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Abstract

The tumor suppressor gene RASSF1A is inactivated through point mutation or promoter
hypermethylation in many human cancers. In this study, we performed a Seeping Beauty
transposon-mediated insertional mutagenesis screen in Rassfla null mice to identify candidate
genes that collaborate with loss of Rassfla in tumorigenesis. We identified 10 genes, including the
transcription factor Runx2, a transcriptional partner of Yes-associated protein (YAP1) that
displays tumor suppressive activity through competing with the oncogenic TEA domain family of
transcription factors (TEAD) for YAP1 association. While loss of RASSF1A promoted the
formation of oncogenic YAP1-TEAD complexes, the combined loss of both RASSF1A and
RUNX2 further increased YAP1-TEAD levels, demonstrating that loss of RASSF1A, together
with RUNX2, is consistent with the multi-step model of tumorigenesis. Clinically, RUNX2
expression was frequently down-regulated in various cancers, and reduced RUNX2 expression was
associated with poor survival in patients with diffuse large B-cell or atypical Burkitt’s/Burkitt’s-
like lymphomas. Interestingly, decreased expression levels of RASSF1 and RUNX2 were observed
in both precursor T-cell acute lymphoblastic leukemia and colorectal cancer, further supporting
the hypothesis that dual regulation of YAP1-TEAD promotes oncogenic activity. Together, our
findings provide evidence that loss of RASSF1A expression switches YAP1 from a tumor
suppressor to an oncogene through regulating its association with transcription factors, thereby
suggesting a novel mechanism for RASSF1A-mediated tumor suppression.
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INTRODUCTION

The RASSF1A tumor suppressor exhibits epigenetic or genetic inactivation in the majority
of human tumors and plays a role in a variety of key biological processes that restrain the
development of cancer, including apoptosis, cell cycle regulation, mitosis, and microtubule
dynamics (reviewed in 1, 2). Although the precise mechanisms by which RASSF1A
functions as a tumor suppressor are still under investigation, the most likely hypothesis is
that it serves as a scaffold to modulate, localize, and perhaps integrate multiple tumor
suppressor pathways. The components of these tumor suppressor pathways remain largely
unknown; however the hippo pathway is a key downstream pathway that also restricts
tumorigenesis.

The first four components of the hippo pathway were discovered in genetic screens for
tumor suppressor genes in Drosophila, and include the NDR family protein kinase Warts
(Wts), the WW domain-containing protein Salvador (Sav), the Ste20-like protein kinase
Hippo (Hpo) and the adaptor protein Mob-as-tumor-suppressor (Mats) (reviewed in 3).
Loss-of-function mutant clones for any of these four genes lead to a strong tissue
overgrowth phenotype characterized by increased proliferation and diminished cell death.
Biochemically, these four tumor suppressors form a kinase cascade in which the Hpo-Sav
kinase complex phosphorylates and activates the Wts-Mats kinase complex (4, 5), to restrict
proliferation via inactivation of the transcriptional complex formed by Yorkie (Yki) and
Scalloped (%) (6, 7).

The hippo pathway is conserved in mammalian systems (reviewed in 3) with MST and
LATS kinases (orthologs of Hippo and Warts respectively) functioning as tumor suppressors
that phosphorylate the mammalian homolog of Yorkie, yes-associated protein YAP1 (8).
The regulation of the Yki-Sd (YAP1-TEAD) complex by the hippo pathway is similarly
conserved, being responsible for restricting YAP-induced overgrowth, epithelial-
mesenchymal transition (EMT), and oncogenic transformation (7-9). However, in mammals
YAP1 displays a more pleiotropic role serving as a coactivator of multiple transcription
factors such as p73 (affecting tumor suppression) (10), ErbB4 (11) and RUNX2 (inducing
differentiation) (12).

RASSF1A is an upstream component of the MST/LATS pathway, as it binds MST kinases
and promotes active YAP1/p73 transcriptional complexes (13, 14). Therefore, hippo
pathway activation leads to opposing effects on the tumor suppressive YAP1/p73 and
oncogenic YAPL1/TEAD transcription factor complexes. Loss of RASSF1A in tumors leads
to a failure in formation of YAP1/p73 complexes and concomitantly, Rassfla homozygous
null mice die faster than wildtype controls due to an increased incidence of tumor formation
(15). Herein we describe how deregulation of oncogenic YAP1-TEAD complexes can
contribute to the tumor suppressor functions of RASSF1A. Moreover, the decrease in tumor
latency following exposure to mutagens (15) suggests that additional genes collaborate with
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loss of Rassfla in tumorigenesis. Thus to identify these cooperating genetic events, we
performed a Seeping Beauty transposon-mediated insertional mutagenesis screen in Rassfla
null mice. This analysis allowed us to identify 10 genes potentially associated with tumor
formation in the context of loss of Rassfla. We selected the YAP1 transcriptional partner,
Runx2, for follow-up analysis and show that loss of RUNX2 further enhances YAP1-TEAD
complex levels initiated by loss of RASSF1A. Thus we provide evidence for RASSF1A-
dependent switching of YAP1 between transcription factor complexes that regulate
proliferation (TEAD), differentiation (RUNX2) and tumor suppression (p73), providing new
insights into RASS-1A-mediated tumor suppression.

MATERIALS & METHODS

Mice and genotyping

Generation of the Rassfla null mice (Rassf1aBrd™2) (15), mice carrying the SB transposon
array (T2/0Onc) (16), and mice carrying the SB transposase (Rosa26%311) (17) have been
described previously. All mice were on a mixed 129/Sv-C57BL/6J background. Mice were
housed in accordance with Home Office regulations (UK), and fed a diet of mouse pellets
and water ad libitum. PCR genotyping for the Rassfla (15), T2/Onc (16), and Rosa26511
(17) alleles, as well “excision’ of the transposon from the donor array (16) was performed as
described previously.

Tumor watch analysis

Heterozygous Rassfla (Rassf1a*/~) mice were bred with mice carrying either the Seeping
Beauty transposon (T2/OncT¥T9) or transposase (Rosa26 SB1VSB1L) The resulting offspring
(Rassfla*/~, T2/0nc*/T9, Rosa26*/SB1L) were intercrossed to generate offspring of each
genotype (Rassfla*/*, T2/0Onc*/T9, Rosa26*/SB11 and Rassfla™~, T2/Onc*/T9,
Rosa26"/B11) which were subsequently placed on tumor watch from birth. All mice on
tumor watch were examined twice daily for signs of disease, at which time they were
sacrificed and a full necropsy performed.

Histology and immunohistochemistry

Tissues were fixed in 10% neutral-buffered formalin (NBF) at room temperature overnight.
Samples were then transferred to 50% ethanol, embedded in paraffin, sectioned and stained
with hematoxylin and eosin (H&E). Immunophenotyping was performed on formalin-fixed,
paraffin-embedded tissue sections that had undergone antigen retrieval (microwaving in
citrate buffer pH 6 for 20 min) using antibodies for CD3 (clone SP7; Abcam, Cambridge,
UK), CD45R/B220 (clone RA3-6B2, R&D systems) and MPO (DAKO, Ely, UK).
Immunohistochemical signal was detected by secondary biotinylated goat anti-rabbit
antibody (Vector Laboratories, Burlingame, CA), followed by Vectorstain Elite ABC kit
(Vector Laboratories) according to the manufacturer’s instructions.

Isolation and statistical analysis of transposon insertion sites

Isolation of the transposon insertion sites from tumors of both cohorts was performed using
splinkerette PCR to produce barcoded PCR products that were pooled and sequenced as
described previously (18). The pooled PCRs were sequenced on the 454 GS-FLX platform
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(Roche) over four separate lanes, with one lane per restriction enzyme and a maximum of 48
tumors per lane. Processing of 454 reads, identification of insertion sites, and the Gaussian
Kernel Convolution statistical methods used to identify common insertion sites (CIS) have
been described previously (18, 19). The P-value for each CIS was calculated using an
adjusted-by-chromosome cut-off of P<0.05. CIS on mouse chromosome 1 were not reported
as this is the ‘donor chromosome’ where the transposon array is located and as such there is
a significantly higher than background level of transposon insertion events due to local
hoping which complicates CIS analysis (16). Genotype-specific CIS analysis was performed
by i) calling CISs on a per-chromosome basis with a cut-off of P<0.1 and by comparing the
CIS calls between groups to identify a discovery set of insertions, and ii) by pooling
genotypes together, calling CISs on a per-chromosome basis and then deconvoluting the CIS
peaks using the Fishers Exact test to identify genotypes enriched at each CIS peak. Only
CISs that survived both calling methods were listed as ‘Rassfla~~-specific CIS’.

Reagents and cells

SiRNA

Cell assays.

Viability

U20S cells (ATCC® HTB-96™) and HCT116 cells were grown in DMEM containing 10%
fetal calf serum (Gibco). Transient transfection used Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. U20S Tet-On cells (Clontech) that inducibly
express FLAG-RASSF1A upon doxycycline induction were established following
puromycin selection as described in the manufacturer’s protocol (20). Authentication of the
cell lines was provided with their purchase from ATCC and Clontech, and the cell lines
were cultured from the original stocks and maintained for no longer than 2 months.

50 ng/mL siRNA duplexes either non-targeting or targeted against RUNX2, RASSF1A,
TEAD or p73 were transfected with Lipofectamine 2000. In order to avoid unspecific
effects, several different sSiRNAs were used for the knockdown of each protein. For detailed
information, see Supplementary Table S1.

Colony forming

U20S cells were transfected with siRNAs and 24 h later trypsinized and replated in 6 cm
dishes at a density of 350 cells/dish. Plates were stained with crystal violet (0.5% w/v crystal
violet, 50% v/v methanol and 10% v/v ethanol) 11 days later and colonies were counted.

U20S cells were transfected with siRNA and 24 h later trypsinized and replated in 6-well
dishes at a density of 7.5 x 10%/well. Cell viability was determined using the resazurin assay.
The cells were incubated with media containing 10ug/ml resazurin (Sigma) at 37°C in a
humidified 5% CO>, in-air atmosphere for 2 h. Resazurin reduction was then measured
fluorometrically using a plate reader (Wallace Perkin Elmer) at excitation 530nm and
emission wavelength 590nm.
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Proliferation

Growth curves were measured by plating 5 x 103 cells onto specialized conductance plates
and growth was determined as a steady reduction in individual well conductivity in real time
on an xcelligence system (Roche).

Immunoprecipitation and immunoblotting

Whole cell lysate preparation, immunoprecipitation and western blotting were performed as
previously described (13, 14). Nuclei were isolated as previously described (21) prior to
incubation in lysis buffer (150 mM NaCl, 20 mM HEPES pH 7.5, 0.5 mM EDTA, 1%
NP-40). Antibodies were used for RUNX2 (M-70; Santa Cruz Biotechnology), YAP1
(H125; Santa Cruz Biotechnology), RASSF1A (3F3; Santa Cruz Biotechnology), RASSF1
(Epitomics), TEAD (TEF-1; BD Biosciences), p73 (Epitomics), FLAG (Stratagene),
GAPDH (Epitomics), Hsp70 (W27; Santa Cruz Biotechnology) and Lamin B1 (Abcam).

Bioinformatic meta-analysis of RUNX2 and RASSF1 expression

Microarray expression data from six independent data sets were downloaded from the
Oncomine repository (http://www.oncomine.org/) to examine the relative mRNA expression
levels of RUNX2 between normal and cancer samples in a variety of tissue types. The
distributions of log2 median-centered signal intensities were plotted using boxplots and
differential gene expression was computed using the Welch two sample t-test, which is
appropriate for subsets of unequal variances. Only tumor sets showing the same differential
mode of expression in at least three independent datasets were included in this analysis. To
correlate gene expression of RUNX2 with patient survival, a Univariate Cox proportional
hazard regression model (22) was applied to a lymphoma dataset of n=272 samples and the
Likelihood ratio test, Wald test, and Score (logrank) test were all used to compute the P
value (P <5.3x10~7 for all three tests). To visualize the result obtained from the survival
analysis, the samples were ranked according to RUNX2 gene expression and Kaplan-Meier
survival curves were plotted for lymphomas with the lowest (<25th percentile) versus
highest (>25th percentile) RUNX2 expression giving a P value of 1.87x107% (logrank test).
The expression microarray data of bone marrow from precursor T-cell lymphoblastic
leukemias (Array 1D: E-MEXP-313, n=27) and the human colo-rectal data series (Array 1D:
GSE5206, n=105) were downloaded from ArrayExpress and Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/) respectively, and the data were normalized using the
RMA (Robust Multi-Array) method. Pearson’s correlation coefficient analysis was
performed to correlate RUNX2 and RASS-1 expression and the P value was computed using
an asymptotic confidence interval based on Fisher’s Z transform. The samples were
clustered using the Euclidean distance metric and the complete linkage algorithm. Full
details of the specific microarray data used are supplied in Supplementary Table S2).

RESULTS

Tumor watch analysis

Mice homozygous or wildtype for the Rassf1aBrd™2 allele (hereafter referred to as
Rassfla™~ or Rassfla*’* mice, respectively) with Seeping Beauty (SB) transposition
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occurring (i.e., on a T2/0Onc*/T9, Rosa26* /311 background) were aged until they became
moribund. Rassfla™/~ SB mice developed tumors significantly faster than their wildtype SB
littermates (average lifespan of 35 and 44 weeks for Rassfla™~ and Rassfla*/* mice,
respectively; Figure 1a). As previously reported for the T20nc transposon that carries the
murine stem cell virus (MSCV) promoter that is preferentially active in the hematopoietic
system (16), all mice in both cohorts developed leukemia/lymphoma (see Figure 1b),
although a small proportion of mice did develop an additional tumor, typically an
hepatocellular carcinoma (Figure 1b).

Immunohistochemical analysis of a selection of the leukemias/lymphomas showed the
predominant disease subtypes were poorly differentiated lymphomas, not staining positively
for either T-cell (CD3) or B-cell (CD45R/B220) antigens (29/69, 42%) and CD3-positive T-
cell lymphomas (27/69, 39%), with only a small amount of MPO-positive high-grade
myeloid leukemias (13/69, 19%; Figure 1c).

Statistical analysis of transposon insertion sites in leukemias/lymphomas

To identify tumor-associated genotype-enriched somatically mutated genes, i.e., those genes
mutated by transposon insertion found specifically in tumors on a Rassfla~'~ background,
we identified common insertion sites (CISs) in leukemias/lymphomas from 126 wildtype SB
mice (25 Rassfla*/* SB mice and 101 wildtype mice from other SB studies carried out in our
facility at the same time and on the same mixed C57-129 genetic background) and 111
Rassfla~~ SB mice using Gaussian Kernel Convolution (GKC) (19) statistical analysis in
two ways. Firstly, we treated the insertions from wildtype and Rassfla™'~ tumors as two
independent groups and identified 209 and 165 CISs, respectively, which we then analysed
to determine which were common to both groups and which were found specifically on a
Rassf1a™/~ background. Using a chromosome-adjusted P-value cut-off of P<0.1 ensured that
an extra degree of stringency was implemented when detecting shared CISs. This meant that
the CISs found in the Rassfla™~ group were compared with the CIS in the wildtype group
that were marginally P>0.05 (up to a significance of 0.1) and would otherwise have been
missed. We then pooled the insertions from both groups (using a P value generated by the
Fisher Exact Test), and identified CIS found to be ‘enriched’ only in the Rassfla™~ tumors.
The Rassfla™~ CIS calls generated by both methods were compared, and resulted in the
identification of 10 CISs that were present in both lists (Table 1).

Insertions in the Runx2 gene

Given that RASSF1A is a component of the hippo signaling pathway (13) and the
transcription factor RUNX2 is activated by the Hippo pathway member, YAP1 (12), we
focused our attention on ‘CI1S17:44818488_30k’, which was predicted to affect the Runx2
gene. There were 8 insertions from a total of 7 tumors that contributed to
‘CIS17:44818488_30k’ (Figure 1d). Interestingly, 6/7 of the tumors had insertions in intron
4 of the gene and the transposons were in the reverse orientation, thus predicted to be
truncating mutations. In agreement with this, analysis of cDNA from these tumors showed
splicing of Runx2 directly onto the splice acceptor/polyA of the transposon (Figure 1d). This
resulted in the premature truncation of the gene after exon 4 such that if a protein were
translated, it would only contain the Runt domain, and not the activation domain (AD) or
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repression domain (RD), and thus be unable to carry out the functions of a full-length Runx2
protein. Importantly, the YAP1/RUNX2 protein interaction occurs between the “WW
domain’ in YAP1 (23) and the ‘PY motif’ located within a 10 amino acid sequence
(HTYLPPPYPG) in the C-terminal region of RUNX2 (12); Figure 1d. Thus premature
truncation of the transcript before the PY motif would prevent Yapl/Runx2 complex
formation.

Although these tumors contained only heterozygous loss of Runx2 (i.e., insertions were only
in one Runx2 allele), Runx2 is haploinsufficient, as human cleidocranial dysplasia (CCD) is
an autosomal dominant disease that results from heterozygous inactivation of RUNX2 (24),
and heterozygous Runx2 mice recapitulate the CCD phenotype (25-26).

Loss of RUNX2 in the absence of RASSF1A enhances YAP-TEAD complex levels

TEAD depen

We first reasoned that the RASSF1A-mediated modulation of YAP1 that promotes the
formation of YAP1-p73 complexes may occur at the expense of YAP1-TEAD complexes,
thus serving as a comprehensive switch away from proliferation to active tumor suppression
(20). As RUNX2 is also a transcriptional partner of YAPL, the enhanced tumorigenesis
indicated by the Rassfla™~ SB mice may be due to an additional layer of competition for
YAP1 association. In tumors that have lost RASSF1A, YAP1 fails to associate with p73 and
where this occurs in conjunction with RUNX2 loss, YAP1-TEAD complexes may be more
likely and exacerbate oncogenic proliferation. We were unable to test this hypothesis in the
leukemia/lymphoma samples containing transposon insertions in Runx2 due to the
frequently oligoclonal or polyclonal nature of tumors induced by insertional mutagens (27).
Thus, we utilized the RUNX2 expressing human osteosarcoma cell line U20S, that has low
levels of RASSF1A and in which the association of YAP1 with TEAD was readily observed
(Figure 2a). Doxycycline-inducible expression of RASSF1A restricted the ability of YAP1
to associate with TEAD and promoted association with p73 (Figure 2a).

To test whether RUNX2 was similarly able to compete with TEAD for YAP1 association in
U20S cells we focused on complexes within the nuclear compartment, due to alternative
functions for YAPL1 at cell junctions. We found that reduction of RUNX2 expression
increased TEAD association with YAP1, indicating competition between transcription
factors (Figure 2b). To confirm the competition between TEAD and RUNX2, we down-
regulated TEAD by siRNA and observed an increase in YAP1 association with RUNX2
(Figure 2c). Thus, low levels of either RASSF1A or RUNX2 independently elevated levels
of the oncogenic YAP1-TEAD complex. We next targeted both RASSF1A together with
RUNX2 and observed that knock down of RASSF1A further enhanced YAP1-TEAD
complex formation compared to loss of RUNX2 expression alone, in U20S and the colo-
rectal cell line HCT116 (Figures 2d, 2e and Supplementary Figure S1).

dent proliferation and clonogenicity requires loss of RASSF1A-p73

To determine whether the regulation of YAP1-TEAD observed above played a role in
tumorigenic potential of cells, we performed colony formation assays in U20S cells.
siRNA-mediated reduction of both RASSF1A and RUNX2 expression increased the
clonogenic capacity of tumor cells to a greater extent than knock-down of either RASSF1A
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or RUNX2 alone (Figure 3a). In support of a model where RASSF1A restricts proliferation
by promoting YAP1-p73, targeting of either p73 or RASSF1A with RUNX2 resulted in
equivalent enhanced clonogenicity and increased viability compared to controls (Figures 3a
and 3b). The clonogenic potential of both controls and dual RASSF1A/RUNX2 were
decreased by concomitant reduction of TEAD by siRNA, confirming that the additional
proliferation was due to TEAD oncogenic activity (Supplementary Figure S2a). We
reasoned that exogenous over-expression of YAP1 may resolve competition and permit all
three complexes. However, YAP1 expression only increased clonogenicity in the absence of
RASSF1A or p73 together with RUNX2 (Figure 3a). Interestingly, while the absence of
RUNX2 favored YAP1-TEAD complexes and promoted colony formation, over-expression
of YAPL1 suppressed the growth advantage, perhaps through simultaneous enhancement of
YAP1-p73 (Figure 3a).

To definitively address the transcription factor competition we utilized combinations of
siRNA that should promote YAP1-TEAD, YAP1-p73 or YAP1-RUNX2 and monitored
U20S cell growth curves in real time. As observed above, reduction of RUNX2 and p73
levels (favoring YAP1-TEAD complexes) increased proliferation, while dual reduction of
RUNX2 and TEAD (favoring YAP1-p73) suppressed cell growth (Figure 3c). The
combination of p73 and TEAD siRNA (favoring YAP1-RUNX2) surprisingly increased
viability compared to TEAD loss alone, but significantly reduced cellular proliferation
(Figure 3c) and clonogenicity which is consistent with a potential switch to a RUNX2
differentiation program (Supplementary Figures S2b and S2a).

Loss of RUNX2 and RASSF1 in human tumors

Loss of RASSF1A expression is found in almost all types of human cancer (reviewed in 2).
Investigation of RUNX2 expression in microarray analysis performed across different tumor
types revealed that RUNX2 mRNA levels were significantly lower in many tumor types
compared to their corresponding normal tissues, particularly in tumors of the brain, colon,
head and neck, prostate, kidney and leukemias (Figure 4a), and loss of RUNX2 expression
showed a strong association with poorer survival in patients with diffuse large B-cell or
atypical Burkitt’s/Burkitt’s-like lymphomas (Figure 4b). Importantly, a strong concordance
in expression levels of RUNX2 and RASSF1 was observed in precursor T-cell lymphoblastic
leukemias (Spearman’s rank correlation coefficient = 0.56, P value = 0.002; Figure 4c).
RASSF1A is frequently methylated in tumors of the gastrointestinal tract (2) and we have
shown that loss of Rassfla co-operates with loss of Apc to accelerate intestinal
tumorigenesis (28). In agreement with the promotion of YAP1-TEAD in HCT116 cells
(Figure 2e), we found that loss of RUNX2 expression strongly correlated with loss of
RASSF1 expression in human colo-rectal cancers (Pearson’s correlation coefficient = 0.379,
P value = 9.86x107°; Figure 4d).

DISCUSSION

Since its discovery in 2000 (29), hypermethylation of the RASSF1A promoter, and ensuing
transcriptional silencing of RASSF1A, has been frequently observed in almost all tumor
types (reviewed in 2). We have previously shown that Rassfla null mice die faster than their
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wildtype littermates due to increased incidence of tumorigenesis, predominantly lymphoma/
leukemias (15), and that loss of Rassfla co-operates with loss of Apc to accelerate intestinal
tumorigenesis (28). In this study, we used Seeping Beauty (SB) insertional mutagenesis to
identify candidate genes that are associated with tumorigenesis in the context of loss of
Rassf1a. We have shown that Rassfla™~ SB mice develop tumors significantly faster than
their wildtype SB littermates, specifically poorly differentiated lymphomas or CD3-positive
T-cell lymphomas, with a small amount of MPO-positive high-grade myeloid leukemias.

Isolating the transposon insertion sites from these SB-induced tumors allowed the discovery
of a set of 10 genes enriched in the Rassfla™~ SB tumors (Table 1). Similar to RASSF1A,
several of these genes have roles in regulating the cell cycle, mitosis and mitotic
progression, with reported loss of expression being found in tumors, including Foxn3
(30-31), Ppp2r2a (32-33), Sag2 (34-35) and Runx2 (36). In addition, some of these genes
are known to interact with the Ras signaling pathway, and mutations in these genes are
associated with tumorigenesis, including Crebbp (37-38) and Fgfr3 (39-40). Given that
RASSF1A is a component of the hippo signaling pathway (13) that can activate RUNX2
(via YAP1) (12), we focused our attention on the Runx2 gene.

The three members of the Runx family of mammalian transcription factors, RUNX1-3, are
related to Runt, the Drosophila pair rule gene (41) and share a highly conserved DNA-
binding domain and a common DNA-binding cofactor. However, the RUNX2 gene (also
known as PEPBP2A, AML3, CCD1, CBFAL and OSF2) is a unique member of the family in
that it produces the largest protein product which possesses two domains distinct from its
homologues: a short stretch of glutamine-alanine (QA) repeats at the N-terminus and a C-
terminal proline/serine/threonine (PST) rich tract, both regions of which are necessary for
full transactivation activity (42) (Figure 1d). Members of the RUNX family regulate
multiple cell fate decisions and have been implicated in a wide range of cancers where there
is unequivocal evidence that members of this family can act as oncogenes or as tumor
suppressors according to context (43). Specifically, Runx2-deficient (Runx2~/~) mouse
embryonic fibroblasts (MEFs) are prone to spontaneous immortalization and display an
early growth advantage that is resistant to stress-induced growth arrest (44). Thus RUNX2
can function as a tumor suppressor gene and loss of its expression is an important step in
oncogenic transformation. Based on the location and orientation of these transposons in the
Runx2 gene, they were predicted to result in the premature truncation of the transcript,
therefore could be described as a loss-of-function allele. Interestingly, insertions in Runx2
were only significantly associated with tumourigenesis in the Rassfla™~ mice and not wild
type counterparts, indicating that loss of RUNX2 may not be sufficient for tumorigenesis.

In hippo pathway signaling, RASSF1A ensures that YAP1 associates with the proapoptotic
p73 (13), whereas loss of hippo pathway signaling allows YAP1 to associate with TEAD,
leading to oncogenic proliferation (8). We provided the first evidence that RASSF1A
restricts the ability of YAP1 to associate with TEAD as part of its tumor suppressor activity
(Figure 2). YAP1 (also known as YAPG5) is a key regulator of organ size and has been
implicated as an oncogene due to amplification in human cancers (8). In agreement with
others, we found that over-expression of YAPL enhances oncogenic behavior. However,
high YAP1 levels, in the absence of RUNX2, promoted a p73 dependent suppression of
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clonogenicity (Figure 3a), therefore indicating that YAP1 amplification and RUNX2 loss are
unlikely to be sufficient to promote tumorigenesis and require deregulation of either
RASSF1A or p73. Importantly, clinical correlations of outcome and YAP1 levels may
benefit from further stratification of tumors displaying reduced RASSF1A or p73 (45).

Hypermethylation of the RASSF1A promoter is a frequent occurrence in a wide variety of
tumors, and together with the fact that point mutations have also been found in up to 15% of
primary tumors, this makes RASSF1A one of the most frequently inactivated proteins in
human cancer (reviewed in 2). We found that RUNX2 mRNA levels were significantly
lower in many different tumor types compared to their corresponding normal tissues and
loss of RUNX2 expression showed a strong association with poorer survival in some cancer
types (Figure 4b). Importantly, a strong concordance in expression levels of RUNX2 and
RASSF1 was observed in human precursor T-cell lymphoblastic leukemias (Figure 4c) and
loss of RUNX2 expression is strongly correlated with loss of RASSF1 expression in human
colo-rectal cancers (Figure 4d).

In summary, we have provided evidence that loss of RASSF1A expression switches YAP1
from a tumor suppressor to an oncogene through regulating its association with the
transcription factors p73 and TEAD. Furthermore, the terminal differentiation factor
RUNX2 also competes with TEAD for YAP1 association, independently of RASSF1A and
p73, and combined knock down exacerbates YAP1-TEAD levels (Figure 5). We found that
the resulting enhancement in proliferative signals results in elevated tumor indices in both
genetic systems and human disease. Thus loss of RASSF1A, together with RUNX2, is
concomitant with the multi-step model of tumorigenesis.
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Figure 1. Loss of Rassfla promotes tumorigenesis
A. Kaplan-Meier curves showing the tumor latency for Rassfla*/* and Rassfla™~ mice on a

‘jumping’ background (i.e., T20nc*/T9; Rosa*/SB) are significantly different using the Log-
rank (Mantel-Cox) Test: P<0.0009. B. Photomicrographs of formalin-fixed, hematoxylin
and eosin-stained sections of (i) a thymic lymphoma (ii) that metastasized to the liver; (iii) a
splenic lymphoma (iv) that metastasized to the lung; a leukemia that infiltrated the (v)
spleen and (vi) kidney; and a mouse that developed two independent tumors, specifically
(vii) splenic lymphoma and (viii) hepatocellular carcinoma. C. Photomicrographs of an
immunohistochemically-stained (i) lung section infiltrated by a lymphoma of T-cell origin
(CD3-positive), and (ii) a spleen section infiltrated by myeloid leukemia (MPO-positive).
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All sections shown are representative and images are at x400 magnification. D. Seven of the
Rassfla™/~ SB mice that developed leukemia/lymphoma carried transposons which had
inserted into the Runx2 gene (indicated by the red triangles; direction of triangle indicates
orientation of the transposon). The blue triangles are Rassfla™* SB mice that developed
leukemia/lymphoma and carried Runx2 insertions, although these insertions did not
constitute a statistically significant common insertion site (CIS). Sequencing of the
insertion-genome junction from splenic cDNA of two of these mice showed the splicing of
Runx2 directly onto the splice acceptor (SA)-polyA from the transposon. The protein
structure of RUNX2 is shown in blue and the key domains are labeled, including a
glutamine/alanine (QA) rich tract, a Runt domain (RHD), a nuclear localization signal
(NLS), a proline/serine/threonine (PST) rich tract, a nuclear matrix targeting signal (NMTS)
and the C-terminal VWRPY domain for TLE/Groucho co-repressor interactions.
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Figure 2. RASSF1A and RUNX2 limit the formation of YAP1-TEAD complexes

A. Human osteosarcoma U20S tet-on inducible cells expressing control vector (CON) or
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FLAG-RASSF1A (R1A) were treated with doxycycline (0.25 ug/uL) for 24 h. Endogenous
YAPL immunoprecipitates and whole cell lysates were western blotted with indicated

antibodies (on the right). B. U20S cells were transfected with either non-targeting sSiRNA

(siNT) or siRNA targeted against RUNX2. YAP1 immunoprecipitates from nuclear lysates
were western blotted with the indicated antibodies (lamin B1 being used as a nuclear
control). C. U20S cells transfected with either siNT or siRNA targeted against TEAD.

YAPL immunoprecipitates from nuclear lysates were western blotted with the indicated

antibodies (lamin B1 being used as a nuclear control). D. U20S cells were transfected with
either siNT or siRNA against RUNX2 as above, in the presence or absence of sSiRNA
targeting RASSF1A, and endogenous YAP1 immunoprecipitates were blotted with the
indicated antibodies. E. HCT116 cells were transfected with either siNT or siRNA targeted
against RUNX2 or RASSF1A, and endogenous YAP1 immunoprecipitates were blotted with
the indicated antibodies. Densitometry for D & E was performed on a Licor Odessey imager
and p<0.01 (students t-Test) for the control versus dual siRNA. All western blots (A-E) are
representative of at least 3 independent experiments.
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Figure 3. RASSF1 and RUNX2 restrict YAP1-TEAD oncogenic behavior
A. U20S cells were transfected with control vector or plasmid expressing FLAG-YAP1 and

indicated siRNAs before colonies were allowed to grow for 11 d, fixed and visualized with
crystal violet. Whole cell lysates were probed with indicated antibodies. Error bars indicate
SEM of n=3. Significance was determined by student t-Test RASSF1A vs RUNX2/
RASSF1A p<0.001; Runx2 vs RUNX2/RASSF1A p=0.023; p73 vs RUNX2/p73 p<0.001.
B. U20S cells were transfected with indicated siRNAs, as shown in A, and cell viability was
determined using the resazurin assay after 48 hrs. Error bars indicate SEM of at least n=4.
Significance was determined by student t-Test RASSF1A vs RUNX2/RASSF1A p=0.008;
Runx2 vs RUNX2/RASSF1A p=0.0101; p73 vs RUNX2/p73 p=0.0185. C. U20S cells were
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transfected with indicated siRNAs to promote the different Y AP transcriptional partner, as
shown in A, and cell proliferation was monitored by xcelligence ™ in real time. Error bars
indicate SEM of n=3. Arrows indicate increase or decrease in cell growth, significance
determined at end point as below p=0.05 in set of dual knockdown compared to controls.
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Figure4. Analysis of RUNX2 and RASSF1 expression across different tumor types
A. Box plots indicating that RUNX2 expression is significantly lower in many tumor types

compared with their corresponding normal tissues (only the tumor types that showed
significantly lower RUNX2 expression in cancer vs. normal in at least three independent
microarray datasets are included (from left to right: RUNX2 expression in normal brain
(white matter, n=7) vs. brain tumor (astrocytoma, glioblastoma, oligodendroglioma, n=35),
normal colon (n=5) vs. colo-rectal cancer (n=100), normal uvula (n=4) vs. head and neck
squamous cell carcinoma (n=34), peripheral blood mononuclear cell (n=58) vs. B-Cell
Acute Lymphoblastic Leukemia (n=114), prostate gland (n=21) vs. prostate carcinoma
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(n=30), normal kidney (n=10) vs. clear cell renal cell carcinoma (n=10). B. (left) Ranked
RUNX2 expression in a large dataset of 272 lymphomas, and (right) Kaplan-Meier survival
curves comparing disease-free survival between lymphomas with the lowest (<25th
percentile) versus highest (>25th percentile) RUNX2 expression (Log rank test, P =
1.87x10-6). C. Unsupervised hierarchical clustering and heatmap of RUNX2 and RASSF1
relative transcript levels in precursor T-cell lymphoblastic leukemias (n=27), of which 18
show concordant changes for these two transcripts. D. Unsupervised hierarchical clustering
and heatmap of RUNX2 and RASSF1 relative transcript levels indicating a strong positive
correlation (predominantly concordant down-regulated expression) between RASSF1 and
RUNX2 expression in colo-rectal adenocarcinomas (n=105) (44). The color bar indicates
normalized expression levels with red signifying the magnitude of up-regulation and blue of
down-regulation. In all microarray studies, the probe(s) that detected RASS~1 were found in
the part of the gene common to all RASSF1 transcripts.
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Figure5. Proposed model of YAP complex formation
Y AP exists in a dynamic equilibrium with a number of transcriptional partners, p73, TEAD

and RUNX2, modulated by upstream signals. Reduction of RASSF1A, either genetically or
through promoter methylation, leaves cells susceptible to changes in other tumor suppressor
genes that can exacerbate tumorigenesis (Table 1). By ablating RUNX2 we observed an
upregulation of the YAP1-TEAD transcriptional complex (Figure 2d), which is further
enhanced in the context of RASSF1A loss.
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Table 1
Gaussian kernel convolution (GK C) analysis of Rassfla™~-specific common insertion sites
(CISs).
Genomic location of CIS
ClSidentification Predicted affected gene | Other genesin CIS (chr:start-end) Insertions (tumors) | P value
CIS12:100543835_75k | Foxn3 3300002A11Rik 12: 100477940-100609729 | 20 (16) 0.02848
CIS14:67677451_15k Ppp2r2a Bnip3l 14: 67657900-67692812 11 (11) 0.00026
CIS5:34769677_15k Fam193a Rnf4, Sh3bp2, Tnip2 5: 34753537-34781415 9(9) 0.00261
CIS12:93020818_15k Son2 Selil 12: 93004760-93032497 9(9) 0.01352
Fam19a3, 371,
Mov10, Ppmlj,
CIS3:104653212_15k Capzal Rhoc, Wht2b 3: 104639966-104662043 8 (8) 0.01081
CIS17:44818488_30k Runx2 Supt3h 17: 44801068-44830102 8(7) 0.03697
CI1S4:97738853_15k Nfia - 4:97727123-97749117 7(7) 0.00078
CISX:39556669_15k Sag2 Xiap X: 39546415-39563993 7(7) 0.01552
C1S16:4187397_15k Crebbp Adcy9, Trapl 16: 4175786-4197556 7(7) 0.02029
Fam53a, Letml,
Sbp, Tacc3,
CI1S5:34056588_15k Fgfr3 Tmem129 5: 34047785-34062457 7(7) 0.02839
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