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Abstract

Ras association domain family protein 1A (RASSF1A) is a tumor suppressor gene silenced in cancer. Here we report that
RASSF1A is a novel regulator of intestinal inflammation as Rassfla*’2, Rassfla®/2 and an intestinal epithelial cell specific
knockout mouse (Rassfla '=“*°) rapidly became sick following dextran sulphate sodium (DSS) administration, a chemical
inducer of colitis. Rassfla knockout mice displayed clinical symptoms of inflammatory bowel disease including: increased
intestinal permeability, enhanced cytokine/chemokine production, elevated nuclear factor of kappa light polypeptide gene
enhancer in B-cells (NFkB) activity, elevated colonic cell death and epithelial cell injury. Furthermore, epithelial restitution/
repair was inhibited in DSS-treated Rassfla®/? mice with reduction of several makers of proliferation including Yes
associated protein (YAP)-driven proliferation. Surprisingly, tyrosine phosphorylation of YAP was detected which coincided
with increased nuclear p73 association, Bax-driven epithelial cell death and p53 accumulation resulting in enhanced
apoptosis and poor survival of DSS-treated Rassfla knockout mice. We can inhibit these events and promote the survival of
DSS-treated Rassfla knockout mice with intraperitoneal injection of the c-Abl and c-Abl related protein tyrosine kinase
inhibitor, imatinib/gleevec. However, p53 accumulation was not inhibited by imatinib/gleevec in the Rassfla®/
background which revealed the importance of p53-dependent cell death during intestinal inflammation. These
observations suggest that tyrosine phosphorylation of YAP (to drive p73 association and up-regulation of pro-apoptotic
genes such as Bax) and accumulation of p53 are consequences of inflammation-induced injury in DSS-treated Rassfla®/Z
mice. Mechanistically, we can detect robust associations of RASSF1A with membrane proximal Toll-like receptor (TLR)
components to suggest that RASSF1A may function to interfere and restrict TLR-driven activation of NFkB. Failure to restrict
NFkB resulted in the inflammation-induced DNA damage driven tyrosine phosphorylation of YAP, subsequent p53
accumulation and loss of intestinal epithelial homeostasis.
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Introduction TNF-R1, Rassf5a®/2 mice do have defective TNFa responses
L ) . ] ) suggesting that RASSF5A may influence TNFa signaling and

The Ras association domain family protein 1A (RASSF1A) is  apoptosis through alternate pathways such as interactions with
frequently lost in human cancers by promoter-specific methylation sterile-20 like pro-apoptotic kinases, MST1/2 (mammalian Hippo)
[1]. RASSF1A (but not RASSF5A/NorelA) was previously shown [3]. RassflaZ/2 mice are viable and fertile, have normal cell cycle

to associate with tumor necrosis factor a receptor 1 (T_NI_:-Rl)_to parameters and sensitivity to DNA-damaging agents and show no
promote cell death [2]. Although RASSF5A lacks association with
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signs of gross genomic instability [4,5]. They do, however, develop
tumors in response to chemical carcinogens and develop
spontaneous tumors by 18 months of age. Several animals had
B-cell lymphomas and others had tumors localized within the
gastrointestinal tract suggesting an important role for RASSF1A in
gastrointestinal physiology [4,5]. Recently, it was demonstrated
that the p532/2/Rassfla2/2 double knockout mice are viable,
fertile and developmentally normal [6]. However, the loss of p53
(even in the heterozyogous state) led to . 60% of the animals
developing tumors in the absence of Rassfla [6]. These tumors
include several adenocarcinomas and sarcomas localized within
the lungs. However, there was no evidence of colonic hyperplasia
[6]. The p532/2/Rassfla2/2 double knockout mice also revealed
enhanced cytokinesis failure and chromosomal abnormalities
leading to aneuploidy which suggests importance in mitotic
regulation and tumor suppressor function.

It has been determined that 80% of sporadic colorectal cancer
(CRC) tumors have somatic and germline mutations within the
tumor suppressor gene, adenomatous polyposis coli (APC) [7]. In
the absence of APC, b-catenin freely translocates to the nucleus
where it signals an intracellular cascade resulting in the
transcription of hundreds of genes [8-10]. The loss of RASSF1A
in the context of the APC™™* mice (RassflaZ/2APC™* mice) has
been reported to result in increased b-catenin nuclear localization,
intestinal adenomas and poorer survival than single knockout
littermate controls [11]. These data would suggest the importance
of the early loss of RASSF1A during premalignant formation of
adenocarcinomas that may lead to increased malignant transfor-
mation and tumorigenesis. The loss of both APC and RASSF1A
function may be key initiating events in the formation of CRC and
these observations highlight the importance of RASSF1A in
intestinal physiology [10,12].

It has been demonstrated that TNF-R1 is a unique death
receptor that can activate a cell death pathway through
RASSF1A, triggering Bax activation and mitochondrial-driven
apoptosis [1,2,13,14]. In addition, TNF-R1 can also promote a
pro-inflammatory response through nuclear factor kappa B
(NFKkB) pathways [15]. NFKB is an important mediator of
inflammation and the pathogenesis of intestinal inflammation
and inflammatory bowel disease (IBD) [16]. TLRs can also
activate a potent NFkB response and defend against invading
pathogens [17]. Of the RASSF family members, RASSF6 and 8
were demonstrated to modulate NFKB activity but a mechanism
was not proposed [18,19]. Recently, Song et al. (2012) demon-
strated that RASSF2 can associate with the KK complex to
inhibit NFKB [20] and several reports indicate that RASSF1C and
8 may influence the function of the Wnt/b-catenin pathways,
pathways important for the appearance of intestinal tumorigenesis
[19,21].

It is currently unknown if RASSF1A can influence NFkB
activation via TNF-R1 or TLR pathways. However, epigenetic
analysis does reveal promoter specific methylation of RASSF1A
resulting in loss of expression in ulcerative colitis (UC) patients
[22], a form of IBD. Interestingly, IL-6 can drive epigenetic loss of
RASSF1A via DNA methyltransferase 1 (DNMT1) up-regulation
[23,24] suggesting that inflammation can drive expression loss of
RASSF1A. In this study, we demonstrate an in vivo function for
RASSF1A in restricting NFkB-dependent inflammation linked to
the TLR pathway. Furthermore, we can demonstrate that NFKkB-
dependent inflammation can modulate epithelial proliferation
and the appearance of tyrosine phosphorylation of the Hippo
pathway target, Yes-associated protein (YAP). We believe that ty-
rosine phosphorylated YAP can up-regulate pro-apoptotic genes to
drive intestinal epithelial apoptosis. Restricting NFkB-dependent
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inflammation and tyrosine phosphorylation of YAP will maintain
epithelial homeostasis, promote epithelial restitution and allow
recovery from inflammation induced injury.

Experimental Procedures

All animal experiments/husbandry have been approved and
follow the guidelines of the Canadian Animal Care and Use
Committee and the animal ethics board at the University of
Alberta (permit numbers #461 and 639). All animals (except for
the Rassfla 'S¢ and Rassfla '®“"T) were on the C57BL/6
background. Rassfla 'E€© and Rassfla 'E€WT were on the
C57BL/6-129 background. Although the loss of Rassfla can lead
to tumor formation, the loss of Rassf5a (Rassf5a=/2 mice) has not
been documented to display an overt phenotype nor tumor
formation as they age. We therefore used the Rassf5a2/2 mice as a
related control [3]. Villin-Cre transgenic mice [B6.SJL-Tg(Vil
cre)997Gum/J] was obtained from Jackson Laboratories.

Genotyping of intestinal specific knockout mice

PCR was utilized to detect the conditional allele of Rassfla
(RSF-C/RSF-3), for the deletion of exon 1a of RASSF1A (RSF-5/
RSF-3) [5] and the presence of the Villin Cre-transgene
(IMR1878/1MR1879/1MR0015 and IMR0016) (Jackson Labo-
ratories) as described previously. RSF-3 (reverse primer), 59-CCA
GGC TTC CTT CTC ACT CCT CTG CCG C-39; RSF-C
(forward primer), 59-CTC GCC CCT GTC AAA GAA AGC
TGC TCT GGG GTT CT-39; RSF-5 (forward primer), 53-CTC
GCC CCT GTC AGACCT CAATTT CCC-39, IMR1878 (Cre
Transgene), 59-GTG TGG GAC AGA GAA CAA ACC-39;
IMR1879 (Cre Transgene), 59-ACA TCT TCA GGT TCT GCG
GG-39; IMRO0O015 (internal positive control forward), 59-CAA
ATG TTG CTT GTC TGG TG-39; IMR0016 (internal positive
control reverse), 5-GTC AGT CGA GTG CAC AGT TT-30.
PCR cycle conditional allele or deleted gene: 94uC for 3 min (1
cycle) followed by 94uC for 30 s, 65uC for 1 min, 72uC for 30 s (30
cycles) with a final cycle of 72uC for 10 min and keep at 4uC till
the end. PCR for Cre Transgene, 1 cycle at 94uC for 3 min
followed by 35 cycles of 94uC for 30 s, 62uC for 1 min, 72uC for
1.5 min, with a final step of 72uC for 1 min and keep at 4uC till
the end. RSF-C/RSF-3 produces a 400 bp fragment for wild-type
allele of Rassfla and a 480 bp fragment for conditioned allele.
RSF-5/RSF-3 produces a 400 bp fragment only in the mouse
tissue that has Exon la of Rassfla deleted. The Cre Transgene
genotyping produces a 200 bp fragment for the wild-type allele
and an 1100 bp fragment for the Cre Transgene.

Mouse histology

The descending colon was isolated, fixed in z-Fix (Anatech Ltd)
and paraffin-embedded. All inflammation scores were obtained
utilizing blinded scoring by a gastrointestinal pathologist (Dr.
Aducio Thiesen) based on infiltration of enterocytes, neutrophils,
lamina propria cellularity, crypt structure and epithelial hyperpla-
sia (scored as 0 — 2 where 2= maximal injury).[25] Crypt depth
was measured using a Leica SP5 confocal microscope at 40X
magnification. Immunohistochemistry (IHC) and hematoxylin and
eosin (H&E) staining were carried out using standard techniques.

Isolation of mouse cells

Splenoctyes were obtained by excising the spleen and crushing it
between two frosted glass slides to generate a single cell suspension.
Red cell lysis (8.3 g/L NH,CI, 0.01 M Tris-HCL pH 7.5) was
utilized to remove the erythrocytes and the remaining spleen cells
(mainly B, T cells and monocytes) were cultured ex vivo in RPMI/
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10% Bovine growth serum/1% Penicillin-Streptomycin. Bone
marrow derived macrophages (BMDM) were isolated from the femur
and grown in DMEM/10% Bovine growth serum/1% Penicillin-
Streptomycin for 2-3 days on tissue culture dishes [26]. Non-
adherent cells (mainly macrophages) were transferred to Petri
dishes and grown in DMEM/10% Bovine growth serum/1%
Penicillin-Streptomycin containing 20% L cell conditioned media
(supernatant from L cells). Macrophages are the only cells that will
adhere to the Petri dish. Purity was determined by flow-cytometry
analysis using F4/80 and CD4+ markers. Intestinal crypt cells were
isolated as outlined previously [27]. Briefly, colons were flushed
with cold 16 PBS, cut open longitudinally and then soaked in 1X
PBS with gentle shaking for 20 minutes. The colons were cut into
small pieces and incubated with 0.04% sodium hypochlorite for
30 min with gently shaking in a 10 cm? Petri dish. Following
incubation, the colon pieces were removed and allowed to shake
continuously at room temperature for 30 minutes in a solution
containing 1X PBS/1 mM EGTA/1 mM EDTA. Cells were then
dislodged by pipetting the tissue up and down using a 25 mL
serological pipette until the solution became cloudy. The
supernatant was removed (containing the crypt cells) and
centrifuged at 3000 rpm for 10 minute to collect the crypt cells.
The cells were washed in 1X PBS, transferred to an eppendorf
tube, pulse spun to pellet the cells followed by nuclear extraction as
previously described [26]. Generally, one crypt cell preparation for
nuclear extraction was obtained from two colons. Colon protein
lysates were prepared by homogenizing in TPER lysis buffer
(Fisher Scientific) following isolation.

Mouse colonoscopy

Colonoscopy was carried out using a human ureteroscope from
Olympus URF [Uretero-Reno Fiberscope] Type P5 within the
Center for Excellence in Gastrointestinal Inflammation and
Immunity Research (CEGIIR) group at the University of Alberta
under isoflurane anesthesia.

Innate immunity analysis

Animals were administered 3% w/v DSS (#160110, molecular
weight of 10000, MP Biomedicals) in the drinking water for 7 days
followed by recovery for 7 days. They were monitored for:
piloerection, bloatednesss, tremors, lack of movement, rectal
bleeding and weight loss (all on a scale of 0-5 with 5 being very
severe, adapted from Madsen et al) [25]. Animals were
euthanized once rectal bleeding became grossly apparent. For
weight loss, a score of 0 for no weight loss, 1 if , 5% loss, 2 for 5—
10% loss, 3 for 10 — 15% loss, 4 for 15 — 20% loss and a score of
5.20% loss in initial body weight. Disease activity indices (DAI)
were the sum of all individual scores. All animals were 10 — 12
weeks of age or -25 g in body weight at the beginning of the
experiment.

Gut permeability experiments

Following innate immunity activation, animals were starved
overnight, FITC-Dextran (0.6 mg/g body weight) was orally
administered and 4 hours later blood was collected by cardiac
puncture. The resulting serum obtained was analyzed for
fluorescein isothiocynate (FITC)-Dextran by fluorimetry (excita-
tion 492 nm; emission, 525 nm; PerkinElmer flurometer). In
addition, liver, spleen and mesenteric lymph nodes were removed,
homogenized in 1X PBS and 10 mL of the lysate were cultured on
MacConkey agar plates to detect Gram-negative bacteria trans-
located from the gut. Similarly, 10 mL of blood was cultured on
MacConkey agar plates.
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In vitro kinase assays

MST1: MST1 was immunoprecipitated overnight from 600 mg
of TPER homogenized colon lysate (rabbit anti-MST antibody,
Cell Signaling#3682) was used as described previously [28].
Protein A sepharose beads were used to immobilize the MST1
kinase complex for 1 hour, washed twice with wash buffer and
twice with kinase buffer (40 mM HEPES, pH 7.5/20 mM
MgCl,/20 mM b-glycerophosphate/0.1 mM sodium vanadate).
The kinase reaction contained 25 mM ATP/5 mCi 32-P-c-ATP
and 2 mg of histone H2B in 20 mL of kinase buffer. It was carried
out for 20 minutes at 30uC, samples were separated by SDS-
PAGE, dried down using a gel dryer and autoradiographed.
Coomassie blue panel reveals the amount of Histone H2B used in
the assay.

c-ABL: ABL was immunoprecipitated overnight from 600 mg of
TPER homogenized colon lysate using 1 mg each of anti-c-ABL
antibody from BD Bioscience (#554148) and Santa Cruz (sc-121).
Protein A sepharose beads were used to immobilize the c-ABL
kinase complex for 1 hour, washed twice with wash buffer (50 mM
Tris, pH 7.5, 150 mM NacCl, 1% Triton X-100, 1 mM sodium
vanadate, 1 mM EDTA) and twice with kinase buffer (30 mM
HEPES, pH 7.1/10 mM MgCl,/2 mM MnCl,/5 mM DTT/
10% glycerol/0.2 mM sodium vanadate). The kinase reaction
contained 10% glycerol/1 mM ATP/5 mCi 32-P-c-ATP and 6 mg
of lysate from HCT116 cells transiently transfected with FLAG-
YAP in 30 mL of kinase buffer. The reaction was carried out for 30
minutes at 30uC, samples were separated by SDS-PAGE, dried
down using a gel dryer and autoradiographed. Coomassie blue
staining confirmed expression levels of FLAG-YAP (Fig. S7D).

NFkB electromobility shift assay (EMSA)

This was carried out as previously described [26]. Briefly,
duplex DNA specific for the NFKB binding site was end-labeled
with [c-*2P] ATP by using T4 polynucleotide kinase, purified
using a G-50 sephadex column (Roche) and allowed to associate
with 4 mg of the nuclear extracts containing NFkB for 30 min at
room temperature. The oligonucleotide was AAATGTGG-
GATTTTCCCATGA for crypt cell NFKkB analysis (the NFkB
binding site from the IL-6 promoter) and TCAGAGGG-
GACTTTCCGAGAGG for BMDM NFKkB analysis (the NFkB
binding site from the IL-8 promoter). DNA/protein complexes
were then separated by non-denaturing gel electrophoresis, dried
onto Whatman filter paper and autoradiographed. Nuclear
extracts were prepared using NE-PER (ThermoFisher Scientific)
as per manufacturer’s instructions). Binding buffer was 100 mM
Tris-HCL pH 6.5, 500 mM KCI, 1.2 mM EDTA, 12 mM DTT,
20% glycerol and 1 mg Salmon Sperm DNA. The purity of
fractions was confirmed with anti-b-tubulin (cytosolic fraction) or
anti-lamin B (nuclear fraction) (data not shown).

Determination of reactive oxygen species (ROS)

To determine the degree of ROS generated, a fluorometric
assay, utilizing the unique intracellular oxidation of 29,79-
dichlorofluorescin diacetate (DCF-DA), was used. Freshly isolated
crypt cells were seeded into 96-well plates in triplicate. Cells were
immediately treated with 5 mM DCF-DA and fluorescence was
monitored over 45 minutes in the dark. Fluorescence was
measured using a Synergy H4 Microplate Reader (Biotek
Instruments) set to 37uC. Measurements were made using a
485/20 nm excitation and a 528/20 nm emission filter pair and a
gain sensitivity setting of 55%. Readings were made from the
bottom every 30 seconds for a total of 45 minutes.
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Statistics

Statistical analyses were performed using one-way ANOVA and
Students t-test (two-tailed), as indicated using the GraphPad Prism
5 software. All experiments were carried out at least three times.
Error bars in all graphs represent the standard error. Statistics for
individual experiments are indicated with the graph or figure
legends.

Results

Decreased survival of Rassfla®/2

exposure to DSS

Maintaining intestinal homeostasis relies on the ability to
control insults from resident microbes in the intestinal lumen by
maintaining and preserving intestinal permeability function. DSS
is a chemical irritant of the colonic mucosa resulting in epithelial
barrier damage, microbial invasion and activation of TLR-
expressing epithelial cells triggering NFKB activation. Administra-
tion of DSS in the drinking water results in colitis in rodents,
mimicking human symptoms of UC. These symptoms include
weight loss, diarrhea and rectal bleeding. Upon DSS treatment,
RassflaZ/2 mice became sick within 6 — 9 days post-treatment
(Fig. 1A) with reduced activity, piloerection, a general moribund
state/hunched posture, lack of grooming, severe rectal bleeding
and significantly reduced survival. Wild-type and Rassf5a2/Z mice
displayed only mild symptoms of DSS-induced intestinal injury
and demonstrated full recovery from DSS exposure (Fig. 1A).
Rassfla2/2 mice revealed _25% loss of body weight (Fig. 1B),
increased DAI (Fig. 1C), significantly shortened colon (Fig. 1D)
and decreased crypt depth (Fig. S1A) in contrast to wild-type and
Rassf5aZ/Z mice. Histological sections stained with H&E revealed
severe colonic disruption with mucosal/crypt damage (cryptitis
and crypt abscesses) in Rassfla2/Z mice with evident cellular
infiltrates composed of immune cells (Fig. 1E and Fig. S1B). DSS-
treated wild type and Rassf5aZ/2 mice revealed minimal colonic
morphology changes and significantly less cellular infiltrates
(Fig. 1C). Surprisingly, the Rassfla*’Z mice also demonstrated
similar symptoms to the RassflaZ/Z mice suggesting haploinsuffi-
ciency at the Rassfla locus (Fig. 1A). Since DSS-treated Rassfla*™ 2
mice phenocopy the RassflaZ/2 mice data henceforth is presented
for the RassflaZ/2 mice for most of this article. Genotyping and
western blot confirmation of loss of Rassfla is shown in Fig. S1C.

mice following

DSS-treated Rassfla®’? mice have enhanced
inflammation

Histological sections from DSS-treated Rassfla colons also
revealed mild epithelial hyperplasia as reflected by increased
inflammation scores in Rassfla®/? treated mice (Fig. 2A). Using
mouse colonoscopy, we observed significant DSS-induced injury
by day 8 in Rassfla®/Z versus wild-type or Rassf5a2/Z mice.
Reduction of proper colonic striations and disappearance of a
normal vascular pattern together with the presence of erythema
was observed in the Rassf1aZ/Z mice indicating active inflamma-
tion (Fig. 2B). Together, these findings suggest that RASSF1A is
important for protection against DSS-induced intestinal inflam-
mation.

To determine the mechanism of DSS-induced injury in
Rassfla2/Z mice, levels of inflammatory biomarkers were assessed.
Serum levels of IL-6, IL-12 and MCP-1 (but not IL-1b, TNFa,
IFNC or IL-23) were elevated in Rassfla=/2 mice compared to
wild-type or Rassf5aZ/Z mice (Fig. 2C — E). Following DSS
treatment, NFkB specific activity in bone marrow cells from
Rassf1la®/2 animals was significantly higher than in wild-type or
Rassf5aZ/2 bone marrow cells (Fig. 2F). The detected activity was

2/2
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specific for NFkB (Fig. 2F, lane 4) and lost in the presence of a cold
competitor oligonucleotide or an NFkB mutant DNA binding
oligonucleotide (Fig. 2F, lanes 4 and 5, respectively). We further
characterized inflammation injury in Rassfla/2 versus wild-type
mice by measuring myeloperoxidase (MPO, a glycoprotein rapidly
released by activated neutrophils) and hyaluronic acid (HA)
release. Following DSS-induced intestinal injury, HA synthase
(HAS) upregulates HA production in macrophages and lamina
propria lymphocytes [29], targeting TLR2 and TLR4, and
subsequently promoting TLR4/2-driven NFKB activity [30]. We
observed a significant increase in both serum and colon tissue
levels of MPO (Fig. S1D) and serum HA levels (Fig. S1E) in DSS-
treated Rassfla®/Z mice (a 2 — 3 fold increase in both markers was
observed). Elevated HA levels may indicate a sustained need to
activate TLR4-driven protective responses to promote epithelial
repair in the continued presence of inflammation-induced damage
[30]. In contrast, elevation of MPO may be detrimental to the
recovery from DSS-induced injury and may have significantly
contributed to the decreased survival of RassflaZ/Z mice.

Ex vivo analysis of Rassfla®/2 stimulated bone marrow

cells reveal abnormal NFKB regulation

Our in vivo results implicate NFKB in intestinal inflammation in
DSS-treated Rassfla®/2 mice. Activation of intestinal epithelial
cells (IECs) generally results in signals transmitted to the bone
marrow and lymph nodes, resulting in activation of macrophages
and lymphocytes (that is, the adaptive immune response). The
reported changes in NFkB DNA-binding activity in bone marrow
cells (Fig. 2F) suggested that DSS-driven activation of IECs can be
transmitted to the bone marrow to promote an adaptive immune
response and amplify NFkB activity. Alternatively, the intrinsic
loss of RASSF1A in hematopoietic cells could also cause
hyperactivation of NFkB in the immune cells and reflect an
important role for RASSF1A in these cells. This issue was
addressed by culturing bone marrow derived macrophages
(BMDM), splenocytes or crypt cells ex vivo (from untreated animals)
and stimulating them with lipopolysaccharide (LPS) or DSS (both
activators of TLR4) [29,30]. Normally, NFKB is inhibited by
IkBawhich is phosphorylated and targeted for degradation
following LPS or DSS stimulation, allowing nuclear translocation
and activation of NFKB. Analysis in Rassfla=/2 BMDM revealed a
sustained increase in IkBa phosphorylation following LPS
stimulation (even up to 2 hours post LPS-addition [data not
shown]); while both wild-type and Rassf5a>/2 BMDM showed
transient expression of IkBa phosphorylation (Fig. 3A). This
indicated that there was an inherent failure of BMDM from
Rassfla2/Z mice to downmodulate NFkB activity when compared
to LPS or DSS-treated BMDM from wild type or Rassf5a2’/?
mice.

Not surprisingly, ex vivo LPS-stimulated Rassfla®/2 BMDM
revealed elevated production of NFkB-regulated pro-inflammato-
ry elements (IL-6 and MCP-1) (Fig. 3B — C) as well as IL-12 and
TNFa (Fig. S2A — B). Both IL-6 and 1L-12 were also secreted from
RassflaZ/2 BMDM upon treatment with 3% DSS (Fig. 3D - E).
IL-10 (an anti-inflammatory cytokine) and MCP-1 were un-
changed upon DSS stimulation (Fig. S2C and data not shown,
respectively) nor was IL-10 changed with LPS stimulation (data
not shown). The elevated production of IL-6 and IL-12 (upon LPS
or DSS stimulation) and MCP-1 (upon LPS stimulation) can be
inhibited by utilizing the NFkB inhibitor, (E)-2-Fluoro-49-methox-
ystilbene (methoxyresveratrol, 1Csq =150 nM) (Fig. 3B — E and
Fig. S2A). Methoxyresveratrol has been demonstrated to effec-
tively inhibit LPS-induced COX-2 mRNA production as well as
TNFa-driven NFKB activation in cultured cells [31]. These data
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Figure 1. Rassfla®’Z animals are sensitive to dextran sodium sulphate (DSS) treatment. Mice were subjected to 3% DSS solution followed by day 7
replacement with regular water to allow for recovery. (A) A Kaplan-Meier curve monitoring % survival following DSS treatment. P value , 0.0001 (WT/Rassf5a=/
2 vs Rassfla®/?) and 0.0023 (WT/Rassf5a2'2 vs Rassfla™2); n=12-20. (B) Body weight changes following DSS treatment. P value =0.003 (WT/ Rassf5a2/2 vs
Rassfla®/?); n=12 — 20. Rassfla*’? animals revealed between 20-25% body weight loss (data not shown). (C) Disease activity index (DAI) following DSS
treatment. P value =0.007 (WT/ Rassf5a/2 vs Rassfla2/2), n = 12-20. Rassfla*’Z animals revealed DAI between 9-12 (data not shown). (D) Colon length at day
9 of DSS treatment. The indicated p-values represent the difference between 2/+DSS treatments within the genotypes; p-value [WT vs RassflaZ/Z (+DSS)]
=0,0001; WT vs Rassf5a2/2 (+ DSS) =0.01; and Rassfla®’? vs Rassf5a2/2 (+DSS) =0.0003. A representative picture is shown in the bottom panel indicating
how colon length was measured. DSS-treated Rassfla™2 revealed a similar loss of colon length (data not shown). (E) A longitudinal cross-section of the
descending colon stained with H&E is shown for untreated and DSS-treated animals. Additional images for DSS-treated Rassfla®’~ are in Fig. S1C as well as for
untreated Rassfla2/2 and Rassf5a/2 colon sections. All untreated colon sections samples were very similar to untreated colon sections from wild type mice.
doi:10.1371/journal.pone.0075483.g001
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Figure 2. Rassfla®’? animals have elevated inflammatory biomarkers following DSS treatment. (A) Inflalmmation scoring of colon
sections stained with H&E. p value of wild type (+DSS) vs 1a2/2 is 0.0008 and wild type (+DSS) vs 5a2/2 is 0.290 (n=5 — 10). (B) Colonoscopy images
of 3% DSS-treated animals. The Rassfla®’2 mice (+DSS) were euthanized on day 9 due to disease, whereas all others recovered from 3% DSS
treatment. Untreated Rassfla®/? or Rassf5a2’2 mice had images similar to wild type untreated mice. (C — E) Blood serum levels of the indicated
cytokines. The p value of DSS treated wild type vs RassflaZ/2 =0.0001 for IL-6 and MCP-1; 0.005 for IL-12; n = 10-14 per group. DSS-treated Rassfla*’
2 revealed as similar increases in IL-6 (Figure 8C) and IL-12 (data not shown). (F) NFkB DNA binding in nuclear extracts derived from bone marrow
cells upon DSS treatment. Cold wild type or mutant NFkB oligonucleotide was added to determine the specificity of the observed band (lanes 4 and
5, respectively). Lanes 3 and 7 are the same treatment and genotype but BMDM was obtained from different animals. For (A) and (F), all untreated
results for Rassfla®/2 and Rassf5aZ/2 were similar to wild type (untreated).

d0i;10.1371/journal.pone.0075483.g002
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strongly suggested that NFkB activity is driving cytokine produc-
tion ex vivo in BMDM cells from RassflaZ/2 mice upon LPS or
DSS stimulation. In addition, it also suggests that RASSF1A may
function to restrict NFKB activation within the TLR4 pathway.
We also observe the abnormal activation of NFkB in ex vivo
stimulated colon crypt cells from Rassfla®/2 mice upon DSS
stimulation that can also be inhibited by methoxyresveratrol
(Fig. 3F). No changes were observed between wild-type/Rassf5aZ/
2 mice versus Rassfla2/2 mice for the levels of secreted IL-1b,
IFNc? nor IL-23 from ex vivo LPS or DSS-stimulated BMDM (data
not shown). BMDM stimulation with the TLR9 activator, CpG
DNA (but not the TLR2 ligand PAM3;CSK,) resulted in the
elevated production of TNFa (Fig. S2D and data not shown
respectively) and we can also observe increased cytokine/
chemokine production in isolated Rassfla2/2 splenocytes stimu-
lated with CpG DNA (Fig. S2D) or LPS (Fig. S2E — F). Taken
together, our ex vivo data suggests that RASSF1A may have a
universal role in modulating cytokine/chemokine production in
immune cells as well as in epithelial cells and that RASSF1A may
influence both TLR4 and TLR9 pathways linked to NFkB
activation.

RASSF1A regulates intestinal epithelial homeostasis
following DSS-induced inflammation

In order to specifically explore the role for RASSF1A in
intestinal physiology, an intestinal epithelial cell specific knockout
to RASSF1A, Rassfla'Ec™°, was generated by mating Rassf1a-LoxP
conditional mice [5] with the Villin-Cre transgenic mouse and the
knockout allele detected by PCR (Fig. 4A). Villin is an intestinal-
related cytoskeletal protein that is associated with brush border
microvilli. RASSF1A knockout was confirmed by PCR utilizing
genomic DNA from colonic sections as previously published [5].
Similar to the Rassf1a2/2 mice, DSS-treated Rassf1a'=¢*° animals
displayed , 25% survival (Fig. 4B) with significant loss of body
weight (Fig. 4C), colon length (Fig. 4D), disrupted colonic crypts
and decreased crypt depth (Fig. 4E and Fig. S3A), severe disease
activity indices (Fig. 5A) and elevated histopathological scores
(Fig. 5B). In addition, DSS-treated Rassfla'=“*° animals had
elevated IL-6 and MCP-1 (Fig. 5C — D), increased NFKB DNA
binding activity in Rassfla '¥“*° bone marrow cells and colon
crypt cells (Fig. 5E) and significant increases in colonic tissue MPO
(Fig. 5F) and colonic tissue HA levels (Fig. S3B). Taken together,
these data strengthen the protective role of RASSF1A in restricting
unwanted NFkB and following DSS-induced inflammation injury.

Not surprisingly, ex vivo analysis of LPS or DSS stimulated
BMDM or splenocytes from Rassfla'=“*° mice revealed a wild-
type like response to LPS or DSS (compare results in Fig. S3C — D
versus Fig. 3B — E). This is consistent with RASSF1A only being
deleted in 1ECs and not in immune cells in the Rassfla '"=¢**° mice.
It is thus the loss of RASSF1A within the intestinal epithelial cells
that is promoting intestinal inflammation and amplifying the
response by activating BMDM. The elevated responses and high
cytokine production possibly explains the poor survival of Rassfla
knockout mice. RASSF1A may function to restrict NFkB
activation in both colon epithelial and immune cells in order to
modulate the inflammatory response. It should be noted that in all
Rassf1a'=“™® animals, we detected the knockout allele in the
kidney as well (Fig. 4, right panel) since villin is also expressed in
the epithelia of renal proximal tubules [32]. However, RASSF1A
immunoblotting revealed the complete loss of RASSF1A from
IEC cells but only partial loss of RASSF1A in kidney lysates from
Rassf1a'E“*° mice (Fig. S3E). Importantly, serum creatinine,
systolic blood pressure and renal morphology were similar in
Rassf1a'®¢™° and wild-type mice before or after exposure to DSS
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(Fig. S4A — C). This excludes renal failure as the cause of the poor
survival of Rassf1a'=“™*° animals upon DSS treatment.

DSS-treated Rassfla knockout mice have increased gut
permeability

Epithelial barrier breakdown and increased permeability of the
gut occurs during severe inflammation and IBD and are associated
with increased production of cytokines [33,34]. Fortunately, IEC
layer integrity is rapidly re-established by epithelial restitution,
wound healing and/or increased epithelial proliferation after
inflammation-induced injury in order to maintain a healthy gut.
These events prevent direct exposure of lamina propria immune
cells to the intestinal microflora and a harmful inflammatory
response [35]. Thus, the epithelial integrity of DSS-treated
Rassf1a2/2 mice was examined, assessing cell repair and intestinal
permeability. Following a 7 day treatment with DSS and a one day
recovery period with regular water, animals were administered
FITC-dextran by oral gavage. Serum levels of FITC-dextran were
significantly higher in DSS-treated Rassfla®/Z and Rassf1a'=¢°
mice versus wild-type/Rassf5a2/2 mice, suggesting a role for
RASSF1A in maintaining permeability during the recovery phase
of DSS-induced inflammation injury (Fig. 6A). Interestingly,
spleen, liver and mesenteric lymph node extracts from DSS-
treated Rassfla knockout animals revealed _50% bacterial
translocation also indicating increased gut permeability (Fig. 6B).
DSS-treated Rassfla knockout mice thus have an impaired ability
to contain commensal bacterial in the colon upon inflammation-
induced insult.

Defective epithelial restitution in Rassfla knockout mice
following DSS-induced injury

The increased epithelial permeability and decreased survival of
DSS-treated Rassfla2/2 mice could be explained by the damage
caused by disruption of the epithelial barrier (and damaged
paracellular space), elevated cell death (apoptosis) or defects in
epithelial cell repair and lack of crypt cell proliferation [36]. Due
to increased colonic permeability and mucosal/crypt damage in
Rassfla2/2 and Rassf1a'=“™* mice following DSS insult (Fig. 1D —
E and Fig. 4D - E) we speculate that RASSF1A may influence
pathways involved in epithelial restitution and/or cell repair to
regain normal epithelial architecture. Proliferating cell nuclear
antigen (PCNA) staining of tissue colon sections from Rassfla®/2
and Rassf1a'=“™© mice treated with DSS confirmed reduced crypt
cell proliferation versus wild-type or Rassf5a2/2 (Fig. S5A). We
also observed significant PARP cleavage (a marker of late
apoptosis) in colon lysates (Fig. 6C) and increased TUNEL-
positive staining in colonic sections (a marker of condensed nuclei
and indicative of apoptosis) (Fig. 6D) from DSS-treated Rassfla2/2
and Rassf1a'=“*° mice. The substantial increase in apoptosis in
DSS-treated Rassfla®/? and Rassfla'®c™® mice is likely a
significant contributing factor to the decreased survival observed
for these mice in Fig. 1A and 4B.

DSS-treated Rassfla®/Z mice triggers tyrosine
phosphorylation of yes-associated protein (YAP)
following DSS-induced injury

RASSF1A can normally promote cell death via TNF-R1 and
the loss of RASSF1A should result in decreased cell death. We, in
fact, can detect enhanced cell death by PARP and TUNEL
analysis (Fig. 6C — D). We thus explored alternative explanations
for how the loss of RASSF1A may result in increased intestinal
apoptosis. RASSF1A is a component of the Rassf/Salvador/
Hippo pathway that can modulate cell death, organ size and
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Figure 3. Rassfla®’Z animals show increased levels of biomarkers of inflammation. (A) Ex vivo analysis of bone marrow derived macrophages
was carried out for the presence of phospho-(p)-IkBa (A, repeated in triplicate) and serum pro-inflammatory cytokine production (B — E, n=6-10). LPS
was for 5 hours (B — C) and 3% DSS for 16 hours in media (D — E). For (B — E) n =4. (F) Colon epithelial crypt cells were isolated, cultured and stimulated
the same day with 3% DSS for 16 h. IL-6 secreted into the supernatant was quantitated (n=4). Stimulation of colon epithelial crypt cells from the
Rassf5a2/Z mice was not carried out. Stimulation of isolated colon epithelial crypt cells with LPS produced similar results (data not shown). For (8 - F) all
untreated results for Rassfla2/2 and Rassf5a2/2 were similar to wild type (untreated). The NFKB inhibitor utilized was 10 mM methoxyresveratrol.
doi:10.1371/journal.pone.0075483.g003
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Figure 4. RASSF1A intestinal cell-specific knockout (Rassf1a““"®) phenocopy Rassfla’Z mice following DSS-induced inflammation.

(A) PCR detection of the conditional LoxP-1A allele and knockout allele for 1A upon Cre transgene expression in Rassf1a™*C animals. Left panel, As
an example, animal #3 contained the IEC-specific knockout, as the conditional allele (c1) and the Cre transgene (Cre-Tg) were observed in the ear
tissue and colon (see Methods S1 for further details). C1= conditional allele; WT = wild-type allele. Right panel, genotyping in various mouse
tissues. (B) Reduced survival of Rassf1a=*° animals exposed to 3% DSS solution. P value [Rassfla® " vs Rassf1a™™*°] =0.001, n=12. (C) Decreased
body weight change following DSS treatment. P value =0.001 (Rassfla™ ™" vs Rassfla™™°), n=12. (D) Shortened colon length following
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DSS-treatment of Rassf1a=*© vs Rassf1a'® T mice on day 9. P value (Rassfla
colon length was measured. (E) Longitudinal cross-section of the descending colon stained with H&E from untreated and DSS-treated Rassfla

and Rassf1a™™° mice revealed severely disrupted colonic histology.

doi:10.1371/journal.pone.0075483.g004

cellular proliferation [37-39]. It is thought that in mammalian
cells, RASSF1A can function to activate MST1/2, resulting in the
activation of LATS and downstream serine phosphorylation
events [40]. Activated LATS can lead to the inactivation (by
cytoplasmic re-localization and retention) of the Yes-associated
protein (YAP), a key diver of proliferation (known as Yorkie [Yki] in
Drosophila) linked to the TEAD family of transcription factors [41]
Removal of either Yki from intestinal stem cells in Drosophila [42] or
YAP in YapZ/Z mice [43] revealed poor survival and decreased
epithelial cell proliferation in response to DSS treatment
(characteristics similar to what we have observed). However, we
are arguing for the important role of RASSF1A in restricting
NFKB and downstream effects that hyperactivation of NFKB can
cause. Although inflammation was not investigated in either of
these studies, it does suggest an important role for both RASSF1A
and YAP in modulating crypt cell proliferation and survival
following DSS-induced inflammation injury.

In the absence of RASSF1A, there was a significant reduction in
S127 phosphorylation of YAP (Fig. 6E, top panel) and enhanced
nuclear presence of p73 associated YAP (Fig. 6E, bottom panel).
Reduced S127-phosphorylated YAP and increased nuclear
presence of YAP would be expected to result in increased YAP-
driven transcription to drive proliferation of intestinal crypt cells in
the canonical Hippo pathway. Enhanced proliferation can be
observed in wild-type mice upon DSS treatment but not in DSS-
treated Rassfla2/Z and Rassf1a'=c™© mice (Fig. S5A). DSS-treated
Rassfla®/2 and Rassf1a'®“™*° mice clearly revealed enhanced
nuclear levels of YAP but reduced crypt proliferation (as
determined by PCNA staining in Fig. S5A). However, increased
crypt apoptosis (as determined by elevated PARP cleavage and
TUNEL staining) can be observed in line with reduced crypt
proliferation (Fig. 6C — D). Furthermore, MST Kkinase activity was
dramatically reduced in DSS-treated of RassflaZ/Z and Rassfla'E<"
KO mice (Fig. S5B) in agreement with enhanced nuclear presence
of YAP.

Further detailed analysis revealed increased tyrosine phosphor-
ylation (pY) of YAP in DSS-treated Rassfla®/Z mice in colon
lysates/nuclear fractions (Fig. 6F) and in colonic sections (Fig. 7A).
A clear difference in pY-YAP between DSS-treated wild type and
Rassfla2/2 mice was observed as early as day 5 post DSS addition
that continued to increase towards day 9 (Fig. 7A, right panel).
Previous studies have suggested a functional role for pY-YAP/p73
complex to ultimately drive pro-apoptotic gene expression,
especially Bax [44,45]. In support of these arguments, we detected
enhanced nuclear presence of a pY-YAP/p73 complex (Fig. 6E,
bottom panel), increased Bax expression by immunohistochemis-
try and immunoblotting (Fig. 7B) in intestinal crypt cells from
DSS-treated RassflaZ/2 and Rassf1a'E<™*° mice but not in samples
from wild-type or Rassf5a2/? treated mice. This suggests that a
pY-YAP/p73 driven up-regulation of Bax may promote intestinal
cell death leading to increased gut permeability, lack of effective
epithelial repair and poor survival of DSS-treated Rassfla2/Z and
Rassf1a'=c° mice.

Previous studies have suggested a functional role for c-Abl-
driven tyrosine 357 phosphorylation of YAP in response to DNA
damage [46,47]. This resulted in the formation of a pY-YAP/p73
complex to drive pro-apoptotic gene expression, especially Bax
[44,45]. We detected enhanced Y357 phosphorylation in Rassfla
knockout mice using a Y357 YAP antibody (Fig. 6F and Fig. 7A).

PLOS ONE | www.plosone.org

10

RASSF1A Regulates Intestinal Inflammation

IEC-WT

vs Rassfla” 'FK0)

=0.003, n=11. Bottom, Representation of how
IEC-WT

In addition, we also observed increased DNA damage as early as
day 3 (Fig. 7C and Fig. S5C), oxidative damage by day 5 — 9
(Fig. 7D) as well as significant ROS production in colon samples
from in vivo DSS-treated Rassfla knockout mice (Fig. S5D). DNA
and oxidative damage of colonic cells have been characterized as
significant factors in the pathogenesis of IBD [48,49]. Similar to
IBD patients, inflammation-induced injury in our Rassfla knock-
out mice has associated DNA and oxidative damage. Since we can
observe DNA damage as early at day 3, we speculate that this may
be driving the tyrosine phosphorylation of YAP observed by day 3
— 5 (Fig. 7A). YAP tyrosine phosphorylation following DSS-
induced inflammation injury will in turn drive colonic cell death
(via p73 association and transcriptional activation of cell death
genes) and poor survival of DSS-treated Rassfla knockout animals.

+/2 2/2

Imatinib can protect Rassfla™< mice but not Rassfla
mice from DSS-induced inflammation injury

Next, we wanted to inhibit the protein tyrosine kinase (PTK) for
YAP in order to prevent a pY-YAP/p73 driven transcription of
pro-apoptotic genes (such as Bax) and possibly aid in promoting
the enhanced survival of DSS-treated Rassfla knockout mice. As
mentioned earlier, YAP has been shown to be tyrosine phosphor-
ylated by c-Abl in response to DNA damage. Imatinib/gleevec
was developed to specifically inhibit c-Abl (ICso of 25 nM) [50]
and has been successful utilized to treat leukemia patients.
However, it can also inhibit c-Kit and PDGF-R at 400 nM [50].
Imatinib treatment of our Rassfla*’Z mice (IP injections of
60 mg/kg body weight of imatinib on day 3 and 6 of an acute 3%
DSS treatment) resulted in - 80% survival (Fig. 8A), low disease
activity indices (Fig. S6A), low histopathological scoring of , 2
(Rassfla*’2 mice normally have .6, Fig. 8B), reduced IL-6
(Fig. 8C), reduced cell death (Fig. 8D and Fig. S6B), reduced DNA
and oxidative damage (Fig. S6C — D, purity of nuclear extracts is
shown in S6E), regain normal crypt architecture (Fig, 8E and Fig.
S7A) and increased PCNA staining (increased proliferation, Fig.
S7A). Imatinib significantly reduced pY-YAP as determined by
immunohistochemical staining (Fig. 8E) and immunoblotting (Fig.
S7B). Furthermore, there was increased c-Abl kinase activity
towards FLAG-YAP in colon lysates from the Rassfla™Z mice that
was inhibited by imatinib (Fig. 8F). The increased kinase activity of
c-Abl was not inhibited by a direct modulation by RASSF1A as
exogenous addition of GST-RASSF1A did not interfere with the
kinase activity of c-Abl as determined by our in vitro method
(Fig. 8F, top panel, last two lanes on the right). Thus c-Abl activity
may be indirectly modulated by RASSF1A and increased c-Abl
activity is most likely a result of increased DNA damage during
intestinal inflammation. Taken together, our data suggested that
inhibition of the c-Abl class of PTKSs was effective in reversing the
detrimental effects of a 3% DSS treatment in DSS-treated
Rassfla*/2 mice.

In contrast to imatinib-treated Rassfla mice, imatinib-
treated Rassfla®/Z mice did have different survival outcomes.
We did notice that the clinical onset of disease was delayed 2 — 3
days when compared to DSS-treated Rassfla™2 or RassflaZ/2
mice (Fig. 8A). Imatinib-treated Rassfla2/Z mice had comparable
disease activity indices to imatinib-treated Rassfla*™2 mice until
day 8, but by days 9 — 10, imatinib-treated Rassf1aZ/Z mice wor-
sened with higher disease activity indices (Fig. S6A). Surprisingly,

+/2
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doi:10.1371/journal.pone.0075483.g005

imatinib-treated RassflaZ/2 mice revealed reduced pY-YAP 357
(Fig. 8E and Fig. S7C), reduced inflammation scores and cytokine
production (Fig. 8B and C) indicating that imatinib treatment was
interfering with a key mechanism promoting early intestinal
damage during the DSS treatment. However, the higher disease
activity indices on days 9 — 10 and poor survival of imatinib-
treated Rassfla2/2 mice may be attributed to a robust degree of
cell death (Fig. 8D and Fig. S6B), DNA damage (Fig. S6C, bottom
panel) and c-Abl kinase activity following DSS-induced inflam-
mation. c-Abl kinase activity was, again, not affected by the
exogenous addition of GST-RASSF1A, Fig. 8F, bottom panel).
Equal amounts of FLAF-YAP were utilized as revealed by
Coomassie blue staining in Fig. S7D.

Further analysis of this discrepancy, revealed that the cleavage
of c-Abl was more apparent in DSS-treated Rassfla2/Z mice
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untreated).

(Fig. 9A) and highly elevated in imatinib treated Rassfla=/Z mice

(Fig. 9B), especially the presence of the predominant 25 kDa
cleaved (but active) fragment of c-Abl (Fig. 9A and B, marked with
“*7) [51,52]. Interestingly, DSS-treated wild type animals revealed
almost undetectable levels of p53 whereas DSS-treated Rassfla*™ 2
or Rassfla®/2 mice (Fig. 9C) revealed highly elevated or
accumulated levels of p53 (as early as day 3 for the DSS-treated
Rassf1a2/2 mice). The accumulation of p53 was more apparent by
day 9 and increased in imatinib-treated animals (Fig. 9C) whereby
p53 levels not only accumulated but p53 appears to be modified to
a slower migrating form around 75 kDa (Fig. 9 C, lanes 9 — 12).
Under DSS or imatinib treatment, p53 mRNA levels do not
appear to be significantly different, eliminating transcriptional
control (Fig. 9D). Evidence for p53 stabilization can be seen in Fig.
S7E and does reveal that imatinib can interfere with p53
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Figure 6. Loss of RASSF1A results in altered intestinal homeostasis. (A) Gut permeability of the indicated animals was determined by FITC-
dextran fluorimetry on day 9 post-DSS addition. P values (all + DSS): wild-type vs Rassfla®/2 =0.007; wild-type vs Rassf5a2/2 =0.4; RassflaZ'2 vs
Rassf5a2/Z =0.005, wild-type vs Rassf1a®™™*° =0.0001, n=6 — 10 per group. (B) Right panel, bacterial translocation to blood and mesenteric lymph
nodes as indicated (liver and spleen also revealed some translocation). Left panel, histogram plot of the percentage of these four areas colonized
with bacteria. (C) Analysis for PARP cleavage was carried out as indicated on day 9 post-DSS treatment. “*” p value =0.0028 and “**”" =0.0295,n=5 -
7 for all genotypes and treatments. P value wild-type (+DSS) vs Rassf5aZ/2 (+DSS) =0.989. (D) TUNEL positive staining (bright dots) was carried out as
a late marker of cell death. These pictures are a representative of three independent histological sections from each genotype and treatment. The
mean number of cells/crypt shown was counted 6 times. P value wild-type (+DSS) vs Rassfla®’Z or Rassfla’™™*° (+DSS) =0.002 and 0.04 respectively.
(E) Colon lysates (top panel) or nuclear fraction of isolated crypt cells (bottom panel) from the indicated genotypes were used to detect total or
phosphoserine (S)127 YAP, total YAP and p73 in the nuclear fractions. For the top panel, the +DSS lanes are colon lysates from different DSS-treated
animals. All treatments and genotypes had similar levels of total p73 following total lysate analysis by immunoblotting (data not shown). (F)
Detection of total or pY-YAP as indicated. Purity of nuclear and cytoplasmic fractions are shown in Figure S6E. For (C — D) all untreated results for
Rassfla2/2, Rassf5a2/2 and Rassf1a™=™*© (untreated) were similar to wild type (untreated).

doi:10.1371/journal.pone.0075483.9g006
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Figure 7. Rassfla®’Z mice fail to recover following DSS treatment due to abnormal YAP signaling. (A) Phosphotyrosine (pY)-YAP
immunohistochemistry (IHC) with anti-Y357 YAP was carried out on colon sections as indicated. Left panel, IHC of colon sections using anti-Y357
YAP. Right panel, 1000 cells were scored for nuclear presence of YAP Y357. P value wild-type (+DSS) vs Rassf5a2/Z (+ DSS) =0.396. (B) Top panel,
analysis of Bax expression by IHC was carried out as indicated on colonic tissue sections on day 9 post-DSS treatment. Bottom panel, expression of
Bax in colon lysates from day 9 DSS-treated animals as indicated (fold induction of the immunoblotting results are graphed in the right panel). For
graph, “*" p-value =0.0093 and “**” =0.041, n=5 — 7 for all genotypes and treatments. P value wild-type (+DSS) vs Rassf5aZ/Z (+DSS) =0.546. (C)
Analysis for the DNA damage marker, phospho-c-H2AX, following in vivo DSS insult in colon lysates (experiment repeated twice with similar results).
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Numbers represent fold induction relative to phospho-c-H2AX levels in untreated wild type animals. (D) Real time PCR analysis for an oxidative
damage marker hemexogenase-1 (HO-1) utilizing colonic mRNA (n=4 for all and D designates the day that the tissues were harvested). P value of
wild type (+DSS) versus Rassf5a2/Z is 0.027 (Day 3), 0.006 (day 5) and 0.0008 (day 9) with n=4 — 6 per day per sample. The Rassf1a'®*® result was

comparable to the result in the DSS treated Rassfla®/2

doi:10.1371/journal.pone.0075483.g007

dependent ubiquitination and increased in the DSS and imatinib-
treated Rassfla®’Z mice (Fig. STD — E). Since c-Abl can be
caspase cleaved and its resultant active fragment can phosphor-
ylate the p53 inhibitor/E3 ligase, Mdm2 [53], we speculate that in
the absence of RASSF1A, DSS-induced inflammation injury can
result in accumulated p53 and significantly higher levels of cell
death and poor recovery following DSS-induced inflammation
injury.

Discussion

An underlying hallmark of many inflammatory diseases is the
enhanced activation of transcription factors, including NFkB and
elevated production of NFkB -regulated cytokines. These
responses are needed to promote innate immunity activation
and stimulate the repair process. No single animal model can
explain the pathogenesis of IBD suggesting that IBD has
multifactorial etiologies [54,55]. The present study argues that
RASSF1A is an important regulatory element to restrict NFkB
activity. Unrestricted NFKB activity can significantly contribute to
poor recovery following inflammation-induced injury and inhibit
the ability to promote efficient epithelial repair and survival
(Fig. 10).

We have demonstrated that DSS-treated Rassfla®/2 and
Rassf1a'E“° mice have elevated NFKB activity. Mechanistically
RASSF1A appears to restrict complex formation of MyD88/
TRAF6/IRAK and thus interfere with NFKB activation (Fig. 10).
RASSF1A forms robust associations upon LPS or DSS stimulation
with the membrane proximal complexes MyD88/TLR4 and
TRAF6/IRAK?2 (Fig. S8A — B) but not with TAK1, IKK or
TRADD/RIP1/TNF-R1 (data not shown) in order to restrict
NFKkB activity. Since both LPS and DSS can stimulate TLR4, we
believe that RASSF1A functions through TLR4 to inhibit IKK
and the cytoplasmic/nuclear shuttling of NFkB. Indeed we have
observed a significant reduction in the production of the NFkB-
driven cytokine, IL-8, when RASSF1A was overexpressed in colon
cancer epithelial cells (Fig. S8C). Furthermore, enhanced ubiqui-
tination of TRAF6 can be observed in colon lysates from DSS-
treated Rassfla2/2 but not wild-type mice (Fig. S8D) indicative of
elevated membrane proximal activation of the TLR pathway to
drive TRAF6 ubiquitination and subsequent NFKB activation
(Fig. 10).

We also have in vivo evidence to demonstrate that YAP becomes
tyrosine phosphorylated in response to DSS-induced inflammation
injury most likely by the c-Abl class of PTKSs. YAP was originally
identified by its association with the YES Src tyrosine kinase [56]
and has been demonstrated to be a transcription factor whose
cytoplasmic/nuclear shuttling is controlled by post-translational
phosphorylation events [57] [58]. During DSS-induced inflam-
mation injury in both Rassfla*/Z and Rassfla®/2 mice, we
observed elevated level of nuclear tyrosine phosphorylated YAP,
enhanced YAP/p73 associations (Fig. 6E) and elevated levels of
Bax expression to promote apoptosis (Fig. 6 and 7). Recently, van
der Weyden et al. [59] demonstrated that the combined loss of
Rassfla and Runx2 promoted the formation of oncogenic YAP1/
TEAD transcriptional complexes to promote tumorigenesis. We
observed reduced S127 phosphorylated YAP (possibly indicating
reduced YAP/TEAD transcriptional complexes) in DSS-treated
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mice (data not shown).

Rassf1a2/2 mice. We propose that our results demonstrate that the
early loss of Rassfla can lead to enhanced inflammation, a key pre-
condition to cancer and inflammation driven activation of YAP/
p73 complexes to promote cell death. YAP1/TEAD complexes
may arise after prolonged chronic inflammation to promote
proliferation in support of the findings of van der Weyden et al.
[59]. It has been demonstrated that IL-6 can promote the
activation of DNA methyltransferase 1 (DNMT1) [24,60] and
DNMT1 can epigenetically silence RASSF1A [23,61] to provide a
mechanism whereby inflammation may drive epigenetic silencing
of RASSF1A and loss of the function of this tumor suppressor
protein.

The c-Abl tyrosine kinase can phosphorylate YAP upon DNA
damage, selectively promoting a YAP/p73 complex to drive the
expression of pro-apoptotic genes [47]. Since we cannot observe
inhibition of c-Abl kinase by exogenous addition of RASSF1A, we
speculate that NFKB may transcriptionally up-regulate a PTK or
that NFKkB dependent-inflammation will promote DNA damage to
drive the tyrosine phosphorylation of YAP via c-Abl or c-Abl-like
kinases (Fig. 10). Either mode of regulation would result in an
abnormal tyrosine phosphorylation of YAP to yield increased
epithelial apoptosis and p53 accumulation to promote further
apoptosis. These events would result in poor survival following
intestinal inflammation induced injury. Inhibiting this abnormal
phosphorylation of YAP using the c-Abl class of PTK inhibitors
(imatinib) reversed the damaging effects of DSS induced intestinal
inflammation but only in a Rassfla*/2 background. In a RassflaZ’
2 packground, imatinib partially reversed the effects of DSS-
induced inflammation but did not allow the animal to recover due
a robust accumulation of p53 towards day 9 that may have
resulted in more apoptosis and poor recovery. Interestingly, in day
9 imatinib-treated Rassfla®/Z mice, p53 was accumulated and
modified (Fig. 9C, lane 9). We have not identified what this
modification is (most likely one of many p53 phosphorylated
residues) but we are currently exploring this and, if unique, may be
an interesting biomarker for disease prognosis.

It is known that caspase cleaved c-Abl can phosphorylate the
p53 E3 ligase, Mdm2, to inhibit Mdm2-dependent degradation of
p53 and allow it to accumulate [53]. Accumulated p53 can then
associate with the anti-apoptotic inhibitor, Bcl-2 to promote cell
death [62]. This may explain why imatinib-treated RassflaZ/2
mice are not protected from DSS-induced inflammation and have
similar or enhanced cell death. Curiously, we cannot absolutely
eliminate tyrosine phosphorylation of YAP using imatinib (Fig.
S7B) nor most of the biomarkers of inflammation or cell death.
This would suggest that other PTKs may also influence tyrosine
phosphorylation of YAP upon inflammation induced injury in the
absence of RASSF1A. YES, the other known PTK for YAP, has
two NFKB binding sites within its promoter region (as documented
by http://www.genecards.org/cgi-bin/carddisp.pl?gene = YES1)
and could be up-regulated by NFkB activation due to the failure
of RASSF1A to restrict NFKB activation (Fig. 10). Preliminary
results do reveal increased c-YES expression upon DSS-induced
stimulation in Rassfla™2 and RassflaZ/2 colon lysates (data not
shown). We are currently exploring how NFKkB may regulate YES
expression, if YES kinase activity is elevated in DSS-treated
Rassfla knockout mice and if the YES inhibitor, dasatinib, can
promote the survival of DSS-treated Rassfla knockout mice.
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Figure 8. The PTK inhibitor, imatinib, inhibits the appearance of pY-YAP and promoted increased survival of Rassfla”Z but not
Rassfla®’? mice animals following inflammation-induced injury. (A) Rassfla*2 or Rassfla®’2 mice were intraperitoneally injected with the
PTK inhibitor, imatinib at 50 mg/g body weight on days 3 and 6 following 3% DSS addition. P-value between survival of DSS-treated wild type and
Rassfla*’Z was , 0.0001 (n=17) and between DSS-treated Rassfla*’Z (+ imatinib) versus DSS-treated Rassfla*2 was 0.0086 (n=17). No significance
difference was observed between DSS-treated Rassfla*’2 and DSS-treated Rassfla®/2 (+ imatinib) mice (please see Fig. 1A for the survival curve of
DSS-treated RassflaZ/2 mice). Following DSS/gleevec treatment, (B) histological analysis of colonic sections, (C) serum IL-6, (D) cell death via PARP
(late marker of apoptosis); (E) phospho-YAP by IHC, and (F) In vitro kinase activity was carried out for c-Abl using colon lystes from DSS-treated wild
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type and Rassfla*? (top panel) and Rassfla bottom panel) mice with overexpressed FLAG-YAP as substrate. Expression levels of c-Abl were

similar in all the lanes (data not shown) and bacterially expressed GST or GST-1A (1A) was used to explore how RASSF1A may directly interfere with c-
Abl kinase activity. Expression of FLAG-YAP, GST and GST-1A are shown in Fig. S7D. For (B) p-value between wild type versus Rassfla*2 mice (+DSS)
was 0.004, wild type versus Rassfla*2 mice + DSS + gleevec) was 0.168 and wild type versus RassflaZ/2 mice (+DSS + gleevec) was 0.452 (n=4 — 8).
For (C), p-value between wild type versus Rassfla*’Z mice (+DSS) was 0.004 and wild type versus Rassfla*’2 mice (+ DSS + gleevec) was 0.347 and
wild type versus Rassfla®’2 mice (+DSS + gleevec) was 0.262 (n=4 — 8). For (E) P values of Rassfla*Z mice or Rassfla2’Z mice (+DSS 2/+ gleevec)
was ,0.001 (n=10).

doi:10.1371/journal.pone.0075483.g008

2/2 (

Our results demonstrate that the loss of Rassfla resulted in the of a “leaky gut”. Interestingly, YAP is overexpressed in CRC
loss of MST1 kinase activity (Fig. S5B) and the increased nuclear patients and RASSF1A is epigenetically silenced in CRC patients
presence of tyrosine phosphorylation of YAP (Fig. 6F and 7A). The [12]. The loss of RASSF1A may, therefore, affect other aspects of
studies by van der Weyden et al. [59], Ren et al. [42], Cai et al. epithelial restitution with YAP activity an integral part of this
[43], Zhou et al. [63] and Matallans et al. [64] explored MST/ process. Failure to efficiently reseal and re-establish epithelial cell
RASSF1A dependent-regulation of YAP serine phosphorylation. homoestasis will lead to an unnecessary inflammatory response,
However, during intestinal inflammation in our system, YAP poor recovery and an early phase of colitis-associated carcinogen-
transcriptional activities drive apoptosis in the absence of MST1/2 esis [68,69].
activity (see Fig. S5B). Recently, it was shown that YAP1 does not An important element for recovery from inflammation-induced
require MST1/2 to drive the proliferation of keratinocytes [65] in damage is efficient repair. During the pathogenesis of IBD, it has
support of MST1/2 independent YAP functions. Furthermore, been documented that DNA damage [70], oxidative damage
although Matallans et al. [64] demonstrated that RASSF1A can [71,72] and abnormal ROS levels [72] are elevated in a similar
promote a YAP/p73 association they did not determine YAP manner to what we have observed for DSS-treated Rassfla
phosphorylation linked to S127 or Y357. We argue that intestinal knockout mice. Reactive oxygen species (ROS) are generated by
inflammation is driving a RASSF1A indirect affect on YAP inflammatory cells, neutrophils and macrophages and surround
through elevated NFkB activity to transcriptionally up-regulate a the inflamed mucosa [72]. High levels of ROS can lead to changes

PTK to tyrosine phosphorylate YAP or, alternatively, in promot- in colonic membrane permeability, decreased mucosal barrier of
ing enhanced DNA damage to activate a YAP PTK. Either way, it intestinal epithelial cells and to increased DNA and oxidative
is an MST1/2 independent effect. damage. Both DNA and oxidative damage can lead to c-Abl

As mentioned earlier, DSS-treated YAPZ/2 mice have de- activation to drive the formation of tyrosine phosphorylated YAP

creased survival and proliferation and increased cell death upon and a YAP/p73-dependent transcriptional program. Inhibitors of
DSS treatment that is very similar to our inflammation phenotype ROS generation or DNA damage may be interesting angles to
[43]. However, Cai et al. [43] did not explore tyrosine pursue in the future.

phosphorylation of YAP but did show reduced YAP phospho- In addition to c-Abl and YES as potential PTKs for YAP,
S127 with increased time post-DSS addition [43]. We have preliminary microarray analyses on colonic RNA isolated from
evidence that increased c-Abl cleavage (most likely by caspases) DSS-treated wild-type and Rassfla2/2 mice revealed a 7.5 fold
and accumulated p53 may occur in parallel to p73/YAP driven increase in TNK2 (a tyrosine kinase, non receptor type 2 also
cell death following DSS-induced inflammation injury (based on known as ACK1) and a 2.3 fold increase in c-Mer proto-oncogene
the results in Fig. 9C). This may explain why DSS-treated YAPZ/Z  tyrosine kinase (MERTK) (data not shown). MERTK has several
mice have elevated apoptosis and poor survival in the absence of potential NFkB binding sites (as documented by http://www.ge
YAP. It has been shown in chronic UC patients that p53 is up- necards.org/cgi-bin/carddisp.pl?gene = MERTK) and can modu-
regulated in crypt cells and neutralizing antibodies to TNFa late the autophosphorylation of TNK2. MERTK can also regulate
reduce the levels of p53 and IBD-related symptoms of UC patients cytokine production and clearance of apoptotic cells. [73] Very

[66] in support of the important role for p53 in intestinal little is known about TNK2 other than its association with cdc42
epithelial-dependent cell death. In addition to p53, PUMA (p53 in order to maintain it in a GTP bound form [74] and TNK2-
up-regulated modulator of apoptosis) has been shown to be up- dependent tyrosine phosphorylation of the androgen and epider-

regulated in intestinal cells following DSS treatment in mice and in mal growth factor receptor [75]. These observations provide
colonic biopsies from UC patients suggesting an important role for interesting candidates to pursue that may function to drive the
other pro-apoptotic proteins in the pathogenesis of colitis [67]. tyrosine phosphorylation of YAP and a YAP/p73 transcriptional
Preliminary microarray analyses on colonic RNA isolated from program. Inhibiting the devastating effect of tyrosine phosphor-
DSS-treated wild-type and Rassfla®/Z mice revealed up-regula-  ylated YAP/p73-driven activation of pro-apoptotic genes and
tion of several pro-apoptotic genes. These genes were increased 2 epithelial cell damage in the absence of RASSF1A may aid in
— 4 fold and include the death associated protein 3 (DAP3), designing future treatment schemes for patients with chronic
programmed cell death 10 (PDCD10), PRKC apoptosis WT1 inflammation. In fact, there has been one report to document the
regulator (PAWR) and death effector domain-containing (DEDD) beneficial effects of protein tyrosine kinase inhibitors in treating

(data not shown). It will be interesting to explore if any of these are IBD [26,76].
transcriptionally regulated by YAP/p73 in response to intestinal Our study provides a mechanistic understanding of DSS-
inflammation. induced inflammation injury in the absence of RASSF1A.

+/2 2/2

Efficient epithelial proliferation/repair is an integral part of Biomarker analyses for the Rassfla™”<and Rassfla mice
recovery following inflammation-induced injury [36]. Preliminary revealed similar outcomes suggesting similar mechanisms of
data suggest that we can observe altered b-catenin/E-cadherin disease pathogenesis (except for responsiveness to imatinib). As
adherens junctions on colon sections from DSS-treated Rassfla can be observed in Fig. 1A, we did notice a slight delay in the
knockout mice during the recovery phase following DSS addition appearance of clinical symptoms in the Rassf1a*/Z mice, especially
(day 9, data not shown). Altered b-catenin/E-cadherin associations in the appearance of rectal bleeding. However, both Rassfla™
together with elevation of tyrosine phosphorylated YAP, will result 2and Rassfla2/2 mice had similar survival rates at the end of the
in abnormal formation of epithelial junctions and the appearance experiment and the delay at the beginning of the experiment was
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Figure 9. The loss of RASSF1A results in cleavage of c-Abl and accumulation of p53. (A) Expression of c-Abl following DSS treatment as
indicated. Erk1/2 was used as loading control and D= days after DSS addition. (B) Imatinib treatment of Rassfla®/2 mice (but not Rassfla*’2 mice)
results in increased cleavage of c-Abl and sustained p25 cleaved form of c-Abl (indicated by *). (C) c-Abl cleavage can result in phosphorylation of
Mdmz2 and stabilization of p53 to promote cell death. The loss of both alleles of Rassfla results in increased expression of p53 and its modification. (D)
Reverse transcriptase analysis of p53 expression revealed no transcriptional changes in p53 expression following neither DSS treatment nor with
imatinib addition.

doi:10.1371/journal.pone.0075483.g009
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Figure 10. Model for RASSF1A regulation of NFkB and YAP. RASSF1A restricts NFKB activity by interfering with the ability of membrane
proximal TLR/MyD88/TRAF6/IRAK2/4 to promote downstream signaling to NFkB. This results in the interference of NFkB-dependent gene
transcription and the activation of inflammatory pathways. Through regulating NFkB activity (and early increases in DNA damage), RASSF1A indirectly
regulates the activity (and possibly the expression) of a PTK to tyrosine phosphorylation YAP (possibly through c-Abl or ¢c-YES). Increased PTK activity
(in the absence of Rassfla) would drive tyrosine phosphorylation of YAP and increased pY-YAP/p73 transcriptional up-regulation of pro-apoptotic
genes such as Bax. Increased levels of Bax (and other p73/pY YAP targets) results in apoptosis, intestinal inflammation, oxidative (and DNA damage)
and colonic injury. Sustained levels of apoptosis will result in the pro-apoptotic cleavage of c-Abl to stabilize p53. Accumulated p53 can further
promote cell death and further colonic injury and poor recovery following inflammation insults.

doi:10.1371/journal.pone.0075483.g010

not statistically significant. We are currently exploring biomarker genotypes and treatments. Data was obtained from several
analyses between day 0 and day 8 to explore molecular differences histological sections similar to Fig. 1E. p value for the difference
between Rassfla*/Zand Rassfla®/2 mice. Interestingly, it has  in crypt depth between wild type (+DSS) vs Rassfla2/Z mice
recently been demonstrated that p53 functions to recruit DAXX (+DSS) =0.0004 (n=14). (B) Histological representations of the
and DNMTL1 to CpG methylation sites on RASSF1A and colon from DSS-treated RassflaZ/2 mice at day 9. These sections
epigenetically silence RASSF1A [77]. p53 is accumulated in further confirm the results in Fig. 1E and revealed the presence of
DSS-treated animals, in IBD patients and can also silence lymphoid aggregates (dense circle of cells in top panel) in several
RASSF1A by direct promote regulation of epigenetic silencing  areas of DSS treated colonic sections from Rassf1a2/2 mice. This
by DNA methylation of its promoter. Furthermore, RASSF1IA  would suggest active recruitment of immune cells to the inflamed
epigenetic silencing can be detected in ulcerative colitis patients  area. (C) Genotyping of Rassfla®/2 and Rassf5a2/2 animals.
[22] and upon IL-6 production [23]. We, therefore, speculate that Immunoblot of a colon tissue preparation is shown in the bottom
chronic inflammation will result in the loss of epigenetic loss of panel for RASSF1A and the loss of RASSF5A in the Rassf5a2/2
RASSF1A and RASSFIA may be in early change in the  mice has been published [3]. (D — E) Rassfla®/2 animals show

pathogenesis_of ulcerative colitis. The Rassfla*/Z, Rassfla®/Z increased levels of serum or tissue myeloperoxidase (MPO) (D) and
and Rassfla'®“™° mice may be useful models for understanding  hyaluronic acid (HA, E). For Serum MPO, p-values wild type
IBD and other inflammatory disorders. (+DSS) vs Rassfla®/Z mice (+DSS) , 0.0001; Rassfla®/Z (+DSS)

vs Rassf5a2/2 mice (+DSS) 0.035. Tissue MPO, p-value [wild type
Supporting Information vs Rassf5a2/2 (+DSS)] =0.2 and (C — F) wild type (+/+) vs

Rassf5a2/? (treated) varied between 0.2 to 0.7 with n=4-6. For

Figure S1 Genotyping and characterization of DSS- serum HA, p-values wild type (+DSS) vs Rassfla/2 mice (+DSS)

treated Rassfla?/Z mice. (A) Crypt length of the indicated
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is 0.0043; Rassfla®/Z (+DSS) vs Rassf5a=/Z mice (+DSS) 0.0099.
n=10-15 for each biomarker.
(TIF)

Figure S2 Ex vivo analysis of BMDM and splenocytes
from the indicated genotypes. BMDM (A - D) and
splenoctyes (B, D — F) were cultured, stimulated with 0.2 mg/ml
LPS for 5 hours or 3% DSS for 16 — 20 hours as indicated.
Supernatants were harvested and secreted cytokines quantitated
by ELISA; n=6. P-values between wild type and Rassfla2/Z LPS-
stimulated cells are indicated and was found to be the same for
both BMDM and splenocytes in (B and D). P values between wild-
type and Rassf5a2/2 in S2E were 0.454. For (C), p-value =0.7 by
One-way Anova analysis. n=4-6 from 2 — 3 independent
experiments for all panels. P values for the differences between
Rassf5aZ/2 versus wild-type for all panels was - 0.1. For (A, C, E-
F) all untreated results for RassflaZ/2 and Rassf5a2/2 were similar
to wild type (untreated). The NFkB inhibitor utilized was 10 mM
methoxyresveratrol.

(EPS)

Figure S3 Further characterization of DSS-treated in-
testinal cell-specific knockout (Rassfla'®=c*°) animals.
(A) Crypt length of the indicated genotypes and treatments. Data
was obtained from several histological sections similar to Fig. 4E.
n=15 and p-value Rassfla 'E°™T vs Rassfla 'E€C (+DSS)
=0.0001. (B) Tissue levels of hyaluronic acid were determined by
ELISA (day 9). P-value for the difference between Rassfla'=c™"T
and Rassfla'E¢° (+DSS) was ,0.04, n=4. (C — E) Ex vivo
analyses of BMDM and splenocytes from the indicated genotypes.
BMDM (C) or splenocytes (D) were cultured ex vivo and stimulated
with DSS for 16 — 20 hours or LPS for 5 hours. Supernatants were
harvested and the amount of secreted cytokines quantified by
ELISA; n=4. p values Rassfla'=“™T vs Rassfla'=“*°® DsS-
stimulated BMDM is =0.8 for all cytokines in (C). p values
Rassf1a'®¢™WT vs Rassfla'=“*° LPS-stimulated splenocytes = 0.002
(n=8) for (D). (E) Immunoblot of colon and kidney tissue
preparations from Rassfl 'E™T and Rassf1a'E¢™“° mice is shown.
For (B-E) all untreated results for Rassf1a'=c© IEC-WT
were similar to wild type (untreated).

(EPS)

Figure S4 Normal kidney function in Rassfla
animals following DSS treatment. Serum creatinine (A)
and systolic blood pressure (B) was measured as indicated (day 9
post-DSS treatment). P value was between 0.2 and 0.5 for the
differences between Rassf1a'=“"VT vs Rassfl 'E¢° animals for
these measurements (n =8-10 for the serum creatinine levels and
6 for the blood pressure measurements). (C) Kidney sections from
the indicated genotypes were analyzed after H&E staining and
were found to be unaltered with and without DSS treatment.
(TIF)

Figure S5 The loss of RASSF1A results in decreased
crypt cell proliferation and increased cell death follow-
ing DSS-induced inflammation injury. (A) Measurement of
PCNA positive proliferation in colonic sections. Biotinylated
PCNA staining was detected using diaminobenzidine (DAB)
streptavidin. HRP appears as a brown precipitated over the
H&E stained sections. “*”” p value =0.0001 and “**” =0.0002, n
=12-15 for all genotypes and treatments. P value wild type
(+DSS) vs Rassf5a2/2 (+DSS) =0.719. Percent PCNA staining
was calculated by counting 4 groups of ,100 cells in three
independent histological sections from each genotype and
treatment. (B) MST1 in vitro kinase assay was carried out on colon
lysates from the indicated genotypes using Histone H2B. MST1

and Rassfla

IEC-KO
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expression is shown for the 2/+ DSS-treated RassflaZ/Z mice.

Similar results were obtained for the other genotypes and
experiment was carried out twice with similar results. (C) Time
course analysis of DNA damage utilizing expression of phospho-c-
H2AX as observed in Fig. 7C. (D) Fluorometric analysis of
production of reactive oxygen species (ROS) using intracellular
oxidation of 29,79-dichlorofluorescin diacetate (DCF-DA) by
freshly isolated colon crypt cells from the indicated genotypes. P
values wild-type (+/+, +DSS) vs Rassfla®/2 or Rassfla*/2 mice
(+DSS) ,0.0001; wild type (+DSS) vs Rassfla'=C*C mice
=0.0006; wild type (+DSS) vs Rassf5aZ/Z mice (+DSS) 0.083
(n=28 for all genotypes). For (A and C) all untreated results for
Rassfla®/2, Rassf5a=/2, Rassfla'=c™ ° were similar to wild type
(untreated).

(TIF)

Figure S6 The PTK inhibitor, imatinib reverses the
damaging effects of DSS treatment in the Rassfla*/2 but
not Rassfla?/2 knockout mice. Imatinib was administered
intraperitoneally at 50 mg/g body weight on day 3 and 6 and (A)
Disease activity index, (B) cell death using Bax immunoblotting (as
an early marker of apoptosis) (in colon lysates), (C) the DNA
damage marker phospho-c-H2AX (in colon lysates) and (D) the
oxidative damage marker, HO-1was carried out as indicated
(source of sample was colonic mMRNA). (E) Purity of our nuclear
and cytoplasmic fractions was tested as indicated.

(EPS)

Figure S7 Further analysis of biomarkers of intestinal
inflammation were analyzed. (A) PCNA staining with
quantitation on the right panel, (B) Detection of pY-YAP was
carried out as indicated, (C) pY-YAP immunohistochemistry
carried out, (D) Expression of FLAG-YAP (top panel), GST and
GST-1A (bottom panel) used in in vitro kinase assay in Fig. 8F.(E)
Ubiqutination of p53 was carried out as indicated in colon lysate
samples. All baseline (untreated) results not shown were signifi-
cantly not different from wild type (untreated).

(TIF)

Figure S8 RASSF1A restricts NFkB signaling by associ-
ation with membrane proximal complexes. (A - B) HT-29
(a colon epithelial cancer) cells were transiently transfected with
vector (-) or HA-tagged RASSF1A (HA-1A). Fourty-eight hours
after transfection, cells were grown in serum free media for two
hours followed by (A) 1 mg/ml LPS addition or (B) 3% DSS in the
media, lysed and immunoprecipitated with the indicated antibod-
ies. Associated proteins were separated on SDS-PAGE and
immunoblotted. (C) HT-29 (colon epithelial cancer) cells were
transiently transfected with vector (-) or HA-tagged RASSF1A
(HA-1A). Fourty-eight hours after transfection, cells were grown in
serum free media for two hours followed by the addition of 1 mg/
ml LPS or 3% DSS for 5 hours. One mL of the supernatant was
harvested and IL-8 levels determined. Inset, expression of HA-1A
in HT-29 cells. Similar results were obtained for HCT-116 cells
(data not shown). (D) Colon extracts were prepared from the
indicated genotypes 2/+DSS treated, immunoprecipitated with
anti-TRAF6 and immunoblotted as indicated. Lysates from two
animals/treatement/genotype were analyzed as indicated.

(EPS)

Methods S1  Supplementary Methods Text S1.
(DOCX)
Acknowledgments

We would like to thank Tremayne Peart, Le Luong and Christina Onyskiw
for their excellent technical help for these studies. We would also like to

October 2013 | Volume 8 | Issue 10 | 75483



thank Drs. Hien Huynh, Rabin Persad, Leo Dieleman, Richard Fedorak,
Eytan Wine and Karen Madsen for their helpful suggestions and valued
expertise in innate immunity and IBD research. Drs. Marius Sudol and
Giovanni Blandino provided helpful suggestions with YAP/p73 analysis.
The Rassfla mice were a generous gift of Dr. Gerd Pfeifer (Beckman
Research Institute of City of Hope, Duarte, CA, USA) and the Rassfla
conditional knockout mouse from Dr. Louise van der Weyden (The
Wellcome Trust Sanger Institute, UK). We are grateful to Rae Foshaug
and Eytan Wine of the CEGIIR group for the mouse colonscopy
(University of Alberta, Edmonton, AB, Canada) and Farah Fenton in Dr.
Bernard Thebaud’s laboratory (University of Alberta, Edmonton, AB,
Canada) for the use of their imaging unit. 1 would also like to thank
Adrienne DeCorby-Baksh for her helpful suggestions in the editing of this
manuscript. Please note that excerpts from this manuscript have been
extracted from the M. Sc. thesis of Mohamed El-Kalla entitled, ““Biological
role of the tumor suppressor protein, RASSF1A in Inflammation and

References

1. Gordon M, Baksh S (2010) RASSF1A: Not a prototypical Ras effector. Small
Gtpases 2: 148-157.

2. Foley CJ, Freedman H, Choo SL, Onyskiw C, Fu NY, et al. (2008) Dynamics of
RASSF1A/MOAP-1 association with death receptors. Mol Cell Biol 28: 4520—
4535.

3. Park J, Kang SI, Lee SY, Zhang XF, Kim MS, et al. (2010) Tumor suppressor
Ras-association domain family 5 (RASSF5/NORE1) mediates death receptor
ligand-induced apoptosis. J Biol Chem 285: 35029-35038.

4. Tommasi S, Dammann R, Zhang Z, Wang Y, Liu L, et al. (2005) Tumor
susceptibility of Rassfla knockout mice. Cancer Res 65: 92-98.

5. van der Weyden L, Tachibana KK, Gonzalez MA, Adams DJ, Ng BL, et al.
(2005) The RASSF1A isoform of RASSF1 promotes microtubule stability and
suppresses tumorigenesis. Mol Cell Biol 25: 8356-8367.

6. Tommasi S, Besaratinia A, Wilczynski SP, Pfeifer GP (2010) Loss of Rassfla
enhances p53-mediated tumor predisposition and accelerates progression to
aneuploidy. Oncogene 30: 690-700.

7. Al-Sohaily S, Biankin A, Leong R, Kohonen-Corish M, Warusavitarne J (2012)
Molecular pathways in colorectal cancer. J Gastroenterol Hepatol 27: 1423-
1431.

8. Stamos JL, Weis WI (2012) The beta-Catenin Destruction Complex. Cold
Spring Harb Perspect Biol 5.

9. Valenta T, Hausmann G, Basler K (2012) The many faces and functions of beta-
catenin. Embo J 31: 2714-2736.

10. March HN, Rust AG, Wright NA, ten Hoeve J, de Ridder J, et al. (2012)
Insertional mutagenesis identifies multiple networks of cooperating genes driving
intestinal tumorigenesis. Nat Genet 43: 1202-1209.

11. van der Weyden L, Arends MJ, Dovey OM, Harrison HL, Lefebvre G, et al.
(2008) Loss of Rassfla cooperates with Apc(Min) to accelerate intestinal
tumourigenesis. Oncogene 27: 4503-4508.

12. Fernandes MS, Carneiro F, Oliveira C, Seruca R (2012) Colorectal cancer and
RASSF family-A special emphasis on RASSF1A. Int J Cancer 132: 251-258.

13. Law J, Yu VC, Baksh S (2012) Modulator of Apoptosis 1: A Highly Regulated
RASSF1A-Interacting BH3-Like Protein. Mol Biol Int 2012: 536802.

14. Vos MD, Dallol A, Eckfeld K, Allen NP, Donninger H, et al. (2005) The
RASSF1A tumor suppressor activates Bax via MOAP-1. J Biol Chem.

15. Wajant H, Scheurich P (2010) TNFR1-induced activation of the classical NF-
kappaB pathway. Febs J 278: 862-876.

16. Atreya I, Atreya R, Neurath MF (2008) NF-kappaB in inflammatory bowel
disease. J Intern Med 263: 591-596.

17. Rakoff-Nahoum S, Medzhitov R (2009) Toll-like receptors and cancer. Nat Rev
Cancer 9: 57-63.

18. Allen NP, Donninger H, Vos MD, Eckfeld K, Hesson L, et al. (2007) RASSF6 is
a novel member of the RASSF family of tumor suppressors. Oncogene 26:
6203-6211.

19. Lock FE, Underhill-Day N, Dunwell T, Matallanas D, Cooper W, et al. (2010)
The RASSF8 candidate tumor suppressor inhibits cell growth and regulates the
Whnt and NF-kappaB signaling pathways. Oncogene 29: 4307-4316.

20. Song H, Kim H, Lee K, Lee DH, Kim TS, et al. (2012) Ablation of Rassf2
induces bone defects and subsequent haematopoietic anomalies in mice. Embo J
31: 1147-1159.

21. Estrabaud E, Lassot I, Blot G, Le Rouzic E, Tanchou V, et al. (2007) RASSF1C,
an Isoform of the Tumor Suppressor RASSF1A, Promotes the Accumulation of
{beta}-Catenin by Interacting with {beta} TrCP. Cancer Res 67: 1054-1061.

22. Abouzeid HE, Kassem AM, Abdel Wahab AH, El-mezayen HA, Sharad H, et
al. (2010) Promoter hypermethylation of RASSF1A, MGMT, and HIC-1 genes
in benign and malignant colorectal tumors. Tumour Biol 32: 845-852.

23. Braconi C, Huang N, Patel T (2010) MicroRNA-dependent regulation of DNA
methyltransferase-1 and tumor suppressor gene expression by interleukin-6 in
human malignant cholangiocytes. Hepatology 51: 881-890.

24. Foran E, Garrity-Park MM, Mureau C, Newell J, Smyrk TC, et al. (2010)
Upregulation of DNA methyltransferase-mediated gene silencing, anchorage-

PLOS ONE | www.plosone.org

RASSF1A Regulates Intestinal Inflammation

Cancer” (Department of Pediatrics, Faculty of Medicine and Dentistry,
University of Alberta, 2009) and from the M. Sc. thesis of Yuewen Zhao
entitled “The Role of RASSF1A in Intestinal Inflammation” (Department
of Biochemistry, Faculty of Medicine and Dentistry, University of Alberta,
2011). All authors have read this manuscript and have accepted its
submission.

Author Contributions

Conceived and designed the experiments: SB MG EW RTA CFP
AOSEK. Performed the experiments: MG CO ME-K YZ JL YF JO
AAM NV. Analyzed the data: AT LL EW MG SB YZ ME-K YF AAM
NV. Contributed reagents/materials/analysis tools: JP SBL EW AOSEK.
Wrote the paper: SB MG. Editing of the paper: HAG SB MG EW RTA
VCY NV YF.

independent growth, and migration of colon cancer cells by interleukin-6. Mol
Cancer Res 8: 471-481.

25. Madsen K, Cornish A, Soper P, McKaigney C, Jijon H, et al. (2001) Probiotic
bacteria enhance murine and human intestinal epithelial barrier function.
Gastroenterology 121: 580-591.

26. Baksh S, Widlund HR, Frazer-Abel AA, Du J, Fosmire S, et al. (2002) NFATc2-
mediated repression of cyclin-dependent kinase 4 expression. Mol Cell 10: 1071-
1081.

27. Xiao H, Gulen MF, Qin J, Yao J, Bulek K, et al. (2007) The Toll-interleukin-1
receptor member SIGIRR regulates colonic epithelial homeostasis, inflamma-
tion, and tumorigenesis. Immunity 26: 461-475.

28. Lee KK, Ohyama T, Yajima N, Tsubuki S, Yonehara S (2001) MST, a
physiological caspase substrate, highly sensitizes apoptosis both upstream and
downstream of caspase activation. J Biol Chem 276: 19276-19285.

29. Stenson WF (2010) Hyaluronic acid and intestinal inflammation. Curr Opin
Gastroenterol 26: 85-87.

30. Zheng L, Riehl TE, Stenson WF (2009) Regulation of colonic epithelial repair in
mice by Toll-like receptors and hyaluronic acid. Gastroenterology 137: 2041-
2051.

31. Udenigwe CC, Ramprasath VR, Aluko RE, Jones PJ (2008) Potential of
resveratrol in anticancer and anti-inflammatory therapy. Nutr Rev 66: 445-454.

32. Pringault E, Robine S, Louvard D (1991) Structure of the human villin gene.
Proc Natl Acad Sci U S A 88: 10811-10815.

33. Schulzke JD, Ploeger S, Amasheh M, Fromm A, Zeissig S, et al. (2009) Epithelial
tight junctions in intestinal inflammation. Ann N Y Acad Sci 1165: 294-300.

34. Azer SA (2012) Overview of molecular pathways in inflammatory bowel disease
associated with colorectal cancer development. Eur J Gastroenterol Hepatol.

35. Sturm A, Dignass AU (2008) Epithelial restitution and wound healing in
inflammatory bowel disease. World J Gastroenterol 14: 348-353.

36. Crosby LM, Waters CM (2010) Epithelial repair mechanisms in the lung.
Am J Physiol Lung Cell Mol Physiol 298: L715-731.

37. Halder G, Johnson RL (2011) Hippo signaling: growth control and beyond.
Development 138: 9-22.

38. Fausti F, Di Agostino S, Sacconi A, Strano S, Blandino G (2012) Hippo and
rassfla Pathways: A Growing Affair. Mol Biol Int 2012: 307628.

39. Avruch J, Zhou D, Bardeesy N (2012) YAP oncogene overexpression
supercharges colon cancer proliferation. Cell Cycle 11: 1090-1096.

40. Guo C, Zhang X, Pfeifer GP (2011) The tumor suppressor RASSF1A prevents
dephosphorylation of the mammalian STE20-like kinases MST1 and MST2.
J Biol Chem 286: 6253-6261.

41. Avruch J, Zhou D, Fitamant J, Bardeesy N (2010) Mst1/2 signalling to Yap:
gatekeeper for liver size and tumour development. Br J Cancer 104: 24-32.

42. Ren F, Wang B, Yue T, Yun EY, Ip YT, et al. (2010) Hippo signaling regulates
Drosophila intestine stem cell proliferation through multiple pathways. Proc Natl
Acad Sci U S A 107: 21064-21069.

43. Cai J, Zhang N, Zheng Y, de Wilde RF, Maitra A, et al. (2010) The Hippo
signaling pathway restricts the oncogenic potential of an intestinal regeneration
program. Genes Dev 24: 2383-2388.

44. Levy D, Adamovich Y, Reuven N, Shaul Y (2007) The Yes-associated protein 1
stabilizes p73 by preventing ltch-mediated ubiquitination of p73. Cell Death
Differ 14: 743-751.

45. Zhang H, Wu S, Xing D (2010) YAP accelerates Abeta(25-35)-induced apoptosis
through upregulation of Bax expression by interaction with p73. Apoptosis 16:
808-821.

46. Tamm C, Bower N, Anneren C (2010) Regulation of mouse embryonic stem cell
self-renewal by a Yes-YAP-TEAD2 signaling pathway downstream of LIF. J Cell
Sci 124: 1136-1144.

47. Levy D, Adamovich Y, Reuven N, Shaul Y (2008) Yapl phosphorylation by c-
Abl is a critical step in selective activation of proapoptotic genes in response to
DNA damage. Mol Cell 29: 350-361.

48. Colgan SP, Taylor CT (2010) Hypoxia: an alarm signal during intestinal
inflammation. Nat Rev Gastroenterol Hepatol 7: 281-287.

October 2013 | Volume 8 | Issue 10 | 75483



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Almenier HA, Al Menshawy HH, Maher MM, Al Gamal S (2012) Oxidative
stress and inflammatory bowel disease. Front Biosci (Elite Ed) 4: 1335-1344.
Deininger M, Buchdunger E, Druker BJ (2005) The development of imatinib as
a therapeutic agent for chronic myeloid leukemia. Blood 105: 2640-2653.
Barila D, Rufini A, Condo I, Ventura N, Dorey K, et al. (2003) Caspase-
dependent cleavage of c-Abl contributes to apoptosis. Mol Cell Biol 23: 2790-
2799.

Machuy N, Rajalingam K, Rudel T (2004) Requirement of caspase-mediated
cleavage of c-Abl during stress-induced apoptosis. Cell Death Differ 11: 290—
300.

Goldberg Z, Vogt Sionov R, Berger M, Zwang Y, Perets R, et al. (2002)
Tyrosine phosphorylation of Mdm2 by c-Abl: implications for p53 regulation.
EMBO J 21: 3715-3727.

Saleh M, Trinchieri G (2011) Innate immune mechanisms of colitis and colitis-
associated colorectal cancer. Nat Rev Immunol 11: 9-20.

Van Limbergen J, Philpott D, Griffiths AM (2011) Genetic profiling in
inflammatory bowel disease: from association to bedside. Gastroenterology 141:
1566-1571 e1561.

Sudol M, Bork P, Einbond A, Kastury K, Druck T, et al. (1995)
Characterization of the mammalian YAP (Yes-associated protein) gene and its
role in defining a novel protein module, the WW domain. J Biol Chem 270:
14733-14741.

Bertini E, Oka T, Sudol M, Strano S, Blandino G (2009) YAP: at the crossroad
between transformation and tumor suppression. Cell Cycle 8: 49-57.

Basu S, Totty NF, Irwin MS, Sudol M, Downward J (2003) Akt phosphorylates
the Yes-associated protein, YAP, to induce interaction with 14-3-3 and
attenuation of p73-mediated apoptosis. Mol Cell 11: 11-23.

van der Weyden L, Papaspyropoulos A, Poulogiannis G, Rust AG, Rashid M, et
al. (2012) Loss of rassfla synergizes with deregulated runx2 signaling in
tumorigenesis. Cancer Res 72: 3817-3827.

Hodge DR, Cho E, Copeland TD, Guszczynski T, Yang E, et al. (2007) IL-6
enhances the nuclear translocation of DNA cytosine-5-methyltransferase 1
(DNMT1) via phosphorylation of the nuclear localization sequence by the AKT
kinase. Cancer Genomics Proteomics 4: 387-398.

Liao X, Siu MK, Chan KY, Wong ES, Ngan HY, et al. (2008) Hypermethyla-
tion of RAS effector related genes and DNA methyltransferase 1 expression in
endometrial carcinogenesis. Int J Cancer 123: 296-302.

Deng X, Gao F, Flagg T, Anderson J, May WS (2006) Bcl2’s flexible loop
domain regulates p53 binding and survival. Mol Cell Biol 26: 4421-4434.
Zhou D, Zhang Y, Wu H, Barry E, Yin Y, et al. (2011) Mst1 and Mst2 protein
kinases restrain intestinal stem cell proliferation and colonic tumorigenesis by

PLOS ONE | www.plosone.org

21

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

RASSF1A Regulates Intestinal Inflammation

inhibition of Yes-associated protein (Yap) overabundance. Proc Natl Acad
Sci U S A 108: E1312-1320.

Matallanas D, Romano D, Yee K, Meissl K, Kucerova L, et al. (2007)
RASSF1A elicits apoptosis through an MST2 pathway directing proapoptotic
transcription by the p73 tumor suppressor protein. Mol Cell 27: 962-975.
Schlegelmilch K, Mohseni M, Kirak O, Pruszak J, Rodriguez JR, et al. (2011)
Yap1 acts downstream of alpha-catenin to control epidermal proliferation. Cell
144: 782-795.

Goretsky T, Dirisina R, Sinh P, Mittal N, Managlia E, et al. (2012) p53 mediates
TNF-induced epithelial cell apoptosis in IBD. Am J Pathol 181: 1306-1315.
Dirisina R, Katzman RB, Goretsky T, Managlia E, Mittal N, et al. (2011) p53
and PUMA independently regulate apoptosis of intestinal epithelial cells in
patients and mice with colitis. Gastroenterology 141: 1036-1045.

Kijellev S (2009) The trefoil factor family - small peptides with multiple
functionalities. Cell Mol Life Sci 66: 1350-1369.

Loncar MB, Al-azzeh ED, Sommer PS, Marinovic M, Schmehl K, et al. (2003)
Tumour necrosis factor alpha and nuclear factor kappaB inhibit transcription of
human TFF3 encoding a gastrointestinal healing peptide. Gut 52: 1297-1303.
Scrace SF, O’Neill E (2012) RASSF Signalling and DNA Damage: Monitoring
the Integrity of the Genome? Mol Biol Int 2012: 141732.

Biasi F, Leonarduzzi G, Oteiza PI, Poli G (2013) Inflammatory Bowel Disease:
Mechanisms, Redox Considerations and Therapeutic Targets. Antioxid Redox
Signal 2013.

Roessner A, Kuester D, Malfertheiner P, Schneider-Stock R (2008) Oxidative
stress in ulcerative colitis-associated carcinogenesis. Pathol Res Pract 204: 511—
524.

Anwar A, Keating AK, Joung D, Sather S, Kim GK, et al. (2009) Mer tyrosine
kinase (MerTK) promotes macrophage survival following exposure to oxidative
stress. J Leukoc Biol 86: 73-79.

Lin Q, Wang J, Childress C, Yang W (2012) The activation mechanism of
ACK1 (activated Cdc42-associated tyrosine kinase 1). Biochem J 445: 255-264.
Mahajan NP, Liu Y, Majumder S, Warren MR, Parker CE, et al. (2007)
Activated Cdc42-associated kinase Ackl promotes prostate cancer progression
via androgen receptor tyrosine phosphorylation. Proc Natl Acad Sci U S A 104:
8438-8443.

Baksh S, Burns K, Busaan J, Michalak M (1992) Expression and purification of
recombinant and native calreticulin. Protein Expr Purif 3: 322-331.

Zhang H, He J, Li J, Tian D, Gu L, et al. (2013) Methylation of RASSF1A gene
promoter is regulated by p53 and DAXX. FASEB J 27: 232-242.

October 2013 | Volume 8 | Issue 10 | 75483



