL; P = 3.79-E-07, ShRNA2; P = 1.28E—-05; p16'™%: Meis1 shRNAL; P = 0.000472, shRNA2; P
= 0.000243; p19"™ Meisl shRNAL; P = 9.33E-05, shRNA2; P = 8.57E-07) in B9 and D3 cells (Figure 1(a),
Figure 1(b)).

Cell viability was determined using the XTT assay in order to examine whether the knockdown of Meisl af-
fects the proliferation of B9 and D3 cells. The results showed that two different Meisl shRNAs significantly in-
creased the proliferative rate of B9 and D3 cells (B9: 24 hours: Meis1 shRNA1; P = 0.000286, shRNA2; P =
0.000142; 48 hours: Meisl shRNAL; P = 0.000128, shRNA2; P = 0.000138; 72 hours: Meisl shRNAL; P =
0.3.59E-05, shRNA2; P = 3.22E-06; 96 hours: Meis1 shRNA1; P = 7.85E-05, shRNA2; P = 3.02E-07, D3: 24
hours: Meis1 shRNA1; P = 0.0318, shRNA2; P = 0.00247; 48 hours: Meisl shRNA1; P = 0.0206, shRNA2; P =
0.0176; 72 hours: Meisl shRNAL; P = 0.0260, shRNA2; P = 0.0257; 96 hours: Meis1 shRNAL; P = 0.0124,
shRNA2; P = 0.0200, Figure 1(c), Figure 1(d)). If compromised Meisl expression results in increased prolife-
ration, cell cycle progression may be accelerated in Meisl knockdown cells. Therefore, the cell cycle analysis
was conducted. The results of this analysis demonstrated that the knockdown of Meisl significantly decreased
the percentage of cells in the G, phase of the cell cycle in Meisl repressed B9 and D3 cells (B9: Meisl shRNAL;
P =0.00170, shRNA2; P = 1.22E-05, D3: Meisl shRNAZL; P = 3.23E-05, shRNA2; P = 0.000531, Figure 1(e),
Figure 1(f)). In addition, knockdown resulted in a significant increase in the percentage of cells in the S phase
of the cell cycle in Meisl repressed B9 and D3 cells (B9: Meisl shRNAZL; P = 0.00526, shRNA2; P = 0.000468,
D3: Meisl shRNAL; P = 0.000465, shRNA2; P = 0.00429, Figure 1(e), Figure 1(f)).

3.2.SU11274 Suppresses the Proliferation of B9 and D3 Cells in the Presence of Meis1

In order to test the effects of SU11274 on B9 and D3 cells, cell viability was determined using the XTT assay in
the presence or absence of SU11274. The results showed no significant differences in the proliferation of B9
cells in the presence of Meisl between the low-dose SU11274 treatment (1 uM) and DMSO (0.01%) treatment
(Figure 2(a)). On the other hand, the low-dose treatment significantly decreased the proliferative rate of D3
cells (P = 0.0423, Figure 2(b)). However, the high-dose treatment (10 uM) significantly decreased the prolifer-
ative rate of B9 and D3 cells (B9: P = 0.0102, D3: P = 0.0287, Figure 2(a), Figure 2(b)). In contrast, even the
high-dose SU11274 treatment did not have any significant effects on the proliferation of B9 and D3 cells in the
absence of Meisl (Figures 2(c)-(f)).

3.3. Inhibition of c-Met Up-Regulates the Transcription of Genes Downstream of Meis1
and Meis1

We then tested the effects of SU11274 on the transcription of genes downstream of Meis1 and Meisl itself in B9
and D3 cells. Meis1 mRNA expression levels were significantly higher in B9 cells treated with the high dose of
SU11274 than in those treated with the low dose or DMSO (P = 0.00406, Figure 3(a)). On the other hand,
Meisl mRNA expression levels were significantly higher in D3 cells treated with the low and high doses than in
those treated with DMSO (1 uM; P = 1.01E-05, 10 uM; P = 6.35E-05, Figure 3(b)). These results indicate that
SU11274 increases Meisl transcription, suggesting the potential of c-Met to negatively regulate Meisl tran-
scription. Furthermore, we examined the mRNA levels of Hifla and Cdkn2a (p16™“*and p19*™). The mRNA
levels of Hifla and Cdkn2a (p16"™“*and p19"™) were significantly higher in B9 cells treated with the high dose
of SU11274 than in those treated with the low dose or DMSO (Hifla: P = 0.00119; p16'™“®: P = 0.00120; p19™™:
P = 0.0422, Figure 3(a)). On the other hand, the mRNA levels of Hifla and Cdkn2a (p16"™**and p19*™) were
significantly higher in D3 cells treated with the low and high doses than in those treated with DMSO (1 uM;
Hifla: P = 0.000595; p16™“%: P = 1.12E-05; p19*™ P = 4.00E-06, 10 uM; Hifla: P = 0.00428; p16"™*: p =
0.00101; p19*™: P = 6.85E—05, Figure 3(h)). These results suggest that SU11274 increases the transcription of
Hifla and Cdkn2a (p16™“*and p19"™), which may be mediated by Meisl in B9 and D3 cells. In order to con-
firm this Meis1-dependent regulation, we measured the mRNA levels of Meis1, Hifla, and Cdkn2a (p16"“® and
p19°™ in Meis1 knockdown B9 and D3 cells treated with SU11274. As expected, SU11274 did not have any
effects on the transcription of Meisl or Hifla in Meisl repressed B9 and D3 cells (Figures 3(c)-(f)). However,
Cdkn2a (p16"™“and p19"™) mRNA expression levels were significantly higher in Meisl knockdown B9 cells
treated with the high dose than in those treated with the low dose or DMSO (Meisl shRNAL; p16"™: p =

O
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Figure 2. c-Met inhibition alters the proliferation of squamous cell carcinoma cells in the presence of Meisl. (a) B9 cells
transduced with a control vector ()SUPER) were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 pM
(diagonal lined), and viability was then examinedusing the XTT assay. (b) D3 cells transduced with a control vector
(PSUPER) were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 uM (diagonal lined), and viability was
then examinedusing the XTT assay. (c) B9 cells transduced with Meisl shRNAL were treated with DMSO (0.01%) (gray),
SU11274; 1 pM (white) and 10 pM (diagonal lined), and viability was then examinedusing the XTT assay. (d) D3 cells
transduced with Meis1l shRNAL were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 uM (diagonal
lined), and viability was then examinedusing the XTT assay. (e) B9 cells transduced with Meis1 sShRNA2 were treated with
DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 uM (diagonal lined), and viability was then examinedusing the XTT
assay. Absorbance at 450 nm was plotted. (f) D3 cells transduced with Meis1 shRNA2 were treated with DMSO (0.01%)
(gray), SU11274; 1 uM (white) and 10 uM (diagonal lined), and viability was then examinedusing the XTT assay. Absor-
bance at 450 nm was plotted. For all the graphs, experiments were performed in triplicate. The P-value was calculated by the
t-test and displayed as the mean + SD, n = 3. Error bars represent SD. : P < 0.05, n.s., not significant.

0.0129; p19™™ P = 0.0491, Meis1 ShRNA2; p16"™%: P = 0.0130; p19"™ P = 0.0114, Figure 3(c), Figure 3(e)).
On the other hand, Cdkn2a (p16"™“*and p19"™) mRNA expression levels were significantly higher in Meisl
knockdown D3 cells treated with the low and high doses than in those treated with the DMSO (Meisl shRNA1,
1 pM; p16'™“4: P = 0.0104; p19*™: P = 0.00434, 10 pM; 16™* P = 0.00337; p19*™: P = 0.00161, Meisl
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Figure 3. Inhibition of c-Met up-regulates the transcription of genesdownstream of Meis1 and Meis1. (a) B9 cells transduced
with a control vector (pSUPER) were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 uM (diagonal
lined), and the relative mRNA levels of Meisl, Hifla, p16™<*3 and p19*™ were examinedby qRT-PCR. (b) D3 cells
transduced with a control vector ()SUPER) were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 pM
(diagonal lined), and the relative mRNA levels of Meis1, Hifla, p16™<‘? and p19*" were examinedby qRT-PCR. (c) B9
cells transduced with Meisl shRNAL were treated with DMSO (0.01%) (gray), SU11274; 1 pM (white) and 10 uM
(diagonal lined), and the relative mMRNA levels of Meis1, Hifla, p16™*? and p19" were then examinedby qRT-PCR. (d)
D3 cells transduced with Meis1 shRNAL were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 pM
(diagonal lined), and the relative mRNA levels of Meisl, Hifla, p16™<? and p19"™ were then examinedby qRT-PCR. (e)
B9 cells transduced with Meisl shRNA2 were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 uM
(diagonal lined), and the relative mRNA levels of Meis1, Hifla, p16™*2 and p19*" were then examinedby gRT-PCR. (f) D3
cells transduced with Meisl shRNA2 were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 pM
(diagonal lined), and the relative mRNA levels of Meis1, Hifla, p16'™<*2 and p19*™ were then examinedby qRT-PCR. For
all the graphs, experiments were performed in triplicate. The P-value was calculated by the t-test and displayed as the mean
+SD, n = 3. Error bars represent SD. ™: P < 0.01, " P < 0.05.

shRNA2; 1 puM; p16™*: P = 0.000288; p19"™ P = 6.69E—05, 10 uM; 16"™“*: P = 0.000191; p19*": P =

0.000707, Figure 3(d), Figure 3(f). These results suggest that the transcriptional regulation of Hifla by Meisl
is tighter than that of Cdkn2a (p16™“*and p19*™.



M. Saito et al.

3.4.SU11274 Prevents Progression from the G: to S Phase in B9 and D3 Cells in the
Presence of Meis1

If SU11274 suppresses cell proliferation, cell cycle progression may also be affected. In order to test this hypo-
thesis, the cell cycle analysis was conducted on an equal number of control and Meis1 knockdown B9 and D3
cells in the presence and absence of SU11274. The results obtained demonstrated that the low dose of SU11274
treatment had very subtle effects on the cell cycle progression of B9 cells (Figure 4(a), Figure 4(b)). However,
the percentage of cells in the Go/G; phase of the cell cycle was significantly higher in B9 cells treated with the
high dose of SU11274 than in those treated with the low dose of SU11274 or DMSO (P = 0.000596, Figure
4(a), Figure 4(b)). In addition, the number of cells in the S phase of the cell cycle was significantly lower in B9
cells treated with the high dose of SU11274 than in those treated with the low dose of SU11274 or DMSO (P =
0.0452, Figure 4(a), Figure 4(b)). On the other hand, the percentage of cells in the Go/G; phase of the cell cycle
was significantly higher in D3 cells treated with the low and high doses of than in those treated with the DMSO
(1 uM; P =0.00151, 10 uM; P = 0.00327, Figure 4(a), Figure 4(b)). In addition, the number of cells in the S
phase of the cell cycle was significantly lower in D3 cells treated with the low and high doses than in those
treated with DMSO (1 uM; P = 0.000101, 10 uM; P = 0.000173, Figure 4(a), Figure 4(b)). In contrast, the low
and high doses of SU11274 had almost no effect on the percentage of cells in the Go/G; and S phases of the cell
cyclein Meisl knockdown cells (Figures 4(c)-(f)). Under each condition, we also observed very negligible dif-
ferences in the percentages of cells in the sub Go/G; and G,/M phases of the cell cycle in Meis1 knockdown and
control B9 and D3 cells treated and not treated with SU11274, respectively (Figures 4(c)-(f)). Taken together,
these results indicate that SU11274 prevents progression from the G; to S phase of the cell cycle, which is en-
tirely Meis1-dependent.

4. Discussion

This study shows Meisl is required for the c-Met inhibitor SU11274 to suppress the proliferation of the skin
squamous cell carcinoma cell lines B9 and D3. SU11274 suppresses cell proliferation by modulating cell cycle
progression in the presence of Meisl, but not in its absence (Figure 2(a)-(f), Figure 4(a)-(f)). It does so by ac-
tivating the transcription of Meis1, which led to the transcription of Hifla and Cdkn2a (p16™“*and p19*™)
(Figure 3(a), Figure 3(b)). However, SU11274 did not increase the transcription of Hifla in Meisl knockdown
B9 and D3 cells, whereas it only increased the transcription of Cdkn2a (p16"™“*and p19*™ (Figures 3(c)-(f)).
These results suggest that SU11274 increases the transcription of Hifla and Cdkn2a (p16"“®and p19*™) through
the activation of Meis1, whereas the transcription of Cdkn2a (p16"™“*and p19"™) is regulated in Meis1-depen-
dent and -independent manners (Figure 5).

The results of the cell cycle analysis indicated that cell cycle entry was significantly increased when Meisl
expression was compromised. This situation is similar to the alterations observed in epidermis, HSCs and car-
diomyocytes with a Meis1 deficiency, indicating a role for Meis1 in the promotion of cell quiescence in order to
suppress cell cycle entry [16] [18] [21]. As a transcriptional factor or co-regulator, Meisl may affect the cell
cycle machinery by promoting downstream gene expression. The regulation of proliferation by Meisl may be
due to its transcriptional targets. In the absence of Hifla, the cell cycle enters the growth phase from the G,
phase in LT-HSC [18]. In neonatal cardiomyocytes, Meisl promotes the up-regulation of p16™“*and p19"™ in
order to limit proliferative potential [21]. Thus, it is reasonable to assume that similar mechanisms may also ex-
ist in skin squamous cancer cell lines.

Our previous study demonstrated Meisl is required for epidermal tumorigenesis and regulates epidermal stem
cells [16]. However, this study shows Meisl down-regulates the proliferation of B9 and D3 cells. Apparent dis-
crepancies between our previous and this study may be due to differences in study design. In our previous study,
we knocked out Meisl in the normal skin and benign tumors, papillomas instead of squamous cell carcinomas
using Meisl conditional knockout mice. Much less papillomas and squamous cell carcinomas were observed
when we knocked down Meisl in the normal skin and papillomas. In this study we knocked down Meisl in
squamous cell carcinoma cell lines. In vivo and in vitro situations are different as well as tumor stages are dif-
ferent. To compare these two experiments exactly, knocking out Meisl in squamous cell carcinomas in vivo will
be required.

A surprising finding was that the SU11274 activates Meis1 transcription. In the original idea, we expected
SU11274 to downregulate Meisl transcription, because SU11274 has been identified through candidate drug
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Figure 4. SU11274 prevents progression from the G; to S phase in squamous cell carcinoma cells in the presence of Meis1.
(a) B9 cells transduced with a control vector ()SUPER) were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white)
and 10 uM (diagonal lined), and the cell cycle analysis was then performedusing flow cytometry. (b) D3 cells transduced
with a control vector (pSUPER) were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 uM (diagonal
lined), and the cell cycle analysis was then performedusing flow cytometry. (c) B9 cells transduced with Meisl shRNA1
were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 uM (diagonal lined), and the cell cycle analysis
was then performed using flow cytometry. (d) D3 cells transduced with Meis1 shRNAL were treated with DMSO (0.01%)
(gray), SU11274; 1 pM (white) and 10 uM (diagonal lined), and the cell cycle analysis was then performed using flow
cytometry. (e) B9 cells transduced with Meisl shRNA2 were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white)
and 10 pM (diagonal lined), and the cell cycle analysis was then performed using flow cytometry. (f) D3 cells transduced
with Meisl shRNA2 were treated with DMSO (0.01%) (gray), SU11274; 1 uM (white) and 10 uM (diagonal lined), and the
cell cycle analysis was then performed using flow cytometry. For all the graphs, experiments were performed in triplicate.
The P-value was calculated for the percentage of cells by the t-test and displayed as the mean + SD, n = 3. Error bars
represent SD. *: P < 0.05.

screening using Meis1/HoxA9-induced AML cell lines [30]. As expected, treatment with SU11274 suppressed
the proliferation of B9 and D3 cells. However, contrary to expectations, SU11274 activated Meis1 transcription.
In addition, the role of Meis1 in B9 and D3 cells has been found to be a growth suppressor rather than an onco-
gene in AML cell lines. These are probably because c-Met down-regulates Meisl when it plays a role of a
growth suppressor and up-regulates Meis1 when it plays that of an oncogene. Either way, SU11274 suppresses
cell proliferation and Meisl is a key molecule for the activity.
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Figure 5. A schematic drawing of the regulation of gene expression mediated by Meisl in skin squamous cell carcinoma
cells.SU11274 inhibits c-Met. c-Met down-regulates the expression of Meisl directly or indirectly. This might be mediated
by p38Mapk induced Dnmt upregulation. Meisl up-regulates the expression of Hifla, p16™** and p19”™. c-Met also
down-regulates the expression of p16'K** and p19"™ in Meis1-independent and -dependent manners. Hifla, p16™<“? and
p19*" finally induce G1-arrest in B9 and D3 cells.

The molecular mechanisms underlying Meis1 down-regulation by c-Met have not been elucidated yet. HGF
binding to the c-Met activates the PI3K and MAPK pathways [35]. Abnormal activation of these pathways ei-
ther by overexpression of the ligand (HGF) or overexpression of mutation of the receptor (c-Met) is involved in
various cancers causing increased cell proliferation, survival, and metastasis [31]-[33]. A recent study has also
demonstrated that p38 MAPK down-regulates Fibulin 3 expression through hypermethylation of CpG sites in
the regulatory sequences of the gene. Arechederra and colleagues reported that p38 MAPK stabilizes the DNA
methylase, DNMT3A through HuR protein and increases protein levels of DNMT3A [36]. Although the clear
mechanisms have not been elucidated, there is a possibility that similar mechanisms could exist in the down-
regulation of Meisl (Figure 5). In other words, methylation status in the promoter region of Meisl might be
important for c-Met to downregulate Meisl. Methylation analysis and knockdown experiments of Dnmt could
give us clear answers in the future.

5. Conclusion

In summary, we have shown that Meisl is required for the c-Met inhibitor SU11274 to suppress the proliferation
of the skin squamous cell carcinoma cell lines B9 and D3. We demonstrated a repressive role for Meisl in regu-
lating the proliferation of B9 and D3 cells through its modulation of cell cycle progression. The c-Met inhibitor
SU11274 down-regulates the proliferation of B9 and D3 cells by activating Meis1 expression. Further investiga-
tion utilizing SU11274 or second generation c-Met inhibitors alone or in combination with standard-of-care
therapies may improve its efficacy in the treatment of squamous cell carcinomas.
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