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Malignant pleural mesothelioma (MPM) is an aggressive imamatory cancer with a poor
survival rate. Treatment options are limited at best and dguresistance is common. Thus,
there is an urgent need to identify novel therapeutic targstin this disease in order
to improve patient outcomes and survival times. MST1R (RON$ a trans-membrane
receptor tyrosine kinase (RTK), which is part of the c-MET pto-oncogene family. The
only ligand recognized to bind MST1R (RON) is Macrophage &tulating 1 (MST1), also
known as Macrophage Stimulating Protein (MSP) or Hepatocgt Growth Factor-Like
Protein (HGFL). In this study, we demonstrate that the MSTIMST1R (RON) signaling
axis is active in MPM. Targeting this pathway with a small metule inhibitor, LCRF-0004,
resulted in decreased proliferation with a concomitant inease in apoptosis. Cell cycle
progression was also affected. Recombinant MST1 treatmenivas unable to overcome
the effect of LCRF-0004 in terms of either proliferation or@optosis. Subsequently, the
effect of an additional small molecular inhibitor, BMS-77607 (which targets MST1R
(RON), MET, Tyro3, and Axl) also resulted in a decreased pifefative capacity of MPM
cells. In a cohort of MPM patient samples, high positivity fototal MST1R by IHC
was an independent predictor of favorable prognosis. Addibnally, elevated expression
levels of MST1 also correlated with better survival. This wtly also determined the
ef cacy of LCRF-0004 and BMS-777607 in xenograft MPM models Both LCRF-0004
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Baird et al. RON MET TAM in MPM

and BMS-777607 demonstrated signi cant anti-tumor ef cacy in vitro, however BMS-
777607 was far superior to LCRF-0004. Thein vivoand in vitro data generated by this
study indicates that a multi-TKIl, targeting the MST1R/MET/AM signaling pathways, may
provide a more effective therapeutic strategy for the treatent of MPM as opposed to
targeting MST1R alone.

Keywords: Malignant Pleural Mesothelioma, RON, MET, TAM, RT K, MST1, LCRF-0004, BMS-777607

INTRODUCTION the fact that it has now been shown to form heterodimers
with other receptors, such as IGF1R, EGFR, and MET
Malignant ~ Pleural ~ Mesothelioma  (MPM) is  an with resulting e ects on cellular migration, invasivenessdan
aggressive inammatory cancer, associated with asbestggcogenic transformationi(, 12, 19, 22). Additionally, MST1R
exposure {). The vast majority of patients present at an(RON) sustains MET oncogene addictio®d, while EGFR
advanced Stage, and as a consequence overall SUI’ViVﬂhB',diS dependence in non-small cell |ung cancer (NSCLC) involves
with most patients dying within 1 year of diagnosig, (3). ~MST1R (RON) 24).
Conservative estimates suggest that 43,000 people die frem thi The TAM receptors, comprising three RTKs, Tyro3, Ax,
disease each yea#)( however the actual number is probably and Mertk generally play important roles within the immune,
much greater §, 6). Although, there have been some recentreproductive, hematopoietic, vascular, and nervous sys(gfs
advances in this disease, current standard of care (cortibma Altered TAM signaling is thought to contribute to chronic
of pemetrexed and cisplatin chemotherapy) {s non-curative  jn ammatory and autoimmune disease in humans, and is
and results in a response rate oi0% ). Consequently, there strongly associated with cancer progression, metastast, an
is an urgent clinical need to identify novel therapeutic avesiin  resistance to targeted therapie$y, Altered expression of AXL
this disease to improve patient outcomes. has been previously demonstrated in MPM3(14). In MPM,
Receptor tyrosine kinases (RTK) are critical signalingignaling through the PISK/mTOR pathway has been shown

mediators involved in key cellular regulatory pathwayso be dependent on coordinated activation of EGFR, MET,
such as proliferation and apoptosi§)( Several studies have gnd AXL (26).

demonstrated that c-MET, Axl, EGFR, ErbB2, ErbB3, IGF1R, and A number of Compounds have been deve|0ped to target
PDGFR RTKs are active in MPM1(0-14), and that targeting ejther the MST1R (RON)/MST1 pathway, or multi-RTK
c-MET has anti-proliferative activity in this diseasé)). inhibitors designed to bind to the kinase domains of these

Récepteur d'origine nantais (RON/MST1R) is amember of th@TKs and inhibit their activity (some of which can inhibit
MET proto-oncogene family, is involved in the development ofhoth MST1R (RON), ¢c-MET, and members of the TAM
epithelial, bone, and neuro-endocrine tissueg{andis essential RTK family) and have recently been reviewetB (27). For
for complete embryonic developmentl). A heterodimeric example, the dual MET/MST1R (RON) kinase inhibitor,
protein, MST1R (RON) is composed of a transmembrangy2801653 which is a type-Il ATP competitive, slow-0 inhibit
150 kDab chain and a 40 kDa extracellular chain linked b|nd|ng to the kinase domains of these RTKS, decreased
by a disulphide bond 7). The main ligand for MSTIR tumor growth and angiogenesis in the lung cancer setting
(RON) is Macrophage Stimulating 1 (MST1), a member ofand demonstrated greater e cacy than crizotini2g). A ve
the Kringle family (8). Binding of MST1 (HGFL) results in  amino acid peptide termed NRWHE is also a dual inhibitor
auto-phosphorylation and dimerization of MSTIR (RON).  of c-MET/MST1R (RON) 27, 29). RON speci c agents have
A number of MST1R (RON) transcripts have been identi ed,also been developed, such as the monoclonal antibodies Zt/f2
with the two most common having been identi ed in normal which functions by inducing RON internalization, subseqtign
and cancerous tissues including breast, prostate and |8 ( reduces RON expression and impairs downstream signaling
coding for either full-length MST1R (RON) (MSTIR) or a gactivation or Narnatumab ((IMC)-RONS8) (Eli Lilly) which
shorter tranSCfipt called short-form (SfMSTlR:).% sfMST1R acts by b|0cking RON b|nd|ng to its |igand, macrophage_
is constitutively phosphorylated and results in a more aggives  stimulating protein (MSP), or the small molecule inhibitor of
cancer phenotype in breast cancég). A number of additional MST1R (RON) called LCRF-0004 (N-(3- uoro-4-(2-(1-methyl-
MSTIR (RON) variants have been identi ed, many of which1H-imidazol-4-yl)thieno[3,2-b]pyridine-7-yloxy)phenylL-
are constitutively active and have oncogenic potentialuditlg  phenyl-5-(tri uoromethyl)-1H-pyrazole-4-carboxamide) vi¢h
RONL 165 (also known ag RON), RONL 160, and RON 155  selectively binds to kinase catalytic domains of RON but not
amongst othersi(8). MET (30-32).

Once activated MST1R (RON) can signal through MAPK, Other small molecule inhibitors have been developed
NF-kB, Src, PI3K/Akt £0), and b catenin (L8). Pathological (BMS-777607 and Merestinib), which whilst marketed
activation of MST1R (RON) is involved in migration, invasion,as MET inhibitors, have strong inhibitory eects on
and the promotion of metastase&] 21). The potential in uence  MST1IR (RON), Axl, and Tyro3 in an equivalent nM
of MST1IR (RON) in oncogenesis is further enhanced byange 33 34).
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As the activation of multiple RTKs is a frequent eventin MPM,  Using Oncomine 88), we queried the expression of the
this study sought to examine and characterize the role ohbotMST1R/C-MET/TYRO3 and AXL receptors in the Gordon
the MST1/MST1R (RON) and TAM RTK signaling pathways inet al dataset 39 (Figure S4. We further examined an
this disease. In addition, we determined the e cacy of tdigg  available mesothelioma TCGA NGS dataset using cBioportal
these pathways using either agents that speci cally target t{40) (Figure S9. Finally, we examined the expression of
MST1/MST1R (RON) pathway ((IMC)-RON8, NRWHE and these receptors in a separate series of patients for which
LCRF-0004), or an agent that targets the MST1/MST1R (RONjicroarray data was available (Goparaju and Pass, unpub)ishe
pathway, c-MET, Axl, and Tyro3 (BMS-777607). (Figure S9. Thesein silico analyses demonstrate that the

MSTI1R and TYRO3 receptors are signi cantly overexpressed in
mesotheliomaKigure S4, con rming previous data regarding
RESULTS MET (10) and AXL (13, 14), and suggesting that all four receptors

The MST1R (RON)/MET/TAM RTKs Are may be candidate targets for therapy in MPM.

Frequently Activated in Mesothelioma and _ )
Expressed in MPM Cell Lines MST1 Is Overexpressed in Primary MPM

A phospho-RTK array was utilized to screen for activated RTkd umors and Cell Lines
in a panel of MPM patient tumor samples (D 7) and cell We then examined the expression of the ligand for MST1R
lines (W D 4). Expression data indicated that c-MET (HGFR),(RON), MST1 in primary MPM and cell lines. In patient samples,
MST1R (RON), and members of the TAM receptors (namelyMST1 mRNA was signi cantly elevated in the tumor specimens
Axl and Tyro3, but not MERTK), were often activated in MPM (n D 17) compared to benigm(D 5;p< 0.0022Figure 3A), with
(Figure 1A, Supplementary Figure 1A We therefore examined Signi cant overexpression observed in the epithelial and bigh
the expression of MST1R, C-MET, AXL, and TYRO3 at theubtypes $upplementary Table S Analysis of the Gordon
mRNA level in a larger panel of MPM cell lines D 17). Both ~ dataset in Oncomine, subsequently con rmed the signi dgint
and sfMST1R were robustly detected in the majority of MPM elevated MST1 expression in tumor tissueg(re 3A). MST1
celllines at the mRNA leveF{gure 1B), similar to the expression was found to be ubiquitously expressed at the protein level
of C-MET, TYRO3 and AXLFigure 1B). Additionally, anumber in mesothelioma cell linesHgure 3B). We also examined the
MST1R (RON) chain isoforms were detected at the protein levelevels of MST1 in patient serums. Elevated MST1 was not
such as p110 and p8&ypplementary Figure 15 observed in patients with mesothelioma compared to at risk
(asbestos exposed) patienBgure 3C). The TAM RTK ligand,
. GASG6, was also not signi cantly altered at the mRNA level in
Overexpression of MST1R/MET/TYRO3 patients Figure 3D).
and AXL Is Frequent in Primary MPM
Strong expression of both sfMST1R and MST1R mRNA was .
also observed in fresh-frozen surgically resected mekothes MST1R (RON), Tyro3, and MST1 Expression
across all histological subtypes) 17), which was greater than in MPM Tissues
that observed in resected benign tissuasD( 5) (Figure 2A, It is well established that c-MET and Axl are overexpressed,
Additional File: Figure S24. We found the same was true activated and have prognostic value in MPM tissu&$ @1),
for the other receptors, with signi cant overexpression of C-however less is known about other family members. We stained
MET (Figure 2B Figure S2B, AXL (Figure 2C Figure S2G  established MPM TMAsr( D 132) @2, 43) for expression of
and TYRO3 Figure 2D, Figure S2D in the MPM cohort. MST1R (RON), MST1, and Tyro3.
When stratied by histology, signi cant overexpression of Based on global staining intensity dichotomized closesh#o t
sfMST1IR and MST1R, C-MET, TYRO3, and AXL wasmedian intolow and high, high expression of MST1R (RON) was
observed predominantly in the epithelial and biphasic subtype®und to be an independent prognosticator for survival based
(Additional File:Supplementary Table SiL on Cox regression survival analysis (log rapkD 0.014, 14
Furthermore, the expression dfRON (MST1R) 85, was vs. 11 months) Figure 4A). Immunohistochemistry for MST1
also detected in the majority of cell lines tested at the mRNAvas subsequently conducted on the same mesothelioma TMA
level, and found to be signi cantly overexpressed in primary(Figure 4B). Like MST1R (RON), high MST1 expression was
patient tumors compared to benign pleurd&igures S3A-C found to be an independent prognostic factor for longer surliva
Supplementary Tables S1, $2As mutations within the tyrosine (log rankp D 0.015, 14 vs. 11 months). There was no correlation
kinase domain of MST1R have been identi ed in Merkel cellbetween gender, histology, or age with global RON or MST1
carcinoma and Gastroesophageal adenocarcind®fa3(’), we score. On multivariate analysis, only high expression of MST1
screened DNA from our panel of MPM cell lines and the 17remained signi cantly associated with increased survival
fresh-frozen surgical samples for the presence of the R1018G Expression of Tyro3 was also examined by IHC in a cohort of
(36) or R1194H 87) mutations. No mutations were found (data MPM patients. In this instance, when staining was categorized
not shown). We also examined our panel of MPM cell lines andnto positive and negative (with positive 10%), there was
tumors for the presence of MET exon 14 skipping, and again na potential trend toward a survival benet but this was not
mutations were observed (data not shown). signi cant (p D 0.052, 14.5 vs. 6.6 month&igure 40).
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FIGURE 1 | MST1R (RON) is activated in MPM patient samples and cell lise(A) A heat map summarizing the basal phosphorylation levels ohe MET (HGFR),
MST1R (RON), and the TAM RTKs (TYRO3, AXL, and MERTK) in MPNhtrs (n D 7) and cell linesit D 4; Ju77, NCI-H28, NCI-H2052, ONE58). Signals with an
intensity value greater than the 99% con dence interval of th mean of the 10 negative controls were scored as positive. Yw indicates high activity and blue
indicates low or undetectable kinase activity(B) MST1R and sfMST1R, MET, MST1, AXL, TYRO3, MERTK, and GAS6 wedetected at the mRNA level (standard
end point PCR), in a panel of MPM cell lines, which included wvnormal mesothelial cell lines (LP9 and Met5An © 17). 18S rRNA was used as a loading control.

In silico analysis of a mesothelioma TCGA dataset usindfRecombinant MST1 Activates a Number of
ProgGene 44) provides further evidence to support these Downstream RTK in MPM
observations Rigure S3. In this data set only MST1R, MST1, 7o determine the activity of MST1-MST1R (RON) signaling
or AXL had any survival bene t. In agreement with our data,in MPM, JU77 cells were treated with MST1 (250 ng/mL)
high expression of MST1RP(< 0.022), or MST1R < 0.05) for a period of 30min to 48h and samples assayed on
was associated with better overall survival, which renthinea phospho-kinase array (46 siteBijgure Sj. Densitometry
signi cant (P < 0.008) under multivariate analysisigure S§.  analysis was performed and fold increases were determined
High expression of AXL was associated with poorer overalielative to their expression at time 0. A signi cant number
survival @ < 0.0000004), in contrast to the data observed byf proteins were phosphorylated within 30 min of MST1
Pinato et al. {4). All other genes examined had no signi cant treatment with a majority having sustained activation over
survival bene t (data not shown). 48h. A number of these proteins are critical mediators of

As MST1 plays important stimulatory roles with respect tothe AKT/mTOR and ERK1/2 signaling pathways. In addition,
macrophages, TMAs were also stained with the macrophage number of these are downstream mediators, which can
marker, CD68 D 130; Figure S§. However, there was no be activated by MST1R (RON) through its cross talk with
relationship observed between CD68 staining and MST1 or angGFR, IGF-1R and MET 1§). We further examined the
patient characteristics. Similar results were also obsefmein e ect of MST1 on a second MPM cell line (NCI-H226)
silicoanalysis of the TCGA datasefigure S6. (Figure S7. When compared across both cell lines a smaller

In conclusion, these results suggest that these RTKs asebset of phospho-kinases (predominantly limited to the
overexpressed in MPM and as such may be suitable candidateERK and AKT signaling pathways) were activated by MST1
for therapeutic intervention. (Figure S7. Taken together, these results demonstrate the

Frontiers in Endocrinology | www.frontiersin.org 4 February 2019 | Volume 10 | Article 89


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Baird et al. RON MET TAM in MPM

A 801 2.0
N * (p=0.0077) *
’5 w (p=0.0116) . < -
] b 8
g % 1.5 _—— In
o (2] [ ]
e ©
w 401 € 104
o 2 1.0 [ 1]
3 204 . g o5
- 2]
0 — "y pu " 0.0 T i
o &
© 0 $ N
< «06‘ 0‘5‘\& ,\0&0
B C
801 50+
- (p=0.0116) * - (p=0.0573)
=} - S 404 L)
i~ 2
@ @
5 & 301
& 404 & .
o o 204 .
2 2 um
5 204 - K
i R —
<> $ <> $
O 4 ) &
@e“ &\)@ 0@‘\ «\,@
D
50+
*%
c =0.0078
O 40 (P ) ]
I
7]
[
g 301 [ ]
e
w
E 20+ .
K.
2 —=k
N — [
o> $
) N
ee“\ «o@o
FIGURE 2 | mRNA levels of MST1IR/MET/TYRO3 and AXL are elevated in a cohaft MPM patient samples. The mRNA expression ofA) MST1R, (B) MET, (C) AXL,
and (D) TYRO3 were examined by qPCR or standard end point PCR in a colibof benign pleura (i D 4) vs. MPM patient specimensif D 16). Because detection of
sfMST1R utilizes a nested-PCR methodology, densitometrianalysis for this gene was used instead on end-point PCR pragtts run on agarose gels, with 18S rRNA
serving as a loading control. Signi cant overexpression oflagenes was observed in the MPM specimens compared with begh pleura. Statistical analyses used an
unpaired one tailed Student'st-test with Welch's correction (p < 0.05, **p < 0.01).

functionality of MST1R signaling within the MPM setting, (and acting to prevent MSP mediated signaling). The dose
a ecting a number of critical downstream signaling pathwaysresponse e ect of these drugs on proliferation is provided in
and further indicating that MST1R may be a potential target for(Figure S§. Intriguingly, LCRF-0004 was the only compound

therapeutic intervention. found to signi cantly reduce the proliferative rate in NCI-
H226 MPM cells at both 24p(< 0.01) and 48h (f <

Inhibition of MST1R (RON) Signi cantly 0.05) Figure S§. Conversely, recombinant MST1 signi cantly

Reduces Cellular Proliferation and Viability reduced the proliferative capacity of the normal Met5A pleural

We therefore examined whether MST1R (RON) blockadeell line, while it had no meaningful e ect on mesothelioma
had any e ect on three cell lines (Met5A, JU77 and NCI-cancer cells (JU77)F{gure S§. Based on these results, all
H226) using three dierent approaches (i) LCRF-0004—asubsequent experiments utilized LCRF-0004 at 200nM and
MST1R (RON) speci ¢ small molecule inhibitor targeting the MST1 at 250ng/mL. We subsequently determined the e ect
MST1IR (RON) RTK domain, (i) NRWHE—a ve amino of both drugs alone or in combination, on the proliferative
acid peptide sequence shown to prevent MST1R (RONjapacity of NCI-H226. LCRF-0004 treatment resulted in
ternary complex formation with CD44 and abrogating RON signi cant anti-proliferative e ects on the cells, which could
or MET activation, and (iii) RON8—a humanized monoclonal not be rescued by MSTIF({gure 5A). When cellular viability
antibody directed against the extracellular domain of MST1Rvas examined Kigure 5B), the same observations held at
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FIGURE 3 | Levels of MST1 are signi cantly elevated in MPM tissue vs. begn. (A) MST1 is overexpressed in primary MPM vs. benign pleura. Analis of the
Leicester samples showed signi cant p D 0.0022) overexpression in tumorsi{ D 17) vs. benign pleuraif D 5) Statistical signi cance was obtained using a two tailed
Students t-test with Welch's correction (*p < 0.01). This data was con rmed using Oncomine analysis of the Grdon MPM dataset q D 49) (37), where MST1 levels
were elevated in MPM tumors compared to pleural tissuep(D 0.018). For differential gene expression analysis Onconeruses two sided Student'st-test (36). (B)
MST1 is expressed at protein level in MPM cell lines © 12). Western blot demonstrating expression of MST1 at the ptein level in MPM cell lines(C) Serum MST1
levels were unaltered in patients with primary mesothelioanvs. patients with prior exposure to asbestosr{ D 20 per group). (D) GAS6 mRNA levels were unchanged
in the MPM patient cohort compared with benign pleurab-actin or 18S rRNA is included as a loading control in appropate images.

24h, however at 48h, MST1 treatment also resulted idnhibition of MET/MST1R (RON)/Tyro3 and
decreased viabilityHigure 5BUT vs. MST1). Again, MST1 was Ax| Signi Cantly Reduces Cellular
unable to rescue the cells from the e ect of the LCRF-000rgliferation

compound Figure 5B). ~ To determine if a multi-targeting approach was also potentially
Taken together, these results suggest that specicallysefyl, we examined the e ect of varying doses of BMS-777607

targeting the MSTIR (RON) RTK domain hason cellular proliferation. At 72h post treatment, a signi cant

anti-proliferative activity. decrease in cellular proliferation was observed for MPM cells

Frontiers in Endocrinology | www.frontiersin.org 6 February 2019 | Volume 10 | Article 89


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Baird et al. RON MET TAM in MPM

1.0 -
Survival:
0.8 | </=2.0 (n=77): 11 months (95% CI: 8; 14)
_ >2.0 (n=55): 14 months (95% CI: 6; 22)
©
2 06 -
>
=
@
0.4 -
£
3
o
0.2 -
Log rank p=0.014
»>20
o_o - — ¢
0 20 40 60 80 100
Survivalin months
1.0 7 Survival:
</=2.0 (n=69): 11 months (95% CI: 9; 13)
= 08 1 >2.0 (n=63): 14 months (95% CI: 11; 17)
2
2 06 -
3
(7}
E o4 -
3
o
0.2 -
Log rank p=0.015
>20
0.0 -
0 20 40 60 80 100
Survivalin months
Survival Functions
1.0
TYRO3_Percent Stained_Cat10
I Negative
—"1 Positive
08
Positive >= 10%
5 o5 Negative (N=51) = 6.6 mo
g Positive (N=22) = 14.5 mo
B P =0.052
3 04
0.2+
00
T T T T T T
00 50.00 100.00 150.00 200.00 250.00
OS_Diagnosis
FIGURE 4 | In a cohort of MPM patient samples, elevated levels of MST1R (B\) and MST1 are associated with increased survivalA) Immunohistochemical staining
of an MPM TMA for MST1R (Santa Cruz Biotechnology, sc-322, RR: AB_677390), at (40x) magni cation for both focal positivand strongly positive cores. Following
scoring by two pathologists, and dichotomized closest to tle median into low and high using> 2, </D2 global scores, the results were analyzed using Cox regregsn
for survival on (1 D 132) patients for which clinical data was available. High @xession of RON was found to be an independent prognostic faior correlating with an
overall increased survival (14 vs. 11 monthg) D 0.014). (B) Immunohistochemical staining of an MPM TMA for MST1 (Santa Gz Biotechnology, sc-6088, RRID:
AB_2235679). At (40x) magni cation, both focal positive andstrongly positive cores were observed. Following scoringya pathologist and dichotomized closest to
the median into low and high using> 2, </D2 global scores, the results were analyzed using Cox regressn for survival onif D 132) patients for which clinical data
was available. High expression of MST1 was found to be an ingeendent prognostic factor correlating with an overall in@ased survival (14 vs. 11 monthg D 0.015).
(C) Immunohistochemical staining of an MPM TMA for Tyro3 (Abcamb@9778, RRID: AB_10673822) in a patient tumor sample. (i) 20megative control; (ii) 20x, and
(iii) 40x magni cation of the inset highlighted in (ii). At@& and 40x) magni cation, both cytoplasmic/membranous stairing is observed. When scored and categorized
into positive and negative with positive> D 10%, Kaplan-Meier Analyses (with OS from time of diagnosisjas not signi cant (14.5 vs. 6.6 monthsp D 0.052).
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FIGURE 5 | Treatment with LCRF-0004 and BMS-77607 reduces the prolifeative capacity of malignant mesothelioma cell§A) Effects of LCRF-0004 (200 nM) and
MST1 (250 ng/mL) (alone or in combination) on cellular praifation as measured using a BrdU proliferation assay. LCRE904 signi cantly affects the proliferative
capacity of NCI-H226 cells at 24 or 48 h, while MST1 is unable toescue the cells from the effect of RON inhibition(B) Cellular viability is also decreased in response
to LCRF-0004 treatment (HCS assay) using the NCI-H226 cell§C) Treatment with BMS-77607 resulted in signi cantly reduced ellular proliferation in both NCI-H226
and REN (MPM cell lines), whilst having no effect on LP9 (noaihmesothelial cells). Signi cance was calculated based on ane-way ANOVA with a post-hoc Tukey's
Multiple Comparison test (p < 0.05; **p < 0.01; ***p < 0.001).

(NCI-H226 and REN) but not for the normal mesothelial celldin increase in cellular apoptosis was observed at 48h post
(LP9) Figure 50), indicating that targeting all four RTKs is also treatment Eigure 6A).
a potentially useful therapeutic strategy.

Obstruction of MST1R (RON) Signaling Inhibition of MST1R (RON) Alters Cell Cycle
Increases Cellular Apoptosis Progression

As cellular proliferation and viability were a ected by treants  Given that inhibition of MST1R (RON) can alter cellular
with LCRF-0004, we subsequently examined the e ects of thigroliferation, viability, and apoptosis, this suggested that
compound with respect to cellular apoptosis. Using a HCS$nhibition of MST1R (RON) might alter cell cycle progression.
based assay, 200 nM of LCRF-0004 signi cantly increasedarell After 24 and 48 h of drug treatment, signi cant alterations t
apoptosis at both 24 and 48h for early stage apoptotic celtell cycle distribution were observed. Signi cantly adtercell
(apoptotic live) and at 48 h for late stage apoptotic cells (apaptot numbers were determined in either the GO/G1 phdsg\re 6B),
deadjFigure S9A. As was the case for proliferation and viability, or in G2/M (Figure 6B), depending on the assay used, due to the
MST1 was unable to protect cells from the e ect of the drugenhanced sensitivity of the FACS. MST1 did not alter cell cycle
FACS was also used to assess apoptosis. Representative gloigression, nor as was the case in other functional assayisl, ¢
and graphed analysis are shown kigure S9B A signi cant it protect the cells from the e ect of LCRF-0004.
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FIGURE 6 | LCRF-0004 promotes apoptosis and alters cell cycle progresion in MPM cells(A) Inhibition of MST1R (RON) by LCRF-0004 (200 nM) promotes calihr
apoptosis in the NCI-H226 cell lines as measured by FACS (48 hgst treatment). A representative FACS plots are show with thresults graphed underneath
(MST1-250 ng/mL). Signi cance was calculated based on a one-ay ANOVA with apost-hoc Tukey's Multiple Comparison test. (#f < 0.01; ***p < 0.001). (B) FACS
analysis determined that LCRF-0004 (200 nM) treatments rest in a signi cant accumulation of cells in the G2/M phase. Sigi cance based on a one-way ANOVA

with a Tukey's Multiple Comparisons test (§ < 0.01).
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FIGURE 7 | The multi-TKI, BMS-777607, results in superior tumor growtfinhibitionin vivocompared with LCRF-0004. Female nude Balb/c mice were injeed sc.
with 7 million NCI-H226 cells and randomized in to treatmentigpups when tumors reached 200 mm3. Tumors were measured using digital calipers and the volume
calculated using the modi ed ellipsoid formula where the gratest longitudinal diameter (b) and the greatest transveesdiameter (a) were used (a2 b  0.5). DMSO
was the vehicle control for both studies(A) Mice were treated with 15 doses of drug (20 mg/Kg;n D 10) by i.p. injection over a 3 week period. Treatment startedn
day 39 and nished on day 57 (Week 1: Days 39-43, Week 2: Days 480, Week 3: Days 53-57). Signi cant inhibition of tumor growt was observed between week
2 and 3. Animal data was analyzed using a two way ANOVA with Bdarroni adjustment with time treated as a discrete variableDifferences were considered

signi cant when p < 0.05. (B) Mice were treated with 21 doses of drug (5, 10, 25 mg/kg;n D 15), by oral gavage, over a 3 week period. Treatment startedroday 21
and nished on day 39 (Week 1: Days 21-25, Week 2: Days 28-32, Wak 3: Days 35-39) with signi cant tumor growth inhibition obsrved during the dosing period,
and tumor size measured following removal of drug until thexg@eriment was stopped (day 61). Signi cance was measured usig Restricted maximum likelihood
(REML) method (Tukey's Multiple Comparisons test. ns - notigni cant; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001). Further information is available in
Supplementary Table S3 . (C) The animals were monitored up until day 110, and median sunal calculated. Median survival was also greater, with it neaining
unde ned for the 25 mg/kg group. Animal survival analysis was malyzed using Log-Rank (Mantel-Cox) test.

Inhibition of MST1R (RON) in vivo vivo tumor xenograft model (NCI-H226 cells). Fifteen doses
Signi cantly Reduces MPM Tumor Volume were injected (I.P) over a 3 week period at three dierent
As LCRF-0004 showed promisie vitro, we subsequently concentrations: 10, 15, and 20 mg/Kg. Tumor measurements
examined whether LCRF-0004 had similar e cacy in am were taken every few days and all animals were euthanized
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when vehicle controls reached 1,500 f(Pay 61) Figure 7A).  MST1R (RON) have been linked to EGFR dependence in NSCLC,
Little di erence was observed in the lower dosing groups (10as has IGF1R24, 48 49).
15 mg/Kg—data not shown), however signi cant inhibition of  Inthis study we have shown thatthe MST1R, C-MET, TYRO3,
tumor growth was observed on days 54 (384 vs. 666 mm3), Gthd AXL receptors are overexpressed in mesothelioma tumors
(404 vs. 710 mA), 57 (460 vs. 734 mf), and 61 (517 vs. 821 (Figure 2, as is MST1Rigure 3), and independently validated
mm?) at the highest dose given (20 mg/Kg vs. vehicle). These datfse results in various other available datagéitpfes S2S9.
correspond to week three of treatment, when mice were rengivi  High expression of MST1R (RON) and its' associated ligand
their 11th dose of the drug on day 54. To our knowledge, this i$§MST1) is linked to longer survival (14 vs. 11 monthSjgure 4).
the rstdatato demonstrate thim vivoe cacy of MST1R (RON) MST1 is an independent prognostic factor for longer survival
blockade using LCRF-0004 in a murine model of mesotheliomaand in multivariate analysis only MST1 remained signi cant
for prognosis Figure 4B). In silico analysis of the TCGA

. e mesothelioma dataset con rmed that high expression of MST1R
Combined Inhibition of MST1R/M ET/TyroS and MST1 was associated with longer survidgre S5.

and Axl Is Superior to Inhibition of MST1R Whilst surprising, higher expression of individual RTKs
Alone often correlates with better prognosis. For example, in MPM,
Two orally bioavailable small molecule inhibitors haveersity =~ overexpression of EGFR and plasma cell membrane MET
been developed (BMS-777607 and Merestinib), which whilgtorrelate with better survival 40, 50). Furthermore, high
marketed as MET inhibitors, have strong inhibitory e ects onexpression of MST1R (RON) has been linked to cisplatin
MST1R (RON), Axl, and Tyro3 in an equivalent nM rangeresistance in ovarian cancetl), a principle element in the
(33 34). We therefore examined the e ect of BMS-777607 instandard rst-line chemotherapy for mesothelioma. Despite
our NCI-H226in vivo tumor xenograft model. Mice were dosed these confounding issues, targeting of these RTKs may atié h
orally at three concentrations which were administerediydai potential bene tin the treatment of MPM.
for 3 weeks. All three-drug concentrations showed sigmica  In addition to MST1R (RON) itself, its' ligand, MST1
inhibition of tumor growth during the dosing period (days 21— plays critical roles in inducing the spreading, chemotactic
39), and following removal of drug until the experiment wasmigration, and phagocytosis of macrophagés)( Staining of
stopped (day 61)Rigure 7B). When survival was assessed, theour TMA for macrophage in Itration did not however nd any
median survivals were as follows: 5 mg/Kg (101 days) vscheehi Signi cant di erences, and had no prognostic valugigure S9,
(78 days)p D 0.0007; 10 mg/Kg (103 days) vs. vehicle (78hile serum levels of MST1 also showed no signicant
days)p < 0.0001; 25 mg/Kg (unde ned) vs. vehicle (78 daysplterations between una ected vs. tumor patienBgure 30).
p< 0.0001 Figure 70). When mesothelioma cells were stimulated with MST1, strong
e ects on downstream signaling pathways were observed using
antibody based arrays, suggesting that this pathway is both
DISCUSSION intact and functional in mesothelioméigure S§. Furthermore,
recombinant MST1 had signi cant anti-proliferative e ects @n
Receptor tyrosine kinase (RTK) oncogenic signaling networksormal pleural cell line, whilst having no e ect on a malignant
are becoming increasingly important, particularly in thehlig cell line Figure S§.
of oncogene addiction and/or resistance to drug therapy. Given that JU77 cells seem to have a constitutive activation
Also known as the “Achilles’ heel” of cancer, oncogen®f the RON MET TAM pathways due to the expression of the
addiction basically describes a situation where the satvivsfMSTR1 variantKigure 1 and Figure SJ, it could be argued
and proliferation of a cancer is dependent upon an overactivéhat the responses to MST1 observed in this cell IFFigre S
oncogene(s) or its downstream pathway(s). Consequentlgo not truly re ect signaling functionality for this axis copared
targeted disruption of this “addicted” oncogene/pathwaydiea to the responses observed for NCI-H226, and that cell lines
to growth arrest and programmed cell death5(46). Using a  with di erent activation states of the pathway could instead
phospho-RTK array, we screened a number of primary tumorsave been used to test the molecules to ensure that JU77 and
and cell lines for activated receptors. From this screen wlICI-H226 are not “special cases,” or alternatively, cellliwih
identi ed the c-MET RTK family, and members of the TAM RTK similar activation states or characteristics could havenhesed
family (Tyro3, Axl, MERTK), as being frequently activated into con rm the results.
MPM. While it is well established that the Hepatocyte Growth In this regard, it must be considered that c-Met and RON can
Factor Receptor (MET) is frequently overexpressed and activatde activated by HGF and macrophage stimulating protein (MSP),
in mesotheliomaZl0), to our knowledge this is the rstindication respectively. Moreover, activated signaling also depends on the
that it's less well-studied family member, MST1R (RON) is alsavailability of adaptor proteins and signaling intermedgde the
frequently activated in MPMRigures 1, 2). tendency of the adaptor proteins and signaling intermediates
MSTI1R (RON) can interact with both IGF-1RY) and EGFR undergo homodimerization or heterodimerization. We thne
(22) and itis interesting to note that all three were found aated  examined the expression of both the MET/MST1R and TAM
in 2/6 patient samples in our phosho-RTK array analysis, whilsignaling pathways in both cells and nd that all of the ligands
3/6 samples demonstrated co-activation of MST1R (RON) andnd receptors are expressed at the mRNA level in both these cells
EGFR Gupplementary Figure SL In this regard, EGFR and (Figure S10Q. The results that we have observed are consistent
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FIGURE 8 | Schematic diagram illustrating putative superior effectsf multi-TKI inhibition. This gure represents how small mekule inhibitors such as LCRF which
are restricted to a single RTK are limited in their ability target multi-TKIs if receptor hetero-dimerization occursln contrast, small molecule inhibitors such as
BMS-777607 can potentially target multiple homo-dimers ad heterodimers simultaneously, giving superior results asbserved in this study.

with other studies investigating the activation state ofk®Tin  mesothelioma cell lines, and were subsequently dropped from
mesothelioma such as the study by Sekido et Hl), (which  further study Supplementary Figure SB Indeed, Eli Lilly has
also observed frequent coactivation of multiple RTKs in MPMdiscontinued development of Narnatumalbd). The poor
cells, but which di ered between cell lines. MST1R and c-Metesponses observed by Narnatumab or NRWHE may be because
are co-expressed in many types of tumors and functionallypoth of these target elements of the MST1R (RON) receptor at
crosstalk, forming heterodimers, and phosphorylating eatieot the extracellular or cell membrane level, and as MST1R (RON)
(52, 53). Experimentally, it has been shown that c-Met hashas several truncated receptor variants (lacking extraeellul
stronger kinase activity than MST1R4), and thus it is possible elements) including the constitutively active oncogenMdST1R
that heterodimers might be more e ciently activated than (18), this may have limited their e cacy.
MST1R-MST1R homodimers, and implies that c-Met-MST1R In contrast, a small molecule inhibitor of the MST1R (RON)
heterodimers can promote the activation of diverse sigmalintyrosine kinase domain (LCRF-0004) had signi cant e ects on
cascades through di erent platform§3). mesothelioma cellular proliferation and health, and cell cycle
As such the observed e ects in both NCI-H226 and Ju77rogression Figures 5-7), and additions of exogenous MST1
re ects not only ligand binding of MST1 to full-length MST1R were unable to abrogate these e ects. Following on from this
homodimers but also re ects MST1 binding and signaling viadata, we examined if a multi-targeted approach would also
diverse RTK heterodimers (for example c-MET/MST1R), and th@rove useful. BMS-777607 signi cantly reduced the prolifiest
subsequent e ects of targeting RTKs either with TKI- speci ccapacity of REN and NCI-H226, whilst having no obvious e ect
or multi-TKls as shown in this manuscript and discussed belowon LP9 cellsFigure 5C).
must be considered in this light. The ecacy of both LCRF-0004 and BMS-77607 was
Interestingly, another RTK found to be highly activateddetermined in arin vivoxenograft settingKigure 7). Combined
in our samples (5/7 tumor samples) was macrophage colonynhibition of MST1R (RON)/MET/Tyro3 and Axl is superior
stimulating-factor-1-receptor MCSFR (CSF1R) (data noto inhibition of MST1R (RON) alone, with survival remaining
shown). In this regard, Cioce et ab%) recently determined that unde ned for the 25 mg/kg dose of BMS-777607. The drug
CSF1R plays important roles in chemo-resistance in MPM. Thisptimization of LCRF-0004 is still ongoing and several new
further strengthens the notion that receptors associateth wi analogs have been disclos&d+59).
macrophage signaling may have critical roles in mesotheliom Mesothelioma lags behind most solid tumors with respect
pathogenesis, and it will be interesting in the future to detme  to having very limited treatment options once standard
if MST1R (RON) could heterodimerize with this RTK. rst line chemotherapy fails. We have identied a novel
Given that MST1R (RON) is overexpressed and activated ipathway, the MST1/MST1R (RON) signaling axis, which is
MPM (Figures 1, 2), and that its ligand is also overexpressedoverexpressed, activated, and can be targeted pharmaalggic
and functional in eliciting downstream signaling in MPM cell in mesothelioma. However, our results suggest that a niti;
(Figure 3 and Figures S7510, we subsequently assessed theargetingthe MST1R (RON)/MET/TAM signaling pathways may
e ects of three agents directed against MST1R (RON). Thbe a more e ective therapeutic strategy for the treatment of
rst two compounds, a ve amino acid peptide (NRWHE), MPM as opposed to targeting MST1R (RON) alone. This may
and Narnatumab ((IMC)-RON8) a monoclonal antibody beingin part be due to a potential superiority of multi-TKI to target
developed by Eli Lilly had no signicant responses onreceptor hetero-dimer formation and cross talk as postulated
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in Figure 8 One limitation to the current study is that only approaches with small molecule inhibitors targeting multiple
a single MPM cell line was used for vivo studies. As MPM  TKI domains at low nanomolar concentrations may have greater
is a heterogenous diseas&)) future studies involving other therapeutic e cacy than agents which are selective for il
mesothelioma cell lines or models may further delineate an®RTKs alone. RTK hetero-dimerization is an emerging elenent
expand on this possibility. our understanding of the causative mechanisms underpinning
Another limitation in the current study is that thén vivo  resistance to targeted therapies. Multi-TKIs such as the one
model used utilized subcutaneous ank xenograft modelscWwhi studied, may have e cacy toward RTK hetero-dimers, and may
do not truly re ect the growth pattern of malignant pleural therefore overcome or limit the development of drug resis&anc
mesothelioma. Moving forwards, it may be necessary to ude targeted therapies involving TKls. Moving forward it may be
orthotopic animal models to explore whether multi-TKIs are possible to design a prospective clinical trial in mesothelioma
more e cacious than single TKI based targeted therapy. to target multi-RTK signaling pathways targeting the recepto
The results from this study suggest that receptordentied in thisreport.
heterodimerization may be an important element in malignant
pleural mesothelioma, particularly with respect to therapeuti MATERIALS AND METHODS
targeting. In this regard, whilst c-Met-RON heterodimers wcc
their functional relevance of has not been fully delineatedPrimary Tumor Samples
However, some studies have suggested that general lossSofrgical specimens were obtained as discarded tumor
MST1R leads to changes in c-Met signaling. For example, it waamples from patients who had undergone extended pleuro-
found that silencing RON in pancreatic cancer cell lines leadpneumonectomy at Glen eld Hospital, Leicester, UK. Benign
to upregulation of c-Met expression and activitglf, whilst specimens were acquired from patients never diagnosed with
another study has demonstrated that oncogenic addition tdVIPM. Informed consent was obtained from each patient, and
c-Met requires co-expression of constitutively activated RONhe study was conducted after formal approval from the relévan
that was dependent on transphosphorylation by c-M&)(This  Hospital Ethics Committee (Leicestershire REC referencég 67
suggests that inhibitors that co-target or simultaneousigck  and 6948). Samples consisted of the following: 5 benign Ission
the kinase activities of both c-Met and RON might be clinicallyand 17 MPM samples (epithelioidk D 7; sarcomatoidn D 4;
useful. However, most studies have not considered the gbisib biphasicn D 6), details of which are provided ifable 1
that separately inhibiting either c-Met or RON might lead to
compensation by the otheB). Ethics Statement
The potential for RTK cross talk is not only important in The study was conducted in accordance with the Declaration
carcinogenesis but may also be critical in drug resistace. of Helsinki.
recent study had shown that RTKs such as MET or AXL can
work together to drive resistance to EGFR-TKI in NSCI82)( 1agLE 1| patient samples used in this study.
Additionally, EGFR TKIls can produce o target e ects such as

the inhibition of phosphorylation on speci c residues in both Sample Pathology (benign, epithelial, Age Gender
MET and MST1R (RON)&3). biphasic, sarcomatoid)

Nevertheless, mglti-TKIs are being stuelied as potential_,, Benign_pleural plague 55 Male
therapeutle targets in cancer. The use multi-TKI euch as th Benign—pleural plaque o5 Male
useq in this study (BMS-777607) whl_ch targets various RTKS ats, Benign—pneumothorax 30 Male
equivalent low nanomolar concentrations sho_uld be conxade_ IEAL Benign—empyema 68 Male
a useful tool to test whether receptor heterodimers playaalti - ¢45 Benign—pleural plague 55 Male
roles in cancer development and drug resistance. Indeedgwhi;z,; Epithelial 62 Male
BMS-777607 is marketed as a c¢c-MET inhibitor, one recenig;sq Epithelial 73 Male
study utilized it to therapeutically target AXL in a model jg149 Epithelial 66 Male
of glioblastoma§4). JE155 Epithelial 56 Female

The issue of receptor heterodimerization as a potential bypasg;s; Epithelial 52 Male
mechanism for lack of response to therapy (or in the developmen162 Epithelial 56 Male
of acquired or intrinsic resistance to therapy) by TKIs isjg173 Epithelial 54 Male
supported by the results obtained in this study. As such futurggss Biphasic 54 Male
studies may have to include multipie vitro andin vivo models  jgso Biphasic 54 Female
of MPM to test these possibilities more rigorously. JE136 Biphasic 41 Male

JE150 Biphasic 58 Male

JE151 Biphasic N/A Male
CONCLUSIONS JE160 Biphasic 60 Female

JE106 Sarcomatoid 74 Male
Our results have demonstrated that the MST1R/MET and TAME125 Sarcomatoid 64 Male
receptors are overexpressed and may be suitable candidates 33 Sarcomatoid 59 Male
therapeutic targeting in MPM. Our results suggest that mukdT  JE145 Sarcomatoid (desmoplastic) 64 Male
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Fresh Frozen Samples: Study was conducted after formBl & D Systems (MN, USA) and re-suspended in sterile PBS
approval from the relevant Hospital Ethics Committeecontaining 0.1% BSA w/v. BMS-777607 was purchased from
(Leicestershire REC references 6742 and 6948). All subje@&slleck (Munich, Germany) and dissolved in DMSO.
gave their written informed consent for inclusion beforeeth

participated in the study. _ RNA Isolation and RT-PCR Ampli cation
TMAs: Zurich. The construction of the TMA was conducted Total RNA was extracted using TRI reag&nt(Molecular

after fprmal approval from the rel_evant Hospital Ethi‘?SResearch Center, OH, USA) according to manufacturers
Committee (Stv.29-2009). Sydney. Ethical approval wasr@Hai iqirctions. Prior to rst strand cDNA synthesis, g of total
from the_ Human Resear_ch Ethics Committee at ConcoquNA was pre-treated by digestion with RQ1 DNase (Promega,
Repatriation General Hospital, Sydney. WI, USA) according to the manufacturers instructions.
Animal Studies: All animal studies were approved by.pna was generated using RevertAid (Thermo Scientic,

the relevant institutional Animal Research Ethics Comn@tte | qicestershire UK) and Oligo dZ() primers (Euro ns MWG
(AREC) (AREC789 and AREC1039) at the Royal College @hyeron Epersherg, Germany) according to the manufacsirer

Surgeons in Ireland (RCSI) and were licensed by the Depatmef} gy ctions. Cell lines and fresh-frozen samples were exahi

of Health and Children (B100/3654). for the expression of full length () MSTLR, short form (sf)
. . . MST1R,1 RON, MST1, AXL, TYRO3, GAS6, 18S rRNA, and
TMA ImmunOh'StOChem'Stry and AnaIyS|s . Beta-actin by either standard end point PCR, using primers and
Two sets of TMAs were used in this study. The rst.comprllses %nnealing temperatures outlined ifable 2 or gPCR. Cycling
set of three tissue microarrays (TMA) ofD 352 patients with ., itions for ampli cation of sStMST1R and MST1R were as
MPM (40), and the second TMA had D 80 MPM patients41).  gescribed previouslylf). PCR cycling conditions for all others
Furt.her details on. stalnlrlg, data interpretation, ar.Id stagal were as follows: 1 min at 98, 1 min at the appropriate annealing
analysis are provided inSupplementary Materials and temperature as outlined iffable 2 1 min at 72C, for 35 cycles,
Methods S1 with a nal extension of 72C for 10 min. RT-PCR products for
each experimental gene and appropriate housekeeping genes
Cell Cu“ur,e o ) o (Beta actin or 18S rRNA) were run on 1% agarose gels. Following
All MPM cell lines were maintained in a humidi ed atmosphere image capture, product quanti cation was performed using
containing 5% CQ in appropriate media supplemented with 1y\a 2 09c (Raytest, IsotopenmeRgerate GmbH, Straubetthard
10% Fetal Bovine Serum and penicillin streptomycin (50Q5¢rmany) densitometry software. The mRNA expression was
U/mL). Cell culture reagents were purchased from Lonzggmajized to loading controls, and was expressed as a ratio of
(Walkersville, MD, USA). The following MPM cell lines were target mMRNA expression: loading control expression.
used in the study: LP9, Met5A, NCI-H2596, MMP, MMB,
NCI-H2052, NCI-H28, Ju77, One58, RS-5, DM-3, ACC-MESO- . .

MESO4 Y .. 3 .9 Y.h i Analysis of mMRNA Expression by gPCR
,%AEggclzﬂE;é)N‘lNglMHigg i:d :\(Agﬂfggﬁ’H_YAMcisﬁElsz(')l\/alidation of RT-PCR results was subsequently con rmed gsin
ACC-MESO-4, Y-MESO-9, and Y-MESO-12 were generous|§YBR green based quantitative real-tlmg PCR. Flrst-_straMbcD
provided by Yoshitaka Sekido, (Aichi Cancer Center ReseardfaS Prepared from ing of total RNA using RevertAid reverse
Institute, Japan). NCI-H2052, One-58, and Ju77 cells Wegganscnptase (Thermo Scienti ¢) according to the manutaet's

provided by Duncan Stewart (University of Leicester, UK). LPJnstructions. Prior to reverse transcription, the RNA wasatiex!

9, MMB, and MMP were a generous gift from Warren ThomasgWith ampli cation grade DNase | (Sigma-Aldrich) according to

(Royal College of Surgeons in Ireland, Dublin, Ireland). Théhe manufacturer's instructions. PCR reactions were cdnigh

REN and NCI-H226 cell lines were provided by Dean Fennefi"® Primers as shown ifiable 2 o
(Queen's University, Belfast, Northern Ireland). NCI-H2&ida MPM patient samples were assessed for suitability for gPCR

the immortalized non-tumorigenic mesothelial cell line, MeA  2nalysis. Of the original samples D 4) benign and 6 D 16),

were purchased from the ATCC (LGC Promochem, TeddingtontUMOr samples were found to be of su cient quality, and gPCRs

UK). STR pro ling of the NCI-H226 was conducted by Source'Vere subsequently conducted on these samples using an lllumina

Bioscience (Nottingham, UK) to con rm that the cell line had EC© 9PCR and GoTely gPCR Master Mix (Promega) with a
the correct genotype. 2-step gPCR program having the following cycling parameters:

An initial Polymerase activation of 9& for 2 min followed
Drugs and Drug Treatments by 35 cycles of 9% 15s and annealing/ampli cation 6C for
Cells were serum starved (0.5% FBS) for 24 h before the additi 1min. A_melting curve analysis was conducted at the end of each
of drugs and/or recombinant ligand. LCRF-00082 was PCRusing 95C 15s, 55C 155, and a nal 95C for 15s. Data
provided by Dr. Stéphane Raeppel (ChemRF Laboratories, Q¥2S analyzed using either the default in-built Eco software or
Canada), and dissolved in DMSO. (IMC)-RON8 was providedMPorted into EcoStudy (lllumina).
by Genentech/Eli Lilly (IN, USA) in PBS. NRWHE, a small
ve amino acid peptide 29 was synthesized for this study by Mutation Screening
Biomatik (Biomatik Corp., ON, Canada) and re-suspended irMutation screening for cMET exonl4 skipped cells was
sterile water. Recombinant human MST1 was obtained fronconducted by end-point PCR of mRNA from patients and cell
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lines using primers irTable 1, designed to span exons 13-15.Immuno-Precipitation of MST1

PCR products were run out on a 2% agarose gel. One mL cell culture supernatant was removed from each cell line
Mutations in Exonl3 and Exonl7 of MST1R were analyzednd MST1 immuno-precipitated using anti-MST1 (Santa Cruz)

using previously published primersTdble 2 (36, 65. PCR and Protein G PLUS-Agarose beads. Refer to supplementary

was conducted on patient genomic DNA, and the PCRle S1 (S1-Supplementary Materials and Methods for

products were puri ed and sent for sequencing to a commerciafurther details.

provider (Source Bioscience).

Protein Arrays
Protein Isolation and Western JU77 cell lines were treated with MST1 at a nal concentration
Immunoblotting of 250ng/mL for a period of 0, 30min, 24, and 48h. In an
Total protein was isolated from cell cultures using TRI readen additional experiment, NCI-H226 cells were treated as fadtow
(MRCgene) according to manufacturer's instructions. Lgsat () Untreated, (i) MST1 (250 ng/mL) for 30 min, (iii) LCRF-
were separated by SDS/PAGE and subsequently transferré@04 (200 nM) for 3h, and (iv) MST1 and LCRF-0004 combined.
onto a PVDF membrane. Membranes were Subsequent@rotein Iysates were collected and massayed on a Proteome
probed for expression of the alpha and beta subunits oPro ler ™ Phospho-Kinase Array (R&D Systems) according to
MST1R (RON a/RON-b), MST1, abtubulin, or b-actin. the manufacturers'instructions. These arrays containtaties
Secondary antibodies were HRP labeled and bound antibodp 42—-46 kinase phosphorylation sites, spotted on the array
complexes were detected using the Supersignal West Pigoduplicate. In addition, the arrays contain both positive and
Chemiluminescent kit (Pierce, IL, USA). Complete details ofhegative controls. Product quanti cation was performed usin
antibodies and methods are provided in Supplementary [€TINA 2.09c (Raytest, IsotopenmeRRgerate GmbH, Straubemhard
(S1 Supplementary Materials and Methodls Germany) densitometry software.

TABLE 2 | Primers and associated annealing temperatures.

Gene Primer sequence Annealing temp. ( C) Source

sfMSTIR F: (P1) BCCTCATGACCCTCTTCTGCAGTS 56 (19)
F: (P2) :*CAGCAGTGGCACACAGGAT-8
R: (P4) \GCCACCAGTAGCTGAAGACC-8

MST1R F: 52TATCCTGCAGGTGGAGCTG3 56 19)
R: 52ATGAAATGCCATGCCCTTAGS

MST1 (MSP) F: 8TGTTCCAGAACCCACAGCAT-3 58 This study
R: 52CCCTCAGTGCACATCTCACT-8

MST1R Ex13 mutation F: 5-CTTCCTCCCAACCTGAATGAR 60 (34)
R: 5.GGAATCCAGACCATCAATGG 3°

MST1R Ex17 mutation F: 5-TTGCCCACCAACCCACCTGTG®% 64 (9)
R: 52CACCCCAGCTACTCTGGACTC-8

1 RON F: 5. CCTGAATATGTGGTCCGAGACCCCCAGS 56 33)
R: 52CTAGCTGCTTCCTCCGCCACCAGTAR

18S rRNA F: 2L GATGGGCGGCGGAAAATAG-3 58
R: 52GCGTGGATTCTGCATAATGGTS

Beta actin F: 2 TGTTTGAGACCTTCAACACCC3 56 ©64)
R: 52 AGCACTGTGTTGGCGTACAG3

c-METExon14 mutation F: 8 TTGCTGGTGTTGTCTCAATATCAACS 58 This study
R: 52GTTAGGATGGGGGACATGTCTGH

c-MET F: 2TACCCCAGCCCAAACCATTT-8 58 This study
R: 52CAACACCTGTTATTGTGCTCCC3

TYRO3 F: ®.GAGAGGAACTACGAAGATCGGG3 58 This study
R: 52AGTGCTTGAAGGTGAACAGTGS

AXL F: 52GTGGGAGATTGCCACAAGAG-3 58 This study
R: 52CTTCCCGCAGCTCTGTAAAACS

MERTK F: . TTCTCAGTGAGGCAGCGTGC3 58 This study
R: 59TGGTCCTGTCTCCAATCGGG-3

GAS6 F: 52AAGTCGTGGCTCACATCCGC-8 58 This study

R: 52TCTCCATTAGGGCCAAGGCC-3
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Proliferation Assays Xenograft Murine Model
Cell proliferation was measured using either a Cell Prolttera  All work was performed at the Royal College of Surgeons
BrdU ELISA (Roche Diagnostics Ltd., Sussex, UK) according Ireland RCSI Biomedical Research Facility (BRF) under
to the manufacturer's instructions, or by a Resazurin retutt Department of Health and Children license #B100/3654 and
based assag). under RCSI Animal Research Ethics Committee (AREC)
For BrDU based assays, cells (JU77, Met5A, and NChpprovals (AREC789 and AREC1039). Seven million NCI-H226
H226) were seeded at 2.5 10%well in a 96-well plate. cells suspended in 100 ul of serum-free RPMI medium were
Following overnight incubation, cells were treated for 24 o subcutaneously injected into the right ank of female Balb/
48 h with human recombinant MST1 (0-250ng/mL), LCRF-nude mice (Charles River Laboratories, Kent, UK). Tumors were
0004 (0-200nM), RON8 (200-1,000 ng/mL), or NRWHE (25-measured using digital calipers and the volume calculatengusi
200 ng/mL) or combinations of drug as appropriate. Absorbancéhe modi ed ellipsoid formula where the greatest longitudina
was measured on a plate reader at 450 nm with a referencitlameter (b) and the greatest transverse diameter (a) wsed u
wavelength set to 690nm. Untreated wells were used fde2 b  0.5). When palpable tumor reached approximately
normalization purposes and set to 100%. 200 mm3, the mice were randomly assigned into appropriate
For Resazurin based assays cells (LP9, NCI-H226, and REX)atment groups. The groups consisted of two separate studies
were seeded at 3.5 1C%/well in a 96 well plate. Following as follows: Study 1—vehicle control (DMSO), LCRF-0004 at
overnight incubation, cells were serum depleted by repladiegt 20 mg/Kg 6 D 10 per group). LCRF-0004 and DMSO were
media with fresh media containing 0.5% FBS and left for enert  administered via IP injection with each animal receivingdbses
24 h. Subsequently, cells were treated for 72 h with comioingt of treatment, following a Monday-Friday schedule for 3 weeks i
of drug as appropriate. Resazurin was added after the 72tbtal. Study 2—vehicle control (DMSQ) D 14), BMS-777607 at
treatment period, and following incubation for approximately 5, 10, and 25 mg/Kg(D 15 per drug group).
4h at 37C, uorescence was measured on a uorescence plate Dosing was determined as follows: LCRF-0004 toxicity data
reader using a 560 nm excitation/590 nm emission lter set. was provided by ChemRF Laboratories which had previously
determined that a dose of 20 mg/kg for 14 days resulted in

Cellular Viability and Apoptosis (High observed anti-tumor activity without any mortality or body
Content Analysis) weight changes occurring. Using this as a guide, this a 2Ggng/

NCI-H226 cells were seeded at 2.5 10%well in a 96-well daily dose was chosen for the experiments showkigure 7A

. For the studies using BMS-777607 a similar approach was
pl_ate and adhered _overnlght. Cells were treated for 24_72&86@. Pre-existing animal data BMS-777607 at doses ranging
with human recombinant MST1 (250 ng/mL) and LCRF-OOO4fr0m 6.25 up to 50 mg/kg has previously been used in GTL-
(200nM) alone or in combination. Refer to supplementary

. . 16 human tumor xenografts in athymic mice. The drug was
le S1 (S1-Supplementary Materials and Methogdor detailed administered orally once daily for 14 consecutive days. The
methods on HCA assays.

authors reported that the drug was active at all dose levstede

) and complete tumor stasis was observed at doses 25 and 50
Cellular Apoptosis (FACS) mg/kg. No overt toxicity was observed at any of these lewels a
NCI-H226 cells were seeded in 6-well plates at ale ned by weight loss or morbidity. BMS-777607 at doses 10
density of 1 1C° cells per well and were allowed to and 25 mg/kg has also been used in metastatic mouse tumor
adhere overnight. Cells were treated with appropriatenodel in C3H/HeJ mice. Authors reported that neither 10 nor
concentrations of drug, diluted in cell culture media, for25 mg/kg when given orally once daily for 15 days resulted in a
48 h. Additional details can be found in Supplementary le Slsigni cant body weight loss throughout the course of expegirh

(S1-Supplementary Materials and Methods (33 67). Using these two studies as a guide we used 3 di erent
concentrations of drug to determine which is the most e eetiv

Cell Cycle Analysis (Cytell) in inhibiting tumor growth with the maximum dose at 25 mg/kg.

NCI-H226 cells were seeded at 2.5 103/well in a 96-well For both studies drug was administered orally for 3 weeks on

plate and adhered overnight. Cells were treated for 24-48®daily basis (21 doses of drug). All animals were sacri ceerwh

with human recombinant MST1 (250 ng/mL) and LCRF-0004vehicle controls and/or tumors reached 15 mm in any diameter

(200 nM) alone or in combination. Cells were stained for 45 min

at 37 C using the Cytell Cell Cycle Kit (GE Health Bio-sciences)In silico Analysis

imaged on the Cytell and analyzed, and quanti ed using th# Cein silico analysis was conducted on three additional

Cycle BioApp (GE Health Bio-sciences). mesothelioma datasets as follows:
(a) the dataset previously published by Gordon et ab),(
Cell Cycle Analysis (FACS) which was interrogated using Oncomine, (b) the TCGA data set

NCI-H226 cells were seeded at 1 1% cells and allowed to and (c) existing unpublished mesothelioma a ymetrix dataset
adhere overnight. Subsequently, they were treated witheeit (Goparaju and Pass, unpublished). Data-mining of available
DMSO (vehicle control) or LCRF-0004 (200 nM) for 24 andmesothelioma datasets were conducted using Oncorh(a8),

48 h. Additional details are provided in Supplementary le S1
(S1-Supplementary Materials and Methods 1Oncomine. Available: www.oncomine.org [Accessed].
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cBioportal?(40), or PROGgeneV23(44)), using their respective SR provided access to compound LCRF-0004. LMacD, LM, MJ,
default settings. AB, GR, MB, DN, DO'D, DF, KO'B, BM, MK, IO, AS, SF, SR,

L. . SC, CG, HP, and SG contributed to the sample collection and
Statistical Analysis

. interpretation of the data. All authors have read and approved
All data are expressed as meanSEM unless stated otherwise.

L i X X . the nal manuscript for publication.
Statistical analysis was performed with either Prism 5.01 or

Prism 6 (GraphPad, Ca, USA) using either paired two-tailed

Studentst-test or the Mann-Whitney two-tailed-test. One- FUNDING

way analysis of variance (ANOVA) was used where groups in

the experiment were three or more. Following ANOVA, post-The Research in this publication was supported by the
test analyses utilized either the Tukey multiple comparisonfollowing: Health Research Board (HRB) Ireland grants
test, or the Dunnett's multiple comparison test. Animal tumor HRA_POR/2010/19 and HRA_POR/2013/237 (SG and A-MB),
volume data was analyzed using either a two way ANOVA witfBuzzi Unicem Foundation for Mesothelioma Research—
Bonferroni adjustment with time treated as a discrete walga Grant P24 (SG), NCI/NIH 2U01CA 111295-04 (HP) and a
or by a restricted maximum likelihood (REML) method using Senior Clinical Research Fellow (SCRF) award Queensland
Tukey's Multiple Comparisons test. Di erences were considere@overnment, Oce of Health, and Medical Research
signi cant whenp < 0.05. (OHMR) (KO'B).
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