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Abstract

The Deleted in liver cancer one (Dlc1) tumor suppressor gene encodes a RhoGTPase activating protein (RhoGAP). The Dlc1
gene has multiple transcriptional isoforms and we have previously established a mouse strain containing a gene trap (gt)
insertion, which specifically reduces the expression of the 6.1 kb isoform (isoform 2). This gene trapped allele when
homozygous results in embryonic lethality and the heterozygous gene trapped mice do not show an increased incidence of
cancers, suggesting that cooperating oncogenic changes may be required for transformation. In the present work, we have
studied the in vivo cooperation between oncogenic K-Ras2 and Dlc1 genes in tumourigenesis. We have observed an
increase in invasive thymic cancers, including both thymomas and lymphomas, resulting in significantly shortened life spans
in mice heterozygous for the gt DIc1 allele and an inducible LSL-K-Ras2°'?® allele compared with the LSL-K-Ras2°'%° only
mice. The heterozygous mice showed a high degree of metastasis in the lung. We have found tumour specific selective
hypermethylation of the Dlc1 isoform 2 promoter and reduction of the corresponding protein expression in thymic
lymphoma (TL) and thymic epithelial carcinoma (TEC) derived from the thymic tumours. The Dlc1 deficient thymic
lymphoma cell lines exhibited increased trans-endothelial cell migration. TEC cell lines also exhibited increased stress fiber
formation and Rho activity. Introduction of the three Dlc1 isoforms tagged with GFP into these cells resulted in different
morphological changes. These results suggest that loss of expression of only isoform 2 may be sufficient for the
development of thymic tumors and metastasis.
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spontaneous tumours [6,8]. This indicates that additional oncogenic
events besides Dlcl deletion are required for transformation.

It has been shown that in certain situations activation of the Ras
signalling pathway arrests cell cycle inducing senescence rather than
causing cell proliferation [9-12] through induction of p21**"
[13,14]. It has also been shown that in Ras activated cells, one
requirement for Rho signalling is for the suppression of p21¥*! [15].
Again, in Ras transformed fibroblasts, the sustained ERK-MAP
Kinase signalling favours the selection of high levels of active Rho-

Introduction

The Deleted in liver cancer 1 (Dlcl) tumour suppressor gene
encodes a Rho GTPase activating protein (RhoGAP) that
increases the intrinsic hydrolysis of GTP bound Rho to the
inactive GDP bound form of Rho. The Dlcl gene has been found
frequently deleted or, down regulated by promoter hypermethyla-
tion in breast, lung, liver, colon and prostate tumours [1-6]. A
recent study using representational oligonucleotide microarray

analysis has shown heterozygous deletion of Dlcl locus in ~50%
of liver, breast and lung tumours and 70% of colon cancers [7]. In
vitro studies have shown that transfection of the Dlcl gene can
inhibit cell growth [5,7], abolish i vivo tumour formation [2] and
induce apoptosis. Recently, experiments using ex viwo knockdown
of Dlcl in p53 null and Myc induced liver progenitor cells have
shown reduced survival after injection into mice [7].

The Dlcl gene has at least three major transcriptional isoforms
expressed under the influence of three alternative promoters in the
mouse [8]. We have previously established a mouse strain containing
a gene trap insertion, which specifically reduces the expression of the
6.1 kb transcriptional isoform (isoform 2) of Dlcl, thus creating a
hypomorph [8]. Homozygous Dlc-1 gene trapped mice show an
embryonic lethal phenotype [8], which phenocopies the Dlcl exon 5
knockout mouse of Durkin et al. [6]. The heterozygous knockout and
gene trapped mice are viable and do not show any increase in
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GTP to allow for down-regulating the high levels of p21**" [16].
Therefore, it is hypothesized that activation of the Rho pathway
through loss of the Dlcl RhoGAP expression will complement the
Rasoncogene in cell transformation 2 vivo. Itis also not known, which
Dlcl isoformiscritical for tumour suppression. In this study, we report
high incidence of metastatic thymic cancer in heterozygous Dlcl
isoform 2 gene trapped mice with an oncogenic K-Ras2%'?" allele.
We also find selective hypermethylation of the Dlcl isoform 2
promoter in these tumours.

Results

High Incidence of Thymic Cancer in the DIc1"Y9'LSL-K-
Ras2"4"?2 Mice Infected with AdCMV-cre

To test whether Dlcl loss would cooperate with the K-Ras2
gene in transformation, we made use of the LSL-K-Ras2¢!?P
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transgenic mouse [17]. To activate the oncogenic K-Ras2¢!?P

allele, DIc1"/8;K-Ras2"/C"*P (KD) and Dlel™";K-Ras2""
G120 (K*) mice were injected with Cre-expressing AACMV-Cre
adenovirus via the tail vein. The majority of the mice developed
primary thymic tumours within 6 to 9 months with 52.6% (10/19)
of the K" mice versus 69.5% (16/23) of the KD mice having
tumours (Figure 1A & B, Table 1). The mice were usually culled
for serious breathing trouble due to the compression of the chest
cavity by the growing thymic tumours (Figure 1C). Upon
necroscopy, some of these mice also showed neoplastic lesions in
other organs including kidney, liver, lung, testis and ovary but, the
majority of mice showed thymic tumours (Figure 1A, Table 1).
The majority of the lung tumours were metastatic thymic
lymphoma cells in origin (Figure 2E, Table 2). To determine
overall survival, Kaplan—Meier analysis of the AdCMV-cre
injected mice was carried out. This revealed significantly lower
survival in the heterozygous KD gene trapped mice compared
with K* mice (P value =0.0077, Figure 3A).

To understand the nature of the thymic cancers, we performed
immunohistochemistry using a T-cell specific marker CD3 and
thymic epithelial cell specific markers, cytokeratin 5 (CK5) and
cytokeratin 8 (CK8/Troma) [18]. In the normal young mice
(6weeks old) the T lymphocytes were found evenly distributed in
the both cortex and medulla regions of the thymus, whereas the
medullar epithelial cells were strongly CK5 and cortical epithelial
cells were strongly CK8 positive (Figure 2A). However, in the adult
mice the T lymphocytes were predominantly shifted towards the
central medulla region and the cortical epithelial cells were
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Figure 1. Tumour Frequency in Dlc1-K-Ras2%'2P

DIc1 Cooperates with K-Ras2®'2P

strongly CK8 positive with isolated patches of CK5 positive cells
(Figure 2B). Using these markers we have found a significantly
higher number of thymic lymphomas 80% (8/10) in the K* mice
versus 68.7% (11/16) in the KD mice (Figure 1B & 2D, Table 3).
A smaller fraction (20% (2/10)) were predominantly thymic
epithelial carcinomas (thymomas) in the K* mice versus 31.2% (5/
16) in the heterozygous KD mice (Figure 1B & 2C), as per the
histological classification of Bernatz et al. [19]. The frequency of
thymomas between the K+ and KD mice was not statistically
significant. We have found only one tumour in a KD mouse,
which showed a mixed thymoma type, which may have both T-
cell lymphoma and thymoma.

Primary Thymic Tumours Frequently Metastasized to
Lung

Immunohistochemistry also revealed that most of the thymic
lymphoma tumours had metastasized to multiple foci in the lung.
The majority of the lung metastases were of T-cell lymphoma in
origin (Figure 2E, Table 2). Quantification of the lung metastatic
lesions of each cohort shows significantly higher frequency of
metastases in KD mice compared with the K* mice (Figure 3B).

Primary T-cell Lymphoma and Thymoma Cell Lines are
Deficient in Isoform 2 Dic1 Protein and Showed
Increased RhoA Activity

We established 4 thymic lymphoma (TL) and 3 thymic epithelial
carcinoma (TEC) cell lines (Figure 4A) from the primary tumours

EA Thymus
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E3 Liver
[0 Testis
Kidney
Lung

mice after Cre-adenovirus tail vein injection. (A) Frequency of different primary tumour

types. (B) Relative frequency of the different types of primary thymic cancers (C) Picture of enlarged thymus (arrow) in mouse and a dissected thymus

with lymphoma.
doi:10.1371/journal.pone.0040302.g001
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Table 1. Percent of Primary Tumour Types.

DIc1 Cooperates with K-Ras2®'2P

Genotype Thymus Ovary Liver Testis Kidney Lung
Dlc1 W™t Kras2V/mt 52.6 (10/19) 5.3(1/19) 5.2 (1/19) 0 10.5 (2/23) 36.8 (7/19)
Dlc1W¥9tKras2"Vmt 69.5(16/23) 8.6(2/23) 17.3(4/23) 8.6(2/23) 13.04 (3/23) 52.1(12/23)

doi:10.1371/journal.pone.0040302.t001

to study the expression of Dlcl protein. These tumours were either
CD3+ T-cells or CK 5 or CK 8 positive epithelial cells (Figure 2C
&D). The TL and TEC cell lines spontaneously immortalized and
were grown up to 20 passages without any decrease in growth
potential. Cell proliferation rates, by a cell counting method,
showed that the TEC 1-2 (KD) cell lines had an increased rate of
growth in comparison with the TEC 3 (K+) cell line(Figure 4A/ii).
The TL cell lines showed no significant difference in the rate of
cell proliferation in culture.

In our previous study, we have reported the existence of two
different molecular weight isoforms of Dlcl protein in different
mouse tissues and in mouse embryonic fibroblasts (MEF), which
presumably originates from the isoforms 2 and 3 mRNAs or by
post-translational modifications [8]. The regular 123 KDa Dlcl
protein (isoform 2) is expressed at a low level in the adult thymus.
Whereas, the 127 KDa cross reacting protein is expressed at a
higher level in the thymus when compared with the liver in
western blots (Figure 4D/i). Interestingly, the thymoma and
lymphoma cell lines showed lower expression of the 123 KDa
protein band and the corresponding isoform 2 mRNA when
compared with normal thymus (Figure 4C & D/i-ii). The TL4
and TEC3 cell lines from K+ mice showed levels Dlcl expression
comparable with wild type thymus. (Fig. 4C/i-ii). The TL1, 2 & 3
and TEC 1& 2 lines showed lower levels compared with the lines
from K+ mice (Figure 4D). Also, there was a significant increase in
the 127 KDa protein band in the tumours compared with the
thymus (Figure 4D). In our previous study as well as in the present
study, we have noticed that the protein expression level of
127 KDa protein increases in presence of reduced levels of the
123 KDa protein, which is particularly evident in the homozygous
gene trapped mouse embryonic fibroblast cells (Figure 4D). Most
of the lymphoma and TEC cells also showed increased expression
of the 127 KDa protein (Figure 4D).

To determine if the additional high molecular bands are
phosphorylated forms of the Dlcl protein, the cellular lysates were
treated with alkaline phosphatase. The continued presence of the
127 KDa band after phosphatase treatment indicates that it is not
a phosphorylated form of regular 123 KDa Dlcl protein
(Figure 4C/1 & E).

To identify the 127 KDa cross reacting protein, immunopre-
cipitates using the Dlcl antibodies were subjected to mass

Table 2. Characterization of lung tumours.

Genotype Lung metastasis Tumour type Number
Dlc1 W¥wt, 6(6/7) T cell lymphoma 6
Kras2W¥mt

Thymic carcinoma 0
DIc1Wvt, 12(12/12) T cell ymphoma 9
Kras2"¥mt

Thymic carcinoma 2

doi:10.1371/journal.pone.0040302.t002
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spectrometry. We have been able to identify 7 peptides
corresponding to the consensus region of Dlcl common to all
isoforms and therefore, the mass spectrometry was inconclusive
about the existence of the other Dlcl isoforms (supplementary
Figure S1).

The majority of the lymphoma and TEC cell lines also showed
high expression of the p21™*! protein in contrast to homozygous
gene trapped mouse embryo fibroblast cells where p21™*
expression was decreased (Figure 5A/i-ii). The expression level
of p21 protein was comparable in MEF™* and the TL4 and
TECS3 cell lines, which have wild type Dlcl alleles However, the
heterozygous genetrap Dlc1 allele containing TL 2/3 cell lines and
the TEC1/2 cell lines showed significantly higher levels of p21
protein expression when compared to their corresponding wild
type, TL4 and TEC-3 cell lines respectively. In contrast, the
heterozygous TL1 line, with the lowest Dlcl expression, showed
p21 expression comparable to wild type MEF** and TEC 4 cells.
Therefore p21 expression does not correlate with Dlcl expression
in thymic cell lines, unlike in fibroblasts.

All the thymoma and lymphoma cell lines showed varying
degrees of activated RhoA when treated with lysophosphatidic
acid (LPA) (Figure 5B/i-i). The LPA induction of active RhoA
was significantly higher in two lymphoma (TL-1&-2) and two TEC
lines (TEC-1&-2),which also showed the lowest Dlc 1 isoform 2
levels, when compared with the corresponding wild type cell lines
(Figure 5B/i-ii). This was similar to homozygous DIc18V8" cells,
indicating that these lines may have inactivated the wild type Dlcl
allele.

Tumours have Activated K-Ras2 G12D Mutation

To determine that the tumours were due to the activation of K-
Ras2%'?" allele, we extracted cellular RNA from the primary
tumours and the tumour cell lines and then performed pyrose-
quencing based mutation analysis for K-Ras2%'?" mutation
(Figure 6). All the primary tumours showed expression of the
mutant K-Ras2 allele (Figure 6F). However, the expression of the
mutant allele was less than 50% in the primary tumours as
revealed by the pyrogram, presumably due to normal cell
infiltration (Figure 6D & E). In the tumour cell lines the mutant
and wild type allele were expressed at equal levels indicating
absence of normal cell contamination (Figure 6F).

Dlc1 Isoform 2 Promoter Methylation in Thymomas and
Lymphomas

In order to understand the mechanism for reduced Dlcl protein
expression in tumour cell lines, we have studied the methylation
status of Dlcl isoform 2 and 3 promoters by bisulfite treatment of
DNA followed by PCR and pyrosequencing (Figure 7). We have
identified strong CpG islands in the promoters of Dlcl isoforms 2
and 3 using the Methyl Primer Express Software version v1.0
(Applied Biosystems) (Figure 7A). Further analysis of these CpG
islands using Matinspector (Genomatix software suite) revealed
two suitable sites for bisulfite sequencing close to a Spl promoter
binding site on Dlcl isoform 2 and 3 promoters. We have targeted
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Figure 2. Immunohistochemistry of thymus and thymic tumours. Normal mouse thymus at 6 weeks (A) and 18 weeks (B) showing expression
of T-cell marker (CD3) and different cytokeratin markers specific to thymic medullar epithelial cells (CK5) and cortical epithelial cells (CK8).
Immunohistochemistry showing thymic epithelial carcinoma (C), T-cell lymphoma (D) and lung metastasis of T-cell lymphoma (F).
doi:10.1371/journal.pone.0040302.g002
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Table 3. Characterization of thymic tumours.

DIc1 Cooperates with K-Ras2®'2P

Genotype Thymic Tumours (%) Tumour Type Percent

Dlc1 W™t Kras2V/mt 52.6 (10/19) T cell Lymphoma (%) 80 (8/10)
Thymic carcinoma (%) 20 (2/10)

DIc1*¥9%Kras2""™ 69.5(16/23) T cell Lymphoma (%) 68.75 (11/16)
Thymic carcinoma (%) 31.25 (5/16)

doi:10.1371/journal.pone.0040302.t003

five CpG islands located 502 bp upstream of the start codon for
the isoform 2 and four CpG islands located 851 bp upstream of
the start codon of isoform 3 (Figure 7B). DNA from microdissected
primary tumours as well as tumour cell line derived DNA revealed
extensive methylation of the Dlcl isoform 2 promoter (30-70%) in
all 5 CpG islands compared with normal thymus DNA (Figure 7F).
The promoter of the Dlcl isoform 3 has been found to be highly
methylated (40-100%) in normal tissue and in primary tumours
for all the 4 CpG islands analysed (Figure 7F). The frequency of
methylation in the primary tumour also matched with the
methylation pattern observed in the cell line DNA.

Deletion of Dlcl locus has been reported to be responsible for
loss of protein expression in different human tumours. Therefore,
to examine the allelic loss at the Dlcl locus, we used polymorphic
microsatellite based loss of heterozygosity (LOH) analysis around
the Dlcl gene locus (Figure 8). The LOH analysis revealed no
significant loss at the Dlcl locus in the majority of tumours;
however, we have found microsatellite size alteration for the
D8Mit293 marker in one tumour as well as the corresponding cell
line DNA (Figure 8C). We have also found heterozygous loss of
D8Mitl 74 marker in a metastatic lung lesion (Figure 8C).

In order to find out whether methylation of the Dlcl promoter
was responsible for decreased expression of Dlcl mRNA and
protein, we treated the tumour derived cell lines with DNA
demethylating agent 5’-azacytidine (5 AzaC) and then studied the
expression of Dlcl mRNA and protein. Interestingly, treatment
with 5 AzaC increased the expression of Dlcl isoform 2 as
compared to the control tumour cell lines (Figure-4C/iii & E). The
multiplex RT- PCR using cDNA derived from 5 AzaC treated cell
lines also showed uniformly high expression of Dlcl isoform 2 and
3 mRNA in all the treated cell lines.

Altered Cytoskeleton Structure and Increased Cellular

Motility in Tumour Cells

Since increased Rho activity is associated with stress fibre
formation and cellular motility, we examined the frequency of
stress fibre formation and focal adhesion in the cultured TEC cell
lines and compared with normal thymic epithelial cells. The
tumour cells contained significantly higher number of stress fibres
(2611/1000 pm? and focal adhesions (28+18/1000 um?) in
comparison with normal cells with 829/1000 um? and 7+15/
1000 um? frequency respectively (P value <0.0001) (Figure 9).
The average size of the tumour cells (8-12x10% um?) was also
significantly larger than their normal counterpart (6-8x10° um?)
(p value = 0.016). Moreover, the tumour cells showed more ventral
stress fibres [20] whereas, in normal thymic epithelial cells stress
fibres were mostly organised as transverse arcs [21] (Figure 9 A—
C). We have also observed stress fibres organised in triangular
mesh like networks overarching the nucleus at the dorsal cell
surface in the thymoma cells (Figure 9C).

The stress fibres were abolished when TEC cells were
transfected with GFP tagged full length Dlcl isoform 2
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(Figure 9E-G). The expression of the GFP-Dlcl fusion proteins
were also verified in a western blot using anti GFP antibody
(Figure 9D). The GFP-Dlcl isoform 2 fusion protein was found
localized to the focal adhesions (Figure 9F). We have also noticed
that the tumour cells showed profuse formation of “neurite like”
cytoplasmic extension or filipodial structures along with destruc-
tion of stress fibre assembly when transfected with GFP tagged
Dlcl isoform 3 (Figure 9H). All Dlcl transfected cells eventually
died 34 days after transfection.

To determine if the T-lymphoma cells with lower Dlcl levels
showed increased extravasation and migration, a transendothalial
migration assay was carried out (Figure 10). The invasion rate of
the T lymphoma cells were found significantly higher in
lymphoma cell line 1 and 2 in comparison with normal peripheral
blood (PBL) derived T-cell line (p value=0.0007 and 0.021
respectively, Figure 10C). However, the remaining 2 lymphoma
cell lines, with comparatively higher Dlcl expression, did not show
significant differences in invasion (p value=0.068). All the
lymphoma cell lines also showed significantly higher rate of
leading edge pseudopodal structure when compared to the normal
PBL T-cells (P value <0.04) (Figure 10D). The increased leading
edge pseudopod formation and transendothelial migration in
lymphoma cell line 1 and 2 matched with increased metastasis in
the corresponding mice cohort (Figure 3).

Discussion

The Dlcl gene like other tumour suppressor genes, for example
TP53, APC and BRCAI, uses alternative promoters to yield at
least three full length isoforms in mice [22—25]. There is growing
evidence of selective use of alternative promoters, which regulates
differential transcription, may be involved in initiation and
progression of cancer [26]. The aberrant use of one promoter
over another in genes, such as TGFB3, LEF1 and CYP19Al, is
directly linked to cancerous cell growth (reviewed by [26]). The
alternative promoters used by the Dlcl gene are evolutionarily
conserved and common among the other Dlc family members
[27,28]. The Dlcl gene has three major alternative transcripts
which were previously described as 7.4, 6.1 and 6.2 Kb transcript
by Sabbir et al. [8]. These isoforms have been designated as
Isoform 1, 2 and 3 respectively in the UCSC Genome Browser on
Mouse July 2007 (NCBI37/mm9) Assembly. For this discussion,
we will use the UCSC nomenclature of the isoforms. Previously, it
has been shown that all three transcriptional isoforms of Dlcl gene
are expressed to varying degrees in different mouse tissues but,
their individual role in tumourigenesis is still unknown [8]. The
spatio-temporal expression of the human Dlcl isoforms equivalent
to mouse Dlcl1 is still lacking. Recently, Low et al. have identified a
novel Dlcl isoform 4 in humans, which corresponds to the Dlcl
isoform 3 in the mouse and it has been found silenced in multiple
carcinoma lines by promoter hypermethylation [29]. The genetrap
mouse that we have used in our study has previously been shown
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LSL-K-Ras2%"2%;DIc1"""* mice cohort. (A) Cumulative survival of heterozygous LSL-K-Ras2°'2®;DIc1W¥9" and LSL-K-Ras2%'2P;DIc1VV"t mice
following Cre expressing adenovirus injection via the tail vein. Survival time was defined as the time after injection to the death or culling, due to
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Figure 4. Thymic epithelial carcinoma (TEC) and Thymic lymphoma (TL) cells in culture and RNA and protein expression in TEC and
TL cell lines. A(i) Bright field micrograph of the TEC and TL cells in culture.(ii) Proliferation rate of TEC cell lines. The cells were plated onto 6 well
plates and then the cell growth was analyzed by counting cell numbers consequently for 7 days. B(i) Immunofluorescence showing Thymic epithelial
cells expressing of CK8 and CK5 and (ii) T cell lymphoma showing expression of CD3. (C) Dlc1 mRNA expression in TEC and TL cell lines. (i)
Diagrammatic representation of the Dlc1 locus and splicing pattern of the three major isoforms. The strategy and primers used for relative
quantification of the Dlc1 isoforms 2 and 3 using multiplex RT-PCR. (ii) Multiplex RT-PCR showing relative intensity of isoform 2 and 3 mRNA
expression in T-cell lymphoma and thymoma cell lines.(iii) Multiplex PCR showing relative intensity of isoform 2 and 3 mRNA expression in 5-AzaC
treated TL and TEC cell lines (D) Dlc1 protein expression: (i) Dic1 protein from T-cell lymphoma and thymic epithelial carcinoma cell lines as well
as normal adult thymus and liver tissue from C57BI/6J mouse and T cells from peripheral blood lymphocytes (PBL). (ii) Plot showing the relative
intensity of Dlc1 123 KDa (isoform 2) and 127 KDa anonymous proteins in T-cell ymphoma and carcinoma cell lines as well as adult thymus and liver
tissue of C57BI/6J mouse (*p<<0.05, **P<<0.01, ***P<0.001, ****P<<.0001). E. DIc1 protein expression from 5 AzaC treated TL and TEC cell lines.

doi:10.1371/journal.pone.0040302.g004

to trap Dlcl isoform 2 and reduces its expression but, not isoforms
1 and 3 [8]. The isoform 3 promoter showed a high degree of
constitutive methylation in normal thymus tissue and thymic
tumour cells. Both these cell types still showed expression of
isoform 3 mRNA. High methylation of Dlcl promoter with
continued expression of the gene has also been reported for
isoform 2 in canine lymphoma [30]. These results indicate that
methylation status alone may not be sufficient to predict
expression of Dlcl isoform 3, at least in the thymus and T
lymphocytes. These results also suggest that selected loss of Dlcl
isoform 2 expression may be sufficient for tumor progression.

The Dlcl genetrap alone is unable to induce tumours however,
in presence of K-Ras2“'*P mutation, it increases tumour and
metastasis frequencies compared with K-Ras2%'?" mutation only
mice, indicating an additive effect. The conditional K-Ras2%'?P
mouse used In this study was previously reported to develop
adenocarcinoma in the lung upon intranasal delivery of AdenoCre
virus [17]. Another transgenic mouse model, LA1-K-Ras2, where
the K-Ras2%'?P allele can be activated by a somatic intrachro-
mosomal recombination event, showed high incidence of lung
tumours but, also a 30% incidence of thymic lymphoma and other
tumour types [31]. In our study, we have found predominantly
thymic tumours along with neoplastic lesions in many other organs
using tail vein injection of AdenoCre. Previous studies have shown
that tail vein injection of AdenoCre mostly targets the liver, spleen
and kidneys and to a lesser extend the thymus, heart and lung
tissue [32,33].

The overall frequency of neoplastic lesions and thymic tumours
was significantly higher in KD mice suggesting that trapping Dlcl
isoform 2 may have provided an advantage to the initiation of
tumourigenesis. The KD mice also showed a significant reduction
in overall survival. The increase in lymphoma metastases in the
lungs of the KD mice may be the cause of reduced survival in these
mice. The majority of the lung tumours in our study were thymic
lymphoma metastases. The difference in the initiating organ for
tumourigensis between Jackson et al. [17] and our study is mainly
due to the mode of AdenoCre delivery. It may also be due to the
fact that the mouse thymus normally expresses a lower level of the
Dlcl isoform 2 protein. It is possible that the Dlcl isoform 2
deficient environment in the thymus may have given cells
expressing the oncogenic K-Ras2%"?P allele a sclective advantage.
As well, there was a comparable reduction in the Dlcl isoform 2
protein in the KD cell lines in comparison with K+ only cell lines,
which also coincided with an increased rate of tumourigenesis.

Interestingly, expression of an anonymous 127 KDa protein
increased significantly in all tumour cell lines that had reduced
levels of isoform 2 protein. The mutual exclusiveness was more
evident in the thymoma cell lines. Evidence for differences in
function between the Dlcl isoforms comes from the transfection
experiments into the thymoma cell line. Cells expressing the Dlcl
isoform 2-GFP construct showed a reduction in stress fibre
formation and spreading of the cells. In contrast, Dlcl isoform 3-
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GIP expressing cells showed cell rounding and production of
“neurite-like” extensions. A similar phenotype was previously seen
when an amino terminal deleted form of Dlcl or just the RhoGap
domain were transfected into breast cancer cells [34]. This
suggests that the novel exon 1 of isoform 3 may change either
localization or the RhoGap activity of Dlcl. It was previously
suggested that the Dlc1 sterile alpha motif (SAM) domain acts as a
negative regulator of the Dlcl RhoGAP catalytic activity [34].
Since the Dlcl isoform 3 SAM domain is still intact, this suggests
that the subcellular localization may be critical for production of
the “neurite- like” extensions and not removal of a negative
regulatory sequence. The usual mechanisms for down regulation
of Dlcl protein in tumours is either deletion of the Dlcl locus or
hypermethylation of the Dlcl promoter [28]. Somatic mutations
are rare for the coding region of Dlcl gene in different tumours,
reviewed by [28] and so far there is no report on the association of
existing single nucleotide polymorphisms in Dlcl with the
outcome of the disease [35]. In our study, we have found a
significantly higher percentage of tumour specific methylation of
the Dlcl isoform 2 promoter, which correlates with the reduced
Dlcl isoform 2 protein expression in these tumours. The mean
percentage of methylation found in our study is comparable with
the methylation frequency in different human tumours [28]. The
methylation pattern of the isoform 3 promoter did not show any
change and remained highly methylated in the adult thymus as
well as in the tumours. This indicates complex regulatory
mechanism controlling selective methylation of alternative pro-
moters. Recently, it has been shown that in Myc induced T-cell
lymphoma, there is a selection for specific rare DNA methylation
events during the course of tumour development i vivo [36]. Thus,
our results indicate that in the K-Ras2 induced thymic tumours,
selective methylation of the promoter of Dlcl isoform 2 may lead
to a malignant phenotype in thymus.

The Dlcl gene has recently been viewed as a metastasis
suppressor gene [28]. The reduced expression of Dlcl mRNA has
been correlated with the invasiveness of hepatocellular carcinoma
(HCCQC) [37]. Re-expression of Dlcl inhibited the mobility and
invasiveness of HCC, breast, ovarian and lung cancer cell lines. In
our study, we have found significantly higher metastases of the
thymic cancers to the lung. The increased metastasis found in the
KD mice coincides with higher levels of active RhoA activity.
Since T lymphocytes are intrinsically mobile and migratory, what
selective advantage would active Rho have on T-cell lymphoma
metastasis? Using transformed T cell lines, Gomez et al. have
shown that active Rho prevents apoptosis after interleukin
withdrawal, through induction of Bcl2 [38]. Costello et al. have
shown that Rho controls a p53 dependent survival checkpoint in
pre-T cells and that Rho is also important for p53-independent
survival of CD4/8 double positive cells [39]. Rho activation can
induce integrin-mediated adhesion in mouse thymocytes [40].
Cell-cell or cell-extra cellular matrix adhesion through integrin-
receptors is necessary for T cell migration and maturation [41].
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Figure 5. Western blots showing p2 expression and active Rho in TEC and TL cell lines. A(i) p2 protein in T-cell lymphoma and
carcinoma cell lines, (ii) Plot showing the relative intensity of p21¥2" protein in T-cell ymphoma and carcinoma cell lines relative to actin. Means and
standard error of mean were determined from at least five independent experiments. (*p<<0.05, **P<<0.01, ***P<0.001, ****P<<.0001). (B)
Measurement of active RhoGTP in cell lines. (i) RhoGTP pull down assay showing constitutive and LPA induced levels of active RhoGTP in T-cell
lymphoma and thymic epithelial carcinoma cell lines. (ii) Plot showing the RhoGTP to total Rho protein ratio by scanning the relative intensity of the
protein bands in non-treated and LPA induced in TEC, TL, MEF cell lines. Means and standard error of mean determined from four independent
experiments. (*p<<0.05, **P<<0.01, ***P<<0.001 and ****P<<.0001 by Student t test and two way ANOVA test.
doi:10.1371/journal.pone.0040302.g005

@ PLoS ONE | www.plosone.org 9 July 2012 | Volume 7 | Issue 7 | e40302



Start codon

—>

DIc1 Cooperates with K-Ras2®'2P

3

=

B

Sequence to analyse:

v
: 2

’:. Biotinylated reverse primer

1 2 3 4 5 6 7 8 9 10 11 12
--ATG ACT GAG TAT AAA/G CTT GTG GTG GTT GGA GCT GG/AT GG-
; ; Hind I G12D
S
equencing primer Mg Mutation Mutation

C

Reference peak height in the pyrogram

D

K_Ras wilwt

G12D
2

Figure 6. K-Ras

mutation analysis. (A) Diagrammatic representation of The PCR strategy for amplifying K-Ras2 cDNA. (B) K-Ras2 sequence

showing location of the mutations and the pyrosequencing primers relative positions. (C) The program'’s reference peaks showing the dispensation
order and sequence. (D) A pyrogram of wild type K-Ras2 allele showing no mutation, (E) one mutant allele in a tumour cell line showing the presence
of mutant as well as wild type alleles and (F) the mutant allele in a micro dissected primary tumour. In Figure E, the difference in relative intensity
between the normal and mutant allele specific nucleotide base indicates presence of normal cells in the tumour.

doi:10.1371/journal.pone.0040302.9006

Changes to the actin myosin cytoskeleton can also change T-cell
migration rates [42,43]. Alteration in anyone of these Rho
mediated functions could increase the metastatic potential of T
lymphoma cells.

Initially, we hypothesized that the reduced Dlcl expression
would complement the K-Ras2 oncogene in tumourigenesis
through RhoA’s suppression of p21**" protein expression. This
has been found true in the case of MEF cells, where reduction of
Dlcl protein expression significantly decreased p21lwafl expres-

@ PLoS ONE | www.plosone.org
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sion in the MEF Dlc15#" cell line. p21 deficiency contributes to
the development of a wide variety of tumour types in mice, which
include skin, colon, intestine, pituitary, thyroid, mammary gland,
salivary gland, connective tissue and histiocytic sarcomas [44-52].
On the contrary, in our study we have found increased expression
of p21**™ in the heterozygous Dicl genetrap allele containing T-
cell lymphoma and thymoma cell lines. These cell lines have
considerably lower level of Dlcl protein when compared with the
corresponding wild type Dlcl allele containing T cell lymphoma
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and thymoma cell lines. This may indicate to the fact that RhoA In brief, our finding indicates that Dlcl isoform 2 undergoes
mediated suppression of p21 expression thorough loss of Dlc1 may selective hypermethylation in oncogenic K-Ras2 induced thymic
be cell type specific. tumours and significantly decrease the overall survival in mice.
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doi:10.1371/journal.pone.0040302.g008

These results indicate that at least in thymic tumours the loss of
only Dlcl isoform 2 expression is sufficient for tumour

progression.
Materials and Methods

Transgenic Mice
The Dlcl gene trap mice were generated in our lab and

described previously [8]. The K-Ras2™*"™ mice were purchased
from National Cancer Institute Mouse Consortium (Frederick,

MD, USA). All experiments were performed in accordance with
the Canadian Council on Animal Care (CCAC) and were
approved by the University of Manitoba Animal Protocol

Management and Review Committee before experimentation.

Cell Culture

Thymic tumours were gently removed without squeezing the
tissue. The tumours were cut into approximately 1-2 mm
fragments and trypsinized and cultured in serum free media [8]
as well as in RPMI-1640 complete medium supplemented with

@ PLoS ONE | www.plosone.org

10% v/v fetal calf serum (FCS) Invitrogen (Burlington, ON,
Canada), 2 mM L-Glutamine, and 55 pM B-mercaptoethanol,
and antibiotics. The tumour cells spontaneously immortalized and
sub-cultured up to 20 passages. Most of the gene expression studies
have been done with cultured cells at 16-20 passages.

Vector Constructs and Viral Infection in Vivo
The Adenovirus vector expressing Cre, under control of the
CMV promoter, used in this study was obtained from Vector
Biolabs, (Philadelphia, PA, USA). The DIc®* mice were crossed
with K-Ras2%'?"* ‘mouse to get a DIc®/™; K-Ras2®'?P/™
mouse. Eight week DIc8*'; K-Ras2%!?P"* and the K-Ras2%!'*P”
“* mice were injected with 1x10° plaque forming units of AdCre
virus/0.2 ml phosphate buffered saline (PBS) via the tail vein. The
survival data were analysed using a log-rank test of the Kaplan-

Meier estimate of survival.
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Figure 9. Comparison of stress fibre formation in thymic epithelial and TEC cells and effect of GFP tagged Dlc1 isoform 2 and 3
expression on cell morphology and stress fibre formation. (A) Normal thymic epithelial cell showing stress fibre formation in the form of an
annular transverse arc. (B) Thymic epithelial carcinoma cell (Z stack-1) showing extensive ventral stress fibre formation and increasing frequency of
focal adhesions, (C) the same tumour cell showing a different structural organization of vinculin and actin at Z stack -7 on the dorsal surface of the
cell. (D) Western blot showing transient expression of Dic1 isoform 2 & 3 proteins tagged with C terminal GFP in the TEC cell line. Thymic epithelial
carcinoma cells transfected with (E) pEGFP C1 vector, (F) DIc1 isoform 2 GFP construct; (G) Dlc1 isoform 3 GFP construct. (H) Bar diagram representing

the relative number of cells that are showing neurite like extensions expressed as a percentage of total GFP transgene expressing cells.

doi:10.1371/journal.pone.0040302.g009

Fluorescence Microscopy

Cells for direct/indirect immunofluorescence were plated into
6-well plates pre-coated with 0.1% gelatin and 10 mg/ml
fibronectin in Alpha MEM at a density of 2x10° cells per well.
The cells were transfected with GFP tagged Dlcl isoforms using
Lipofectamine (Invitrogen) at 70% confluency and then grown
overnight. The next day cells were trypsinized and then grown O/
N on coverslips coated with on 0.1% gelatin. Cells were fixed with
4% paraformaldehyde and permeabilized with 0.2% Triton X-
100 and blocked with 1% skim milk powder/0.5% Tween in PBS.
For visualisation of focal adhesions and stress fibres, the cells were
stained with FITC conjugated antivinculin antibody and TRITC
conjugated Phalloidin and the frequency of stress fibre and focal
adhesions were determined as described previously [8].

Multiplex Reverse Transcription PCR (RT-PCR)

Total cellular RNA was extracted from tumour cell lines as
described [8]. Total RNA (5 ug) was reversed transcribed using
SuperScript II Reverse transcriptase and oligo-dT. Subsequently,
the relative amount of Dlcl isoform 2 and 3 was quantified in
multiplex RT-PCR using primers specific to each isoform. A list of
all primers used can be found in Table 4.

Western Blotting and Immunohistochemistry

The T lymphoma as well as the thymic epithelial cells were
grown on 150 mm plates/flask until confluent and the total
cellular protein was extracted as described [8]. The western blots
were hybridized with Dlcl antibody (Sc32931, Santa Cruz
Biotechnology, CA, USA) and p21™*" antibody (Acris Antibodies

Gbmbh, AP06263PU-N) and visualized. The lysophosphatidic acid
(LPA) induced Rho activity in different lymphoma and thymic
epithelial cell lines were analysed using the active Rho-GTP pull
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Figure 10. Transendothelial migration and invadopodia assay of the T lymphoma cells. (A) Depicted are two TL cells that had invaded
between the endothelial cells. The TL cells were stained with T-cell receptor marker specific anti-CD3 antibodies and the endothelial cells were
stained with DAPI and TRITC-Phalloidin. The top panel shows representative Z stack images of the top slice (above the endothelial cells) and the
arrow indicates pseudopod formation (B) Transendothelial migration assay of T lymphoma cells. Three dimensional reconstructions showing two TL
cells that had invaded the confluent endothelial monolayer. Z stacked images taken at 0.5 um intervals have been used for reconstruction of the 3D
image. (C) The percentage of trans-endothelial migrated T-lymphoma cell lines. The mean and the standard error are shown for 5 experiments (D)
Percentage of cells that showed a leading edge pseudopod structure beneath the bEND.3 cells. The mean and the standard error of mean are shown
for 4 experiments in which more than 200 cells were analyzed per experiment. (*p<<0.05, **P<<0.01, ***P<<0.001 and ****P<<.0001 by Student t test).
doi:10.1371/journal.pone.0040302.g010
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Table 4. Lists of Primers Used.

DIc1 Cooperates with K-Ras2®'2P

List of primers Forward Primer

Reverse primer Sequencing Primer

KRas2 mutation analysis

KRas2 F: GCCATTTCGGACCCGGAGCGA
KRas2-R-biotin:
KRas2 sequencing primer CTGCTGAAAATGACTGAG

Methylation analysis:
Biotin-GTAAGAAAAGGTAGAGGGGAAATTGAGTA
TAGGAGGTTAGTATGGGTTGTA

Isoform 2
Isoform 3

Deletion mapping

D8Mit293 CGTCATTCTTATAAATCTACCCCC
D8Mit296 GGCAACAAAATCAAAAGCGT
D8Mit97 ATCTTTTAACTTAGGTGGAGAAAAACC
D8Mit225 CCCTCTTCTTCCCTTCCACT
D8Mit174 CTCTTTCATGCTCTCTTCTATTGC

Dlc1 ACCTGCATGCTGATCTTCTCG
Multiplex PCR:

Isoform 3 F CATCAGAGACTCCACCGCCAG
Isoform 2 F CTTCTGGCAGCCTCGACGTTC

Exon 2 R

CCTACCAGGACCATAGGCACATC

CTCCTTCCCCCTTTCCTAAAATAT
Biotin-AACCTAATACTAACATAAAACAATATC

CCCAAAATCTACACT
AAATTG GA AA

TTTGCCTGTTTATTGGTCAGG
ATTGTATGGAGCACTACTATTTGGG
CTGTGCAAAGTTGCTAAAACAC
TTTGTTGTTGCTTGCTTTGG
ATATACCCAATGCATAAACATATATGC
GCTACACACAATCCCTCTGCC

TGCATACTGGGGGAAACCAGTC

doi:10.1371/journal.pone.0040302.t004

down assay [8]. The western blots were scanned using a Storm 840
Phosphorlmager scanner and quantified by densitometry using
ImageQuant software (version 1.2; both from Molecular Dynam-
ics, Inc, CA, USA).

The tumour samples were fixed in 10% neutral buffered
formalin for 48 h. The samples were then embedded in paraffin
and cut into 6 um sections and stained with haematoxylin and
eosin (H&E) to wvisualize general morphology. For lung
metastasis analysis, five step sections of the entire lung separated
by 50 um were examined and metastases were counted. Lung
metastasis was identified by microscopic analysis of H&E
sections of 6 um. For immunohistochemistry, the sections were
deparaffinised and incubated in 0.3% hydrogen peroxide in
methanol for 10 min at room temperature to block endogenous
peroxidase activity. After incubation in normal blocking serum
for 30 min, sections were incubated with primary antibody at
37°C overnight. (CD3 antibody ab5690 Abcam, Cambridge,
MA, USA); Troma-1, specific for cytokeratin 8 [53] (obtained
from Developmental Studies Hybridoma Bank, University of
Iowa, Iowa City, Iowa, USA); cytokeratin 5 (H-40, sc-66856
Santa Cruz Biotechnology, Santa Cruz, CA, USA) followed by
washing three times in phosphate-buffered saline supplemented
with Triton X-100 (PBST) for 3-5 min, and finally incubated
with secondary antibody (Dako EnVision+ peroxidise Rabbit;
Code:K4002; Carpentaria, CA) at room temperature for
30 min. The bound antibodies were detected using DakoCyto-
mation Envision+ system-HRP labelled polymer (Code: K4002).
The sections were washed, saturated with 3, 30-diaminobenzi-
dine tetra hydrochloride for 3 min, and then counterstained
with haematoxylin.

Microdissection and DNA Extraction

The normal cells were removed from tumours by micro-
dissection and the samples containing >80% tumour cells were
taken for DNA extraction [54]. DNA was extracted from the
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micro-dissected tissue sections, corresponding normal tissue and
cultured cells by Proteinase K digestion followed by phenol-
chloroform extraction (Sambrook et al. 1989).

Loss of Heterozygosity Analysis

We performed microsatellite based deletion mapping to
determine if there was loss of heterozygosity at the Dlcl locus.
Six microsatellite markers, namely D8Mit293, D8Mit225, Dlcl
[55], and D8Mit226, D8Mit97, and D8Mitl94 were used,
which spans 1.9 Mb chromosomal region around Dlcl locus
(based on Build 37 assembly by NCBI). Polymerase chain
reaction (PCR) was performed using mouse genomic DNA from
the tumour and the corresponding normal tissue. The reactions
(25 pul) employed Tag DNA polymerase and buffer from Takara
(Madison, WI, USA), 50 ng of mouse genomic DNA, and
primers at a final concentration of 0.4 pM each. One of the
paired primers in the reaction mixture was end labelled with
[v**P] ATP using T4-Polynucleotide Kinase. The labelled PCR
products electrophoresed in 7% polyacrylamide gel
containing 8 M urea and the gel was exposed to phosphoimager
and scanned using a Storm 840 Phosphorlmager scanner
(Molecular Dynamics, Inc, Sunnyvale, CA, USA). The intensity
of the allele specific band was quantified using ImageQuant
software (version 1.2; from Molecular Dynamics, Inc). The
allelic loss was recorded if there was a complete absence of one
allele or if the relative band intensity of one allele was reduced
at least 50% in the tumour in comparison to the homologous
allele in the corresponding normal DNA.

were

DNA Methylation Study of Dlc1 Promoter Region

The genomic DNA from microdissected primary tumours as
well as from the lung metastases and tumour derived cell lines
were bisulfite treated and then the target region was PCR
amplified using biotinylated primers and subsequently sequenced
using pyrosequencing technique [8].
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Transendothelial Migration and Invadopodia (in Vitro
Filipodia) Formation Assay of the T Lymphoma Cells

Trans-endothelial migration of T-cells was measured as
described [56]. Tissue culture wells (8 um pores, Becton Dickinson
Labware, Franklin Lakes, NJ USA) coated with 2 mg/ml
fibronectin were seeded with bEnd.3 cells and grown to
confluence, which were then activated overnight with 10 ng/ml
TNF-a before adding the cells to the upper chamber. Lympho-
cytes (1x10° cells) were seeded on the upper compartment on top
of the endothelial monolayer in 100 pl. After 16 hours of
treatment, the tissue culture wells were removed and the lower
compartment cells were collected to determine the number of
transmigrated lymphocytes. To assess the formation of leading
edge filipodia, the T lymphoma cells were labelled with cell tracker
green and added to confluent monolayers of tumour necrosis
factor o (TNF-a) (cat 300-01A PeproTech, Rocky Hill, NY, USA)
activated bEnd.3 cells grown on glass cover slips that had been
coated with 2 pg/ml fibronectin. After, 16 hours of incubation,
non adherent cells to the cover slips were removed by gentle
washing the adherent cells were fixed with 4% paraformaldehyde
and stained with DAPI and TRITC-phalloidin. Z stack images
were captured using Axiovision 4.1 Zeiss microscope and
analyzed.

Treatment of Cell Culture with 5 Azacytidine (5-AzaC)

The TL 1-4 and TEC 1-3 cells were seeded at 6x10° cells per
100 mm dish. Twenty-four hours later, freshly prepared 5-AzaC
(Sigma Chemical Co., St. Louis,Mo.) was added to the cultures at
a final concentration of 3 uM. The drug was removed after 24 Hrs
and cells were subcultured for 5 subsequent passages with
additional incubation in 5 AzaC at the 4" passage. At passage
5, the cells were harvested and total cellular RNA was extracted
which was followed by ¢cDNA preparation and subsequent the
Dlcl splice variants were studied by multiplex PCR as mentioned
previously (Figure-4C/1i1).

Total cellular protein lysates harvested from 5-AzaC treated
cells were also incubated with Calf intestinal alkaline phosphatase
(CIP; GE Healthcare, Little Chalfont, Buckinghamshire, United
Kingdom) at 37°C for 1h, and resolved in SDS page and
immunoblotted with anti Dlcl antibodies (Sc32931, Santa Cruz
Biotechnology, CA, USA).
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Statistical Analysis

The one-way analysis of variance (ANOVA) test was used to
compare different cell lines with respect to the mean of Dlcl
protein expression, p21™*" protein expression, focal adhesion
frequency, stress fibre frequency and the cell migration rate. Two-
way ANOVA was used to assess the effect of LPA on active Rho
induction in three different lymphoma and TEC cell lines
compared to controls. All the statistical analysis was performed
using Sigma Stat 7 for Windows software, version 2.03, 1997,
SPSS Inc, IL, USA. Statistical significance was defined as P<<0.05.
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Figure S1 Immunopreciptation of Dlcl protein and
mass spectrometry: A: Silver stained polyacrylamide gel
showing the immunopreciptated proteins. The primary antibody
used was polyclonal anti mouse Dlcl (Santa Cruiz) which was
cross-linked to Dyanbeads Protein G (100.09D, Invitrogen) to pull
down the antibody bound protein, ID immunodepleted, IP
immunoprecipitated. B: Western blot showing the immunopre-
cipitated Dlcl proteins in different cell lysates. C: The eluted
immunoprecipitate was subjected to trypsin digestion followed by
tandem mass spectrometry analysis using AB SCIEX Triple-
TOF™ 5600 System (Applied Biosystems/MDS Sciex, Foster
City, CA), and identified 7 Peptide sequences representing Dlcl
are underlined. D: Summary of Dlcl peptides detected from by
mass spectrometry.

(TIF)

Acknowledgments

We thank Ms. Tiana Fountain for helping with immunohistochemistry
staining, Dr. Andrea Fristensky for preparing the paraffin blocks of the
primary tumours and Dr. Jeffrey Wigle for providing us with the bEnd.3
cell line and Dr. Rachelle Dillon for comments on the manuscript. We also
thank Peyman Ezzati for performing mass spectrometry.

Author Contributions

Conceived and designed the experiments: MGS MM. Performed the
experiments: MGS HP. Analyzed the data: MGS ER MRAM.
Contributed reagents/materials/analysis tools: MGS MRAM. Wrote the
paper: MGS MRAM.

. Ridley AJ, Paterson HF, Noble M, Land H (1988) Ras-mediated cell cycle arrest
is altered by nuclear oncogenes to induce Schwann cell transformation. EMBO J
7: 1635-1645.

. Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW (1997) Oncogenic ras

provokes premature cell senescence associated with accumulation of p53 and

pl16INK4a. Cell 88: 593-602.

Hicks GG, Egan SE, Greenberg AH, Mowat M (1991) Mutant p53 tumor

suppressor alleles release ras-induced cell cycle growth arrest. Mol Cell Biol 11:

1344-1352.

. Pumiglia KM, Decker SJ (1997) Cell cycle arrest mediated by the MEK/
mitogen-activated protein kinase pathway. Proc Natl Acad Sci U S A 94: 448
452.

. Lloyd AC, Obermuller F, Staddon S, Barth CF, McMahon M, et al. (1997)
Cooperating oncogenes converge to regulate cyclin/cdk complexes. Genes Dev
11: 663-677.

15. Olson MF, Paterson HF, Marshall CJ (1998) Signals from Ras and Rho
GTPases interact to regulate expression of p21Wafl/Cipl. Nature 394: 295—
299.

. Sahai E, Olson MF, Marshall CJ (2001) Cross-talk between Ras and Rho
signalling pathways in transformation favours proliferation and increased
motility. EMBO J 20: 755-766.

. Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D, et al. (2001) Analysis
of lung tumor initiation and progression using conditional expression of
oncogenic K-ras. Genes Dev 15: 3243-3248.

. Dooley J, Erickson M, Larochelle W], Gillard GO, Farr AG (2007) FGFR2IIIh
signaling regulates thymic epithelial differentiation. Dev Dyn 236: 3459-3471.

12.

July 2012 | Volume 7 | Issue 7 | e40302



20.

21.

23.

24.

27.

28.

29.

30.

31.

36.

37.

38.

. Bernatz PE, Harrison EG, Clagett OT (1961) Thymoma: a clinicopathologic

study. J Thorac Cardiovasc Surg 42: 424-444.

Small JV, Rottner K, Kaverina I, Anderson KI (1998) Assembling an actin
cytoskeleton for cell attachment and movement. Biochim Biophys Acta 1404:
271-281.

Heath JP (1983) Behaviour and structure of the leading lamella in moving
fibroblasts. I. Occurrence and centripetal movement of arc-shaped microfila-
ment bundles beneath the dorsal cell surface. J Cell Sci 60: 331-354.

. Horii A, Nakatsuru S, Ichii S, Nagase H, Nakamura Y (1993) Multiple forms of

the APC gene transcripts and their tissue-specific expression. Hum Mol Genet 2:
283-287.

Murray-Zmijewski F, Lane DP, Bourdon JC (2006) p53/p63/p73 isoforms: an
orchestra of isoforms to harmonise cell differentiation and response to stress. Cell
Death Differ 13: 962-972.

Xu CF, Brown MA, Chambers JA, Griffiths B, Nicolai H, et al. (1995) Distinct
transcription start sites generate two forms of BRCA1 mRNA. Hum Mol Genet
4: 2259-2264.

. Bourdon JC, Fernandes K, Murray-Zmijewski F, Liu G, Diot A, et al. (2005) p53

isoforms can regulate p53 transcriptional activity. Genes Dev 19: 2122-2137.

5. Davuluri RV, Suzuki Y, Sugano S, Plass C, Huang TH (2008) The functional

consequences of alternative promoter use in mammalian genomes. Trends
Genet 24: 167-177.

Leung TH, Ching YP, Yam JW, Wong CM, Yau TO, et al. (2005) Deleted in
liver cancer 2 (DLC2) suppresses cell transformation by means of inhibition of
RhoA activity. Proc Natl Acad Sci U S A 102: 15207-15212.

Durkin ME, Yuan BZ, Zhou X, Zimonjic DB, Lowy DR, et al. (2007) DLC-1:a
Rho GTPase-activating protein and tumour suppressor. J Cell Mol Med 11:
1185-1207.

Low JS, Tao Q, Ng KM, Goh HK, Shu XS, et al. (2011) A novel isoform of the
8p22 tumor suppressor gene DLC1 suppresses tumor growth and is frequently
silenced in multiple common tumors. Oncogene 30: 1923-35.

Bryan J, Jabbes M, Berent L, Arthur G, Taylor K, et al. (2009) Hypermethyla-
tion of the DLC1 CpG island does not alter gene expression in canine
lymphoma. BMC Genetics 10: 73.

Johnson L, Mercer K, Greenbaum D, Bronson RT, Crowley D, et al. (2001)
Somatic activation of the K-ras oncogene causes early onset lung cancer in mice.
Nature 410: 1111-1116.

. Akagi K, Sandig V, Vooijs M, Van der Valk M, et al. (1997) Cre-mediated

somatic site-specific recombination in mice. Nucl Acids Res 25: 1766-1773.

. Wang Y, Krushel LA, Edelman GM (1996) Targeted DNA recombination in

vivo using an adenovirus carrying the cre recombinase gene. PNAS 93: 3932
3936.

. Kim TY, Healy KD, Der CJ, Sciaky N, Bang Y], et al. (2008) Effects of structure

of Rho GTPase-activating protein DLC-1 on cell morphology and migration.
J Biol Chem 283: 32762-32770.

. Zheng SL, Mychaleckyj JC, Hawkins GA, Isaacs SD, Wiley KE, et al. (2003)

Evaluation of DLCI as a prostate cancer susceptibility gene: mutation screen
and association study. Mutat Res 528: 45-53.

Opavsky R, Wang SH, Trikha P, Raval A, Huang Y, et al. (2007) CpG island
methylation in a mouse model of lymphoma is driven by the genetic
configuration of tumor cells. PLoS Genet 3: 1757-1769.

Song L], Ye SL, Wang KF, Weng YQ, Liang CM, et al. (2005) [Relationship
between DLC-1 expressions and metastasis in hepatocellular carcinomal.
Zhonghua Gan Zang Bing Za Zhi 13: 428-431.

Gomez J, Martinez A, Giry M, Garcia A, Rebollo A (1997) Rho prevents
apoptosis through Bcl-2 expression: Implications for interleukin-2 receptor signal
transduction. Eur J Immunol 27: 2793-2799.

@ PLoS ONE | www.plosone.org

17

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

(&3]
=

56.

DIc1 Cooperates with K-Ras2®'2P

. Costello PS, Cleverley SC, Galandrini R, Henning SW, Cantrell DA (2000) The

GTPase Rho Controls a p53-dependent Survival Checkpoint during Thymopoi-
esis. ] Exp Med 192: 77-86.

Vielkind S, Gallagher-Gambarelli M, Gomez M, Hinton HJ, Cantrell DA (2005)
Integrin Regulation by RhoA in Thymocytes. ] Immunol 175: 350-357.

Hogg N, Laschinger M, Giles K, McDowall A (2003) T-cell integrins: more than
just sticking points. J Cell Sci 116: 4695-4705.

Woodside D, Wooten D, Teague TK, Miyamoto Y, Caudell E, et al. (2003)
Control of T lymphocyte morphology by the GTPase Rho. BMC Cell Biology 4:
2.
Smith A, Bracke M, Leitinger B, Porter JC, Hogg N (2003) LFA-1-induced T
cell migration on ICAM-1 involves regulation of MLCK-mediated attachment
and ROCK-dependent detachment. J Cell Sci 116: 3123-3133.
Martin-Caballero J, Flores JM, Garcia-Palencia P, Serrano M (2001) Tumor
susceptibility of p21(Wafl/Cipl)-deficient mice. Cancer Res 61: 6234-6238.

. Philipp J, Vo K, Gurley KE, Seidel K, Kemp CJ (1999) Tumor suppression by

p27Kipl and p21Cipl during chemically induced skin carcinogenesis.
Oncogene 18: 4689-4698.

Topley GI, Okuyama R, Gonzales JG, Conti C, Dotto GP (1999) p21(WAF1/
Cipl) functions as a suppressor of malignant skin tumor formation and a
determinant of keratinocyte stem-cell potential. Proc Natl Acad Sci U S A 96:
9089-9094.

Jackson RJ, Adnane J, Coppola D, Cantor A, Sebti SM, et al. (2002) Loss of the
cell cycle inhibitors p21(Cipl) and p27(Kipl) enhances tumorigenesis in
knockout mouse models. Oncogene 21: 8486-8497.

Jackson RJ, Engelman RW, Coppola D, Cantor AB, Wharton W, et al. (2003)
p21Cipl nullizygosity increases tumor metastasis in irradiated mice. Cancer Res
63: 3021-3025.

Poole AJ, Heap D, Carroll RE, Tyner AL (2004) Tumor suppressor functions for
the Cdk inhibitor p21 in the mouse colon. Oncogene 23: 8128-8134.
Weinberg WC, Fernandez-Salas E, Morgan DL, Shalizi A, Mirosh E, et al.
(1999) Genetic deletion of p21WAF1 enhances papilloma formation but not
malignant conversion in experimental mouse skin carcinogenesis. Cancer Res
59: 2050-2054.

Brugarolas J, Chandrasekaran C, Gordon JI, Beach D, Jacks T, et al. (1995)
Radiation-induced cell cycle arrest compromised by p21 deficiency. Nature 377:
552-557.

Deng C, Zhang P, Harper JW, Elledge SJ, Leder P (1995) Mice lacking
p21CIP1/WAF1 undergo normal development, but are defective in Gl
checkpoint control. Cell 82: 675-684.

Dellagi K, Lipinski M, Paulin D, Portier MM, Lenoir GM, et al. (1987)
Characterization of intermediate filaments expressed by Ewing tumor cell lines.
Cancer Res 47: 1170-1173.

Sabbir MG, Roy A, Mandal S, Dam A, Roychoudhury S, et al. (2006) Deletion
mapping of chromosome 13q in head and neck squamous cell carcinoma in
Indian patients: correlation with prognosis of the tumour approximately 580 Kb
surrounding the MYC gene is amplified in head and neck squamous cell
carcinoma of Indian patients. International Journal of Experimental Pathology
87: 151-161.

. Durkin ME, Yuan BZ, Thorgeirsson SS, Popescu NC (2002) Gene structure,

tissue expression, and linkage mapping of the mouse DLC-1 gene (Arhgap7).
Gene 288: 119-127.

Rohnelt RK, Hoch G, Reiss Y, Engelhardt B (1997) Immunosurveillance
modelled in vitro: naive and memory T cells spontancously migrate across
unstimulated microvascular endothelium. Int Immunol 9: 435-450.

July 2012 | Volume 7 | Issue 7 | e40302



