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Abstract

Purpose: This study evaluates the prognostic significance of MST1R (RON) expression in breast 

cancer with respect to disease progression, long-term survival, subtype and association with 

conventional prognostic factors.

Methods: The approach includes interrogation of survival and tumor staging with paired MST1R 

RNA expression from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) 

datasets. Protein expression evaluation was performed using immunohistochemistry (IHC) staining 

of MST1R on breast cancer tissue samples from the Cancer Diagnosis Program Breast Cancer 

Progression tissue microarray and locally obtained breast tumor tissue samples analyzed with 

paired survival, metastasis, and subtype.
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Results: Data from TCGA (n=774) show poorer relapse-free survival (RFS) in patients with high 

MST1R expression (P=0.32) and no difference in MST1R expression based on tumor stage 

(P=0.77) or nodal-status (P=0.94). Patients in the GEO-derived Kaplan-Meier Plotter microarray 

dataset demonstrate association of MST1R and poorer overall survival (n=1402, P=0.018), and 

RFS in patients receiving chemotherapy (n=798, P=0.041). Patients with high MST1R expression 

display worse overall survival (P=0.01), and receiver-operator characteristic (ROC) analysis 

demonstrate the predictive capacity of increased MST1R with early death (P=0.0017) in IHC 

stained samples. Paired IHC stained breast tumor samples from the primary versus metastatic site 

show MST1R expression is associated with metastatic progression (P=0.032), and ROC analysis 

support the predictive capacity of MST1R in metastatic progression (P=0.031). No associations of 

MST1R with estrogen receptor (ER), progesterone receptor (PR), both ER and PR, HER2 

positivity or triple negativity were found (P=0.386, P=0.766, P=0.746, P=0.457, P=0.947 

respectively).

Conclusions: MST1R expression has prognostic value in breast cancer with respect to survival 

and metastatic progression. MST1R expression is not associated with tumor stage, nodal status, or 

subtype.
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BACKGROUND

Since 1980, the breast cancer (BC) mortality rate has been reduced by nearly 40% due to 

significant progress in clinical detection and refined treatment strategies [1,2]. Despite this 

success, more than 40,000 individuals in the United States were predicted to die of BC in 

2019 [1], and since 2010, the BC mortality rate has only been reduced by less than 2% [2]. 

Thus, while our current understanding of BC and treatment has largely improved, significant 

barriers remain in the effective treatment of BC. Currently, assessment of expression of 

hormone receptors (estrogen receptor, ER, and progesterone receptor, PR) and the human 

epidermal growth factor receptor 2 (HER2) determine the first-line treatment with respect to 

targeted approaches that accompany chemotherapy, surgery, and radiation. BC subtypes 

indicated by the presence or absence of these biomarkers stratify BCs into discrete biologic 

entities with different prognoses; however, distant metastatic recurrence occurs throughout 

all subtypes [3]. Public health campaigns and screening guidelines have led to earlier 

detection with more early stage cancers detected [4]. As a consequence, overtreatment of 

early stage BC has also been a significant public health issue with some questioning the 

necessity of adjuvant chemotherapy in ensuring cure given the significant impairments in 

quality of life [4]. While modern guidelines indicate adjuvant chemotherapy for the 

treatment of node-positive BC [5], causative or associated factors prognostic for BC 

recurrence BC remain poorly understood. Moreover, this remains a challenging area of 

study, as patients must be followed for years to decades to document recurrences, and many 

databases are limited to initial biopsies or lack molecular characterization including the 

TCGA BRCA dataset mined for part of this study.
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The recent conclusion of the TAILORx trial assessing the 21 gene panel Oncotype Dx 

recurrence risk scoring system shows promising results in providing means of assessing 

recurrence risk, and is generally accepted as the standard-of-care approach to identifying the 

need for adjuvant chemotherapy in early stage BC patients [6]. This quantitative real-time 

polymerase chain reaction (qRT-PCR)-based assay is performed in a central lab and involves 

submission of samples in addition to what is used for standard on-site pathology laboratory 

analyses. Oncotype Dx additionally uses a scoring algorithm dependent on expression of ER 

and HER2 and respective target genes potentiating inherent bias of specific subtypes, as well 

as proliferation and invasion genes that are generally supportive of cancer independent of 

subtype and recurrence [7]. Thus, a recurrence biomarker independent of subtype, 

proliferation, and invasion would show significant clinical utility independently. Moreover, 

addition of such a biomarker to existing recurrence scoring algorithms has potential to 

produce more robust recurrence scores to positively impact BC patient outcomes.

The MST1R (also known as RON) receptor tyrosine kinase (RTK) is a member of the c-Met 

family of RTKs that is expressed in epithelial cells and terminally-differentiated 

macrophages [8–12]. MST1R is overexpressed in numerous solid tumors including breast, 

prostate, pancreas, and more with strong oncogenic function elicited through various 

signaling mechanisms [8–10,13–21]. MST1R overexpression incidence and examination of 

its prognostic features with respect to survival and metastatic progression in BC have been 

reported, but are limited by subtype, sample size, technology, access to clinical information, 

or are limited to node-negative samples lacking overall survival data [8,12,21–24]. The 

purpose of this study is to evaluate MST1R as a prognostic biomarker of breast cancer 

recurrence and survival and association with conventional prognostic factors. In order to 

robustly evaluate the role of MSTR1, we utilized publicly available datasets, locally-

obtained patient samples, and a BC progression tissue microarray (TMA) with long-term 

clinical data. Preclinical studies of MST1R in BC have demonstrated strong oncogenic 

function in vitro and in vivo including roles in BC stem cell phenotypes, production of 

angiogenic factors, endocrine therapy resistance, and metastasis, providing significant 

rationale for MST1R to have a distinct role in supporting human BC [15–17,20,23,25–29].

METHODS

Datasets:

The Cancer Genome Atlas (TCGA) RNA sequencing data was used with individuals with 

incomplete data in the categories of interest excluded from analysis. Additionally, the 

present study focused on women BC patients and excluded 5 male patients from analyses as 

well as patients with incomplete survival data. Demographics include age, presence of 

cancer invaded lymph nodes, pathologic T stage, and race (Table 1). The Gene Expression 

Omnibus (GEO)-derived Kaplan-Meier Plotter microarray data was also used as previously 

published [30].

Immunohistochemistry:

Tissues used in this study were formalin-fixed, paraffin-embedded tumor samples obtained 

from patients from the University of Cincinnati and from the Cancer Diagnosis Program 

Hunt et al. Page 3

Breast Cancer Res Treat. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Breast Cancer Progression tissue microarray (University of Virginia). De-identified clinical 

and demographic patient data was provided for each tissue sample (Table 2). Slides were 

stained in a blinded fashion with an established MST1R staining protocol using a polyclonal 

anti-MST1R β-chain antibody (Santa Cruz, C-20 clone, Lot#B2316) [16,23,29]. Scoring 

occurred in a blinded fashion by a single individual (that did not perform the staining 

procedure) using a tissue positivity score (0–100) and intensity score (0–3) that were 

multiplied together to obtain a histology score (H-Score; 0–300) [14,16,31,32]. A total of 

186 samples were used for analyses.

Statistical analysis:

Survival analyses were performed with Kaplan-Meier curves with Cox proportional hazards 

and log-rank or Gehan-Breslow tests as specified using R statistical software (The R 

Foundation) to examine significant differences in long-term and short-term survival, 

respectively. Hazard ratio (HR), P-value, and sample size (n) are provided for each plot. 

Mann-Whitney rank-sum tests were employed for ordinal-nominal associations with 

medians (Mdn), P-value, and sample size (n) provided for each plot using R statistical 

software or Prism 5.0 (Graphpad) Receiver-operator characteristic (ROC) curve analyses 

were utilized to examine MST1R H-Score as a continuous variable in predicting 

dichotomous outcome with Sigmaplot v14 (Systat). Area-under-curve (AUC), P-value, and 

sample size (n) are provided for each plot. Spearman’s correlation analyses were employed 

to ascertain correlation between MST1R H-Score and survival as continuous variables using 

Prism 5.0. Correlation coefficient (R), P-value, and sample size (n) are provided for each 

plot. Multivariate factor analysis of independent correlation performed using NCSS 

Statistical Software.

Transcriptomic-based subtype assignment:

TCGA RNA expression data (RNA sequencing) of the PAM50 genes [33] were extracted 

and applied against reference data of median gene expression to bin each sample into 

probable subtypes using hierarchical clustering with average linkage and (one minus) 

Pearson Correlation distance [33]. From these assigned subtypes, MST1R RNA expression 

of each subtype was compared against one another using ANOVA. Sample sizes of each 

subtype (n) are provided for each group.

RESULTS

To interrogate the clinical features of MST1R in BC, data was first mined from The Cancer 

Genome Atlas (TCGA) BRCA dataset. Clinical and demographic information of the TCGA 

data analyzed is provided in Table 1. To view the sample distribution of MST1R expression 

in this dataset, MST1R gene expression, as measured via RNA sequencing of 774 

independent samples, was plotted as a histogram (Fig 1A) with MST1R expression 

displaying a non-normal distribution with data skewed to the right of the graph. A cut-off 

value of 800 (top 5%) was selected for subsequent analyses to represent MST1R 

overexpression based on the histogram distribution. Survival analysis of samples with 

MST1R expression above 800 compared to that below 800 show poorer survival in high 

MST1R expressing samples with a hazard ratio (HR)=1.42 (0.91–2.13) measuring out to 5 
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years (60 months). However, the data were not significant (P=0.32; Fig 1B). Further 

analyses demonstrated no difference in MST1R expression when stratifying samples by 

tumor stage and nodal-positivity (P=0.77 and P=0.94 respectively; Fig 1C). While clinical 

subtype information was not provided in the TCGA dataset mined, we employed a gene 

expression-based approach to assign subtypes to individual samples and assess association 

between BC subtypes and MST1R expression. We used the PAM50 gene set which requires 

gene expression data of 50 genes to cluster samples into subtypes [33]. With hierarchical 

clustering arranged in a heat map of Figure 2A, we assigned subtypes with known MST1R 

RNA expression values compared against one another (Figure 2B). ANOVA analysis shows 

statistically significant variance between only basal-like and HER2-enriched, but not 

between the remaining three (Luminal A, Luminal B, normal-like) or between these three 

and basal-like or HER2. Taken together, the TCGA data are suggestive, albeit weakly 

supportive, of the hypothesis that increased MST1R expression is associated with poor 

clinical outcomes.

Given the limitations of the TCGA dataset (initial biopsies only, mostly node positive, 

limited follow up), MST1R expression was also analyzed in additional publicly available 

datasets. Derived from several Gene Expression Omnibus breast cancer datasets, the Kaplan-

Meier Plotter (www.kmplot.com/analysis) data has been previously published [30]. Using 

microarray-based RNA expression of the MST1R gene in this dataset, we stratified between 

the upper quartile and lower three quartiles of MST1R expression. Patients in the upper 

quartile of MST1R expression experience worse overall survival outcomes with HR=1.33 

(1.05–1.69), log-rank P=0.02; Gehan-Breslow P=0.01 measuring out to 10 years (120 

months; Fig 3A). Pertinent to the hypothesis that MST1R is associated with BC recurrence 

is the availability of relapse-free survival (RFS) data in a sufficient number of patients 

receiving chemotherapy in this dataset. These patients likely fall into the category of poorer 

initial prognosis due to subtype and/or nodal positivity. We therefore examined the RFS data 

in MST1R expression upper quartile-versus lower three quartile-stratified samples. Of 

patients receiving chemotherapy, those with lower MST1R expression are at increased 

chance of RFS with HR=1.35 (1.01–1.83), log-rank P=0.04; Gehan-Breslow P=0.02 

measuring out to 10 years (120 months; Fig 3B). These analyses strongly support the 

hypothesis that MST1R expression is associated with poor clinical outcomes and in 

particular, that high MST1R expression is associated with recurrent disease.

Based on our in silico data suggesting a role for MST1R in prognosticating recurrence, we 

sought to prospectively validate our findings in human tissue samples. We hypothesized that 

the immunohistochemistry (IHC) staining-derived histo-score (H-score) is associated with 

poor survival and metastatic disease. To test this hypothesis, we performed IHC for MST1R 

on archived breast cancer samples with paired patient clinical outcomes. Sections were 

stained and scored in a blinded fashion for tissue positivity (0–100) and intensity (0–3). 

Individual scores were multiplied together to generate a H-score and then data was released 

for analysis with sample-matched clinical parameters. Demographics of stained samples are 

found in Table 2. Representative H-score samples are displayed in Fig 4A. MST1R H-score 

was stratified above or below the median H-Score (180) and then overall survival was 

analyzed. Fig 4B shows that samples above the median for MST1R expression have a 

significantly worse 5-year overall survival HR=1.42 (0.91–2.13), P=0.01. To evaluate if 
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MST1R is a predictor of early death, we employed receiver-operator characteristic (ROC) 

analyses. Rather than stratifying samples based on MST1R H-score (leaving MST1R H-

score as a continuous variable) and instead stratifying between early death (events before 24 

months post diagnosis modeling after previously published work but retaining a large 

enough sample size [34]) or not (events after 24 months post diagnosis), ROC analysis 

suggests MST1R to be a good predictor of early death of BC patients (AUC=0.75; 

P=0.0017; Fig 4C). Next, to ascertain whether MST1R H-score associates with progression 

to metastatic disease, we focused on samples taken from patients with distant metastases 

compared to that of patients without metastasis. We found a significant increase of MST1R 

H-score in samples from patients with metastases (Non-metastatic MED=150, Metastatic 

MED=205, P=0.0323; Fig 4D). To determine if MST1R is a predictor of metastatic 

progression, we employed ROC analysis with MST1R H-score as a continuous variable and 

found predictive value of MST1R H-score (AUC=0.63; P=0.031; Fig 4E) using the same 

patient-matched tumor samples as above. Multivariate analysis to examine the correlation of 

independent clinical factors and MST1R expression was performed specifically evaluating 

the MST1R H-score, estrogen receptor (ER) status, progesterone receptor (PR) status, age at 

diagnosis, human epidermal growth factor receptor 2 (HER2) status, tumor stage, nodal 

status, and number of nodes positive (Figure 4F). MST1R H-score showed highest, however 

weak, correlation with age at diagnosis and a lack of association with other independent 

factors. ER status and PR status were strongly correlated as well as N stage with number of 

nodes positive, as is expected. These results support the TCGA data where MST1R 

expression was found to be an independent factor of existing prognostic factors T stage, N 

stage, and subtype.

To ascertain whether a relationship exists between MST1R expression and existing BC 

subtypes, we divided samples into groups based on expression of the estrogen receptor (ER), 

the progesterone receptor (PR), ER/PR co-expression, HER2 amplification, or lack thereof 

(triple negative). The MST1R H-scores of each individual group were then compared with 

the remaining counterparts in the other groups using rank-sum tests. There were no 

significant differences in MST1R H-scores between any subgroups (Fig 5A) providing 

evidence that MST1R overexpression occurs independent of subtype. We also examined 

MST1R H-score stratified by subtype biomarker with respect to overall survival and 

employed Spearman’s test to deduce correlations between these variables in (Fig 5B). An 

inverse correlation between MST1R H-score and overall survival is seen in ER-negative (R= 

−0.226, P=0.111), PR-negative (R= −0.253, P=0.021), ER/PR negative (R= −0.2501, 

P=0.0243), and triple negative (R= −0.4377, P=0.05) samples.

To further analyze subpopulations of interest, we focused on the PR-negative population as 

this population showed a significant negative inverse correlation with sufficient sample size 

and removal of HER2High samples. We employed survival analysis with Kaplan-Meier plots 

and ROC analysis to view the predictive potential of MST1R H-score on early death (using a 

30-month cutoff as sample size was limited when using a 24-month cutoff; Fig 5C). Patients 

with MST1RHigh, PR-negative biopsies have decreased survival relative to MST1RLow, PR-

negative counterparts HR=0.59 (0.32–1.1) Gehan-Breslow P=0.03; log-rank P=0.08 and 

MST1R H-score is predictive of early death in PR-negative patients (AUC=0.71, P=0.007).
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As the PR-negative subpopulation demonstrated a significant inverse correlation between 

MST1R H-Score and survival outcomes, we further analyzed overall survival with respect to 

MST1R H-score of PR-negative samples. Within the PR-negative samples, particularly 

evident was a cluster of samples with limited months of survival and high MST1R H-score 

(circled in Fig 5D). We confirmed that the MST1RHigh subgroup was distinct from the 

MST1RLow group using rank-sum tests based on H-score (P<0.0001) and also found a 

significant reduction in overall survival in the MST1RHigh group relative to the MST1RLow 

group (rank-sum test (P=0.008; Fig 5E))[18].

DISCUSSION

In recent years, the boom in cancer biomarkers has seen few successes largely due to lack of 

rigorous validation and limitations in the resources required to perform these validations 

[37,38]. Publicly available datasets such as TCGA are valuable hypothesis-generating tools 

with relatively larger numbers of patients, but are limited in scope as certain clinical 

parameters that may over time become integrated with standard-of-care (such as recurrence 

scores, and hormone receptor status) are not always available in addition to limited follow-

up. Identifying putative biomarkers beginning with TCGA database can result in false 

negative findings based on initial tests that are confined by limited clinical parameters. In the 

context of this study, MST1R would have been screened out if the TCGA database was our 

sole consideration. However, based on a number of other studies as well as our 

understanding of the molecular mechanisms underlying MST1R, further exploration was 

warranted. Thus, it remains critically important that multiple, non-overlapping datasets be 

consulted evaluated for interrogation of biomarkers to inform clinical decision making, with 

this approach being corroborated by an emerging body of literature [35,36,39,40].

Multiple preclinical studies have enumerated the oncogenicity of MST1R [15–

17,20,23,26,27,29,41,42]. MST1R function is diverse and has been shown to support 

tumorigenesis and progression through cell survival, growth, migration, angiogenesis, anti-

inflammatory cytokine production, and more. In breast cancer, we have shown MST1R 

activity supports breast cancer stem-like/tumor-initiating cell properties which were 

dependent on activation of NF-kB and β-catenin. These studies suggest NF-kB and β-

catenin signaling downstream of MST1R may support cancer recurrence by impacting tumor 

repopulation, drug resistance, and/or dormancy properties of this subpopulation [15,16]. 

Moreover, additional signaling pathways including MAPK and Akt have been shown to be 

important for MST1R dependent cancer progression [20,29,43]. Thus, several downstream 

effectors of MST1R have been and continue to be studied as a means to target this pathway. 

Interestingly, the mechanism by which MST1R becomes overexpressed in breast cancer is 

unknown. While the closest family member of MST1R, Met, is found to be a recurrently 

mutated/amplified gene in several cancer types, MST1R is not. It is possible that a 

mechanism involving protein synthesis or stability impacting MST1R protein levels exists 

which may explain why MST1R protein expression seems to show better prognostic 

resolution that RNA levels. Future studies to examine mechanisms upstream to MST1R 

overexpression may prove to be valuable knowledge for cancer therapeutics and cancer 

biology in general.
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While these preclinical studies have included interrogation of MST1R function in murine 

and human BC cell lines and tissue samples, MST1R expression has been shown to 

prognosticate relapse-free survival in node-negative BC patients [24]. Adding to this existing 

body of knowledge, this current study is the first to present empirical data on the tumor stage 

independent, nodal stage independent, and subtype independent prognostic ability of 

MST1R expression in BC with respect to overall survival, relapse-free survival, and 

progression to metastatic disease. Biomarkers are most meaningful when they guide clinical 

practice [35,36], however, rigorous testing of clinical applicability of a given biomarker 

requires significant effort and coordination between scientists and clinical teams to obtain 

samples with defined clinical parameters, treatment course, and experimental evaluation of 

the variable of interest. The data presented herein extends the large body of preclinical 

evidence into patients in a prognostic sense but does not predict response to a given therapy 

or treatment strategy. Future prospective studies to evaluate predictivity of MST1R 

expression on a given therapy will be required to refine the clinical utility of MST1R as a 

biomarker. Moreover, the complementary datasets employed in this study include MST1R 

expression measured through RNA and IHC-staining for protein. While our data suggest 

MST1R protein expression to show higher prognostic resolution, future studies would 

benefit from evaluating protein and RNA expression from matched samples to definitively 

determine prognostic resolution.

Here, we focus on the development of recurrent disease as it significantly limits 

improvements in BC survival. We have intentionally utilized datasets that have sufficient 

survival follow-up time (at least 5 years). This significantly narrowed the field as many 

studies do not necessarily have this information and MST1R expression information. Of 

most significant value to this study was the extensive follow-up time of the tissue used for 

IHC in large enough quantity for statistical power to test our primary objectives. Limitation 

of tissue availability with matched clinical parameters often confounds use of archived 

samples whereas de novo acquisition of patient samples presents its own issues with respect 

to time for sufficient sample collection and clinical endpoints like recurrence to occur 

[37,44]. With respect to interrogating recurrence outcomes in patient samples and/or 

datasets, we found limited resources to perform robust testing as biobanking of recurrent 

samples is still in its infancy. This is a major limitation in the assessment of recurrence using 

cross-sectional approaches. Moreover, nuanced parameters such as Oncotype Dx recurrence 

scores are only recently being utilized en masse and are not typically found in retrospective 

chart reviews further limiting existing datasets/bioarchives. Further, Oncotype Dx scores are 

calculated based on several groups of genes including that of proliferation, invasion, 

estrogen responsiveness, and HER2. Thus, these genes are dependent on expression of genes 

that are important for normal cellular function and are not recurrence specific. It is important 

to note that the conclusion and publication of the TAILORx trial which included 

longitudinal investigation of patients receiving Oncotype Dx testing showed adequate ability 

to prognosticate recurrence [6]. Therefore, Oncotype Dx recurrence scores could be used as 

a tool to test predictive capacity of MST1R expression on breast cancer recurrence prior to 

performing a longitudinal study, and one could envision refinement of Oncotype Dx through 

inclusion of MST1R (and gene target) signatures due to its independence of subtype, tumor 

stage, and nodal-positivity. While expression of Oncotype Dx genes may be found in RNA 
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sequencing datasets, recurrence scores are typically calculated from RT-qPCR methods that 

involve data normalization processes that are atypical for RNA sequencing. To understand 

the relationship between RT-qPCR generated and RNA sequencing generated values, each 

technique will need to be employed on concordant patient samples and evaluated for low 

risk, mid risk, and high risk patients with defined recurrence outcomes.

It has been speculated, but never empirically tested, that MST1R overexpression occurs 

independent of BC subtype. While our data support that MST1R expression occurs 

independent of subtype based on the expression of ER, PR, and HER2, further examination 

of MST1R expression associations with more conventional subtyping strata (Luminal A, 

Luminal B, basal-like, etc) should be performed on prospective samples in a study with 

MST1R protein expression and subtype associations as the primary objective. We leveraged 

TCGA RNA sequencing data to make comparisons of MST1R RNA expression which 

supports our clinical marker data failing to find subtype association, however, our data 

suggest protein expression to show greater prognostic resolution which could not be tested. 

Based on the data obtained, we hypothesize that MST1R is associated with recurrent disease 

irrespective of subtypes. Overlaying survival parameters on top of MST1R expression 

between subtype biomarker-stratification, we observe MST1R levels to be inversely 

correlated with survival. In these sub-analyses, PR-negativity, ER-negativity, and triple-

negativity demonstrate this relationship with consideration to the few samples that comprise 

these groups analyzed. The PR-negative subpopulation demonstrates this relationship most 

strongly.

An emerging body of literature reports prognostic features of PR-negativity in BC in general 

[45,46] and more specifically with respect to BC recurrence [47–50]. Our analyses support 

poor survival for PR-negative samples and further show distinct groups of high MST1R and 

low MST1R expression with poorer survival outcomes in the PR-negative, MST1RHigh 

population. Further stratifying these PR-negative samples shows this effect persists in only 

ER-positive samples, which have been associated with shorter survival and recurrence times, 

similar to those of TNBC [47,48,50]. While TNBC samples also have a PR-negative, 

MST1RHigh subpopulation, sample variability in our study was too high to make conclusions 

regarding survival. With current clinical classifications built on ER/PR/HER2 status, 

typically ER/PR are combined to describe the hormone receptor positivity. Our data suggests 

that MST1R expression may provide prognostic insight into the response of ER-positive, 

PR-negative breast tumors to conventional treatment, and provide evidence for a role of PR 

independent of ER that requires further investigation.

The results of this study support a prognostic function of MST1R expression in BC. 

Whereas established biomarkers in BC strongly indicate a predictive response to 

therapeutics targeting the biomarker itself (hormone therapies targeting ER/PR and 

trastuzumab/pertuzumab targeting HER2), the predictive capacity of MST1R expression for 

MST1R-targeted therapeutics has not yet been investigated. Currently, there are no FDA-

approved inhibitors for MST1R on the market; however, a Phase I trial has been completed 

on the BMS777607 (formerly ASLAN002) compound showing promising results on 

MST1R-mediated effects in preclinical models of breast and prostate cancers [14,25]. Based 

on our findings, a prospective study to ascertain the predictive potential of MST1R protein 
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expression on response to BMS777607 should be encompassed in the scientific aims of a 

future Phase II trial.

Acknowledgments

We would like to thank Phillip Dexheimer and Mario Pujato, PhD for help with PAM50 gene clustering and subtype 
assignment. This study was funded by VA Merit Award 1IO1BX000803 (SEW), F31CA228373 (BGH), 
T32CA117846 (SEW and CAW), Marlene Harris Ride Cincinnati Awards (VT and SEW), and a Career 
Development Award from the Biomedical Laboratory Research and Development Service of the US Department of 
Veterans Affairs (IK2 BX004360)

References

1. ACS (2017) Breast Cancer Facts & Figures 2017–2018.

2. ACS (2019) Cancer Facts & Figures.

3. van Maaren MC, de Munck L, Strobbe LJA, Sonke GS, Westenend PJ, Smidt ML, Poortmans PMP, 
Siesling S (2019) Ten-year recurrence rates for breast cancer subtypes in the Netherlands: A large 
population-based study. International journal of cancer 144 (2):263–272. doi:10.1002/ijc.31914 
[PubMed: 30368776] 

4. Paci E, Duffy S (2005) Overdiagnosis and overtreatment of breast cancer: overdiagnosis and 
overtreatment in service screening. Breast Cancer Res 7 (6):266–270. doi:10.1186/bcr1339 
[PubMed: 16457702] 

5. Schmidt M (2008) Node-Negative Breast Cancer: Which Patients Should Be Treated? Breast Care 
(Basel) 3 (4):237–243. doi:10.1159/000149357 [PubMed: 21076603] 

6. Sparano JA, Gray RJ, Ravdin PM, Makower DF, Pritchard KI, Albain KS, Hayes DF, Geyer JC, 
Dees EC, Goetz MP (2019) Clinical and Genomic Risk to Guide the Use of Adjuvant Therapy for 
Breast Cancer. The New England journal of medicine

7. Esteban J, Baker J, Cronin M, Liu M, Llamas M, Walker M, Mena R, Shak S Tumor gene 
expression and prognosis in breast cancer: multi-gene RT-PCR assay of paraffin-embedded tissue. 
In: Proc Am Soc Clin Oncol, 2003 vol 850 p 2003

8. Wagh PK, Peace BE, Waltz SE (2008) Met-Related Receptor Tyrosine Kinase Ron in Tumor 
Growth and Metastasis. Advances in cancer research 100:1–33 [PubMed: 18620091] 

9. Benight NM, Waltz SE (2012) Ron receptor tyrosine kinase signaling as a therapeutic target. Expert 
Opin Ther Targets 16 (9):921–931. doi:10.1517/14728222.2012.710200 [PubMed: 22834780] 

10. Leonis MA, Thobe MN, Waltz SE (2007) Ron-receptor tyrosine kinase in tumorigenesis and 
metastasis. Future Oncol 3 (4):441–448. doi:10.2217/14796694.3.4.441 [PubMed: 17661719] 

11. Gurusamy D, Gray JK, Pathrose P, Kulkarni RM, Finkleman FD, Waltz SE (2013) Myeloid-
Specific Expression of Ron Receptor Kinase Promotes Prostate Tumor Growth. Cancer Research 
73 (6):1752 [PubMed: 23328584] 

12. Welm AL, Sneddon JB, Taylor C, Nuyten DSA, Van De Vijver MJ, Hasegawa BH, Bishop JM 
(2007) The macrophage-stimulating protein pathway promotes metastasis in a mouse model for 
breast cancer and predicts poor prognosis in humans. Proceedings of the National Academy of 
Sciences 104 (18):7570–7575

13. Babicky ML, Harper MM, Chakedis J, Cazes A, Mose ES, Jaquish DV, French RP, Childers B, 
Alakus H, Schmid MC, Foubert P, Miyamoto J, Holman PJ, Walterscheid ZJ, Tang C-M, Varki N, 
Sicklick JK, Messer K, Varner JA, Waltz SE, Lowy AM (2019) MST1R kinase accelerates 
pancreatic cancer progression via effects on both epithelial cells and macrophages. Oncogene 38 
(28):5599–5611. doi:10.1038/s41388-019-0811-9 [PubMed: 30967626] 

14. Brown NE, Paluch AM, Nashu MA, Komurov K, Waltz SE (2018) Tumor Cell Autonomous RON 
Receptor Expression Promotes Prostate Cancer Growth Under Conditions of Androgen 
Deprivation. Neoplasia 20 (9):917–929 [PubMed: 30121008] 

15. Ruiz-Torres SJ, Benight NM, Karns RA, Lower EE, Guan J-L, Waltz SE (2017) HGFL-mediated 
RON signaling supports breast cancer stem cell phenotypes via activation of non-canonical β-
catenin signaling. Oncotarget. doi:10.18632/oncotarget.19441

Hunt et al. Page 10

Breast Cancer Res Treat. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. Wagh PK, Gray JK, Zinser GM, Vasiliauskas J, James L, Monga SP, Waltz SE (2011) β-Catenin is 
required for Ron receptor-induced mammary tumorigenesis. Oncogene 30 (34):3694–3704 
[PubMed: 21423209] 

17. Wagh PK, Zinser GM, Gray JK, Shrestha A, Waltz SE (2012) Conditional deletion of β-catenin in 
mammary epithelial cells of Ron receptor, Mst1r, overexpressing mice alters mammary 
tumorigenesis. Endocrinology 153 (6):2735–2746 [PubMed: 22474186] 

18. Logan-Collins J, Thomas RM, Yu P, Jaquish D, Mose E, French R, Stuart W, McClaine R, Aronow 
B, Hoffman RM (2010) Silencing of RON receptor signaling promotes apoptosis and gemcitabine 
sensitivity in pancreatic cancers. Cancer research:0008–5472. CAN-0009–0761

19. Thomas RM, Toney K, Fenoglio-Preiser C, Revelo-Penafiel MP, Hingorani SR, Tuveson DA, 
Waltz SE, Lowy AM (2007) The RON receptor tyrosine kinase mediates oncogenic phenotypes in 
pancreatic cancer cells and is increasingly expressed during pancreatic cancer progression. Cancer 
research 67 (13):6075–6082. doi:10.1158/0008-5472.CAN-06-4128 [PubMed: 17616662] 

20. Zinser GM, Leonis MA, Toney K, Pathrose P, Thobe M, Kader SA, Peace BE, Beauman SR, 
Collins MH, Waltz SE (2006) Mammary-specific Ron receptor overexpression induces highly 
metastatic mammary tumors associated with β-catenin activation. Cancer research 66 (24):11967–
11974 [PubMed: 17178895] 

21. Maggiora P, Marchio S, Stella MC, Giai M, Belfiore A, De Bortoli M, Di Renzo MF, Costantino A, 
Sismondi P, Comoglio PM (1998) Overexpression of the RON gene in human breast carcinoma. 
Oncogene 16:2927–2933 [PubMed: 9671413] 

22. Kretschmann KL, Eyob H, Buys SS, Welm AL (2010) The macrophage stimulating protein/Ron 
pathway as a potential therapeutic target to impede multiple mechanisms involved in breast cancer 
progression. Curr Drug Targets 11 (9):1157–1168. doi:10.2174/138945010792006825 [PubMed: 
20545605] 

23. Marshall AM, McClaine RJ, Gurusamy D, Gray JK, Lewnard KE, Khan SA, Waltz SE (2012) 
Estrogen receptor alpha deletion enhances the metastatic phenotype of Ron overexpressing 
mammary tumors in mice. Mol Cancer 11 (1):2. doi:10.1186/1476-4598-11-2 [PubMed: 
22226043] 

24. Lee W-Y, Chen HHW, Chow N-H, Su W-C, Lin P-W, Guo H-R (2005) Prognostic significance of 
co-expression of RON and MET receptors in node-negative breast cancer patients. Clinical Cancer 
Research 11 (6):2222–2228 [PubMed: 15788670] 

25. Andrade K, Fornetti J, Zhao L, Miller SC, Randall RL, Anderson N, Waltz SE, McHale M, Welm 
AL (2017) RON kinase: A target for treatment of cancer-induced bone destruction and 
osteoporosis. Science translational medicine 9 (374):eaai9338 [PubMed: 28123075] 

26. Benight NM, Wagh PK, Zinser GM, Peace BE, Stuart WD, Vasiliauskas J, Pathrose P, Starnes SL, 
Waltz SE (2015) HGFL supports mammary tumorigenesis by enhancing tumor cell intrinsic 
survival and influencing macrophage and T-cell responses. Oncotarget 6 (19):17445 [PubMed: 
25938541] 

27. Eyob H, Ekiz HA, DeRose YS, Waltz SE, Williams MA, Welm AL (2013) Inhibition of Ron 
kinase blocks conversion of micrometastases to overt metastases by boosting anti-tumor immunity. 
Cancer discovery:CD-12–0480

28. McClaine RJ, Marshall AM, Wagh PK, Waltz SE (2010) Ron receptor tyrosine kinase activation 
confers resistance to tamoxifen in breast cancer cell lines. Neoplasia 12 (8):650–658 [PubMed: 
20689759] 

29. Peace BE, Toney-Earley K, Collins MH, Waltz SE (2005) Ron receptor signaling augments 
mammary tumor formation and metastasis in a murine model of breast cancer. Cancer research 65 
(4):1285–1293 [PubMed: 15735014] 

30. Györffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li Q, Szallasi Z (2010) An online 
survival analysis tool to rapidly assess the effect of 22,277 genes on breast cancer prognosis using 
microarray data of 1,809 patients. Breast cancer research and treatment 123 (3):725–731 [PubMed: 
20020197] 

31. O’toole JM, Rabenau KE, Burns K, Lu D, Mangalampalli V, Balderes P, Covino N, Bassi R, 
Prewett M, Gottfredsen KJ (2006) Therapeutic implications of a human neutralizing antibody to 
the macrophage-stimulating protein receptor tyrosine kinase (RON), a c-MET family member. 
Cancer research 66 (18):9162–9170 [PubMed: 16982759] 

Hunt et al. Page 11

Breast Cancer Res Treat. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



32. Thobe MN, Gurusamy D, Pathrose P, Waltz SE (2010) The Ron receptor tyrosine kinase positively 
regulates angiogenic chemokine production in prostate cancer cells. Oncogene 29 (2):214 
[PubMed: 19838218] 

33. Parker JS, Mullins M, Cheang MCU, Leung S, Voduc D, Vickery T, Davies S, Fauron C, He X, Hu 
Z, Quackenbush JF, Stijleman IJ, Palazzo J, Marron JS, Nobel AB, Mardis E, Nielsen TO, Ellis 
MJ, Perou CM, Bernard PS (2009) Supervised Risk Predictor of Breast Cancer Based on Intrinsic 
Subtypes. Journal of Clinical Oncology 27 (8):1160–1167. doi:10.1200/jco.2008.18.1370 
[PubMed: 19204204] 

34. Stapelkamp C, Holmberg L, Tataru D, Møller H, Robinson D (2011) Predictors of early death in 
female patients with breast cancer in the UK: a cohort study. BMJ Open 1 (2):e000247–e000247. 
doi:10.1136/bmjopen-2011-000247

35. Yu PP, Hoffman MA, Hayes DF (2015) Biomarkers and Oncology: The Path Forward to a 
Learning Health System. Archives of Pathology & Laboratory Medicine 139 (4):451–456. 
doi:10.5858/arpa.2014-0080-ED [PubMed: 25152310] 

36. McShane LM, Hayes DF (2012) Publication of tumor marker research results: the necessity for 
complete and transparent reporting. Journal of Clinical Oncology 30 (34):4223 [PubMed: 
23071235] 

37. Simon RM, Paik S, Hayes DF (2009) Use of archived specimens in evaluation of prognostic and 
predictive biomarkers. Journal of the National Cancer Institute 101 (21):1446–1452 [PubMed: 
19815849] 

38. Altman DG, McShane LM, Sauerbrei W, Taube SE (2012) Reporting recommendations for tumor 
marker prognostic studies (REMARK): explanation and elaboration. BMC medicine 10 (1):51 
[PubMed: 22642691] 

39. Omenn GS, Nass SJ, Micheel CM (2012) Evolution of translational omics: lessons learned and the 
path forward. National Academies Press,

40. Vargas AJ, Harris CC (2016) Biomarker development in the precision medicine era: lung cancer as 
a case study. Nature Reviews Cancer 16 (8):525 [PubMed: 27388699] 

41. Vinnedge LMP, Benight NM, Wagh PK, Pease NA, Nashu MA, Serrano-Lopez J, Adams AK, 
Cancelas JA, Waltz SE, Wells SI (2015) The DEK oncogene promotes cellular proliferation 
through paracrine Wnt signaling in Ron receptor-positive breast cancers. Oncogene 34 (18):2325–
2336. doi:10.1038/onc.2014.173 [PubMed: 24954505] 

42. McClaine RJ, Marshall AM, Wagh PK, Waltz SE (2010) Ron receptor tyrosine kinase activation 
confers resistance to tamoxifen in breast cancer cell lines. Neoplasia (New York, NY) 12 (8):650–
658. doi:10.1593/neo.10476

43. Faham N, Zhao L, Welm AL (2018) mTORC1 is a key mediator of RON-dependent breast cancer 
metastasis with therapeutic potential. NPJ Breast Cancer 4:36–36. doi:10.1038/s41523-018-0091-5 
[PubMed: 30456298] 

44. Goossens N, Nakagawa S, Sun X, Hoshida Y (2015) Cancer biomarker discovery and validation. 
Translational cancer research 4 (3):256 [PubMed: 26213686] 

45. Sun J-Y, Wu S-G, Li F-Y, Lin H-X, He Z-Y (2016) Progesterone receptor loss identifies hormone 
receptor-positive and HER2-negative breast cancer subgroups at higher risk of relapse: a 
retrospective cohort study. OncoTargets and therapy 9:1707 [PubMed: 27051305] 

46. Caldarella A, Barchielli A (2017) Prognostic role of progesterone receptor expression in a 
population-based analysis. Journal of cancer research and clinical oncology 143 (12):2505–2509 
[PubMed: 28889189] 

47. Wu N, Fu F, Chen L, Lin Y, Yang P, Wang C (2019) Single hormone receptor-positive breast cancer 
patients experienced poor survival outcomes: a systematic review and meta-analysis. Clinical and 
Translational Oncology:1–12

48. Boland M, Ryan É, Dunne E, Aherne T, Bhatt N, Lowery A (2019) Meta-analysis of the impact of 
progesterone receptor status on oncological outcomes in oestrogen receptor-positive breast cancer. 
British Journal of Surgery

49. Wu S-G, Zhang W-W, Wang J, Lian C-L, Sun J-Y, Chen Y-X, He Z-Y (2019) Progesterone 
receptor status and tumor grade predict the 21-gene recurrence score of invasive lobular breast 
cancer. Biomarkers in Medicine (0)

Hunt et al. Page 12

Breast Cancer Res Treat. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



50. Bae SY, Kim S, Lee JH, Lee H-c, Lee SK, Kil WH, Kim SW, Lee JE, Nam SJ (2015) Poor 
prognosis of single hormone receptor-positive breast cancer: similar outcome as triple-negative 
breast cancer. BMC Cancer 15 (1):138. doi:10.1186/s12885-015-1121-4 [PubMed: 25880075] 

Hunt et al. Page 13

Breast Cancer Res Treat. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
TCGA BC data are weakly suggestive of association between MST1R and poor clinical 

outcomes in BC patients. Histogram depicting MST1R mRNA expression in the BRCA 

TCGA database (A). Kaplan-Meier survival curve comparing survival between patients with 

MST1R expression above or below 800 (B). Hazard Ratio (HR) calculated with Cox 

proportional hazards model, and log-rank to calculate P-value. MST1R mRNA expression 

compared with respect to tumor stage (T Stage) and nodal positivity (Nodes) using box-

whisker plots with rank-sum test (C).
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Figure 2: 
MST1R RNA expression is not associated with PAM50-based molecular subtypes. PAM50 

gene expression hierarchical clustering used for subtype assignment of TCGA samples 

(n=808) (A). MST1R RNA expression in PAM50-assigned subtypes of TCGA samples (B).
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Figure 3: 
High MST1R expression in breast tumors is associated with worse overall survival and 

relapse-free survival in patients receiving chemotherapy. Gene Expression Omnibus (GEO)-

derived Kaplan-Meier Plotter data [30] was used to compare survival of the upper quartile of 

MST1R RNA expression versus the lower three-quartiles of expressing using Kaplan-Meier 

curves. Overall survival (A) and relapse-free survival (RFS) in patients receiving 

chemotherapy (B) were examined. HR calculated using Cox proportional hazards model and 

P-value calculated with log-rank and Gehan-Breslow tests.
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Figure 4: 
MST1R expression is associated with reduced survival and metastatic disease progression in 

breast cancer. MST1R H-Score generated from immunohistochemistry staining of human 

breast cancer samples from the CDP Breast Cancer Progression tissue microarray and 

locally-obtained samples. Representative scoring images of 0, 100, 200, and 300 MST1R H-

Score (A). Overall survival of patients taken from samples stratified using median MST1R 

H-Score analyzed by Kaplan-Meier survival curves (B). Statistical significance was 

determined using Gehan-Breslow test and the hazard ratio (HR) was calculated using Cox 

proportional hazards analysis on 134 independent samples. Receiver-operator characteristic 

(ROC) analysis on samples from B stratified as being early death (<24 months post 

diagnosis) or not (>24 months post diagnosis) to examine predictive potential of the MST1R 
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H-score to early death (C). H-Scores of metastatic and locally confined samples were 

compared with box-whisker plots and the rank-sum test (D). ROC analysis of metastatic and 

locally confined samples from D to examine the predictive potential of the MST1R H-score 

for metastatic progression (E). Multivariate analysis of correlation between MST1R H-score 

and other prognostic factors (F).
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Figure 5: 
MST1R expression is not associated with a particular BC subtype, but is associated with 

poor prognosis in samples with fewer subtype markers. MST1R H-score generated from 

IHC of human BC samples from the CDP Breast Cancer Progression Tissue Microarray and 

locally-obtained tissues. Stratification of samples into ER-negative or –positive, PR-negative 

or –positive, ER/PR double positive or not, HER2 high/amplified or not, and triple negative 

(TNBC) or not for comparison of MST1R H-score using box-whisker plots with rank-sum 

tests (A). Overall survival versus MST1R H-score plotted with Spearman’s correlation 

analysis to analyze relationships of MST1R H-score and survival in BC subtypes (B). 

Samples stratified into above and below the MST1R H-score median of specified subtypes 

showing an inverse correlation with survival in B and plotted using Kaplan-Meier survival 
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curves (C). Cox proportional hazards used for HR and log-rank and Gehan-Breslow tests for 

P-value. ROC analysis with PR-negative samples using MST1R H-score as a continuous 

variable but stratified for early death (<30 months post diagnosis) or not (>30 months) to 

examine the predictive value of MST1R H-score on early death in the specified subtype (C). 

Overall survival versus MST1R H-score plotted with PR-negative (TNBC and ER+ Only) 

samples of particular interest: High MST1R expressing samples are circled to note the 

subpopulation to be analyzed (D). PR-negative (PR−) samples stratified into MST1RHigh 

(circled in A) or MST1RLow (not circled in D) compared for MST1R H-score (left) and 

overall survival (right) using box-whisker plots with rank-sum tests (E)

Hunt et al. Page 20

Breast Cancer Res Treat. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hunt et al. Page 21

Table 1:

Demographics for patients in the BRCA TCGA transcriptome database including PAM50 subtype, pathologic 

T stage, presence of cancer positive lymph nodes, and race.

Count % (n=808)

PAM50 Subtypes

Basal-like 141 17.45

HER2-enriched 97 12.00

Luminal B 171 21.16

Normal-like 160 19.80

Luminal A 239 29.58

Stage % (n=775)

T1–2 664 85.79

T3–4 108 13.95

Tx 2 0.26

Nodes

N0 366 47.29

N+ 395 51.03

Nx 13 1.68

Race

American Indian or Alaska Native 1 0.13

Asian 39 5.08

African American 58 7.55

White 602 78.39

Unreported 74 9.64
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Table 2:

Clinical and demographics data of the patients included in the stained breast cancer tissue including subtypes, 

pathologic T stage, presence of cancer positive lymph nodes, and race.

Count % (n=186)

Subtype Markers

ER+ 122 65. 59

PR+ 90 48.38

HER2-enriched 85 45.69

Triple negative 20 10.75

Stage

T1–2 167 89. 78

T3–4 19 10.22

Tx 0 0

Nodes

N0 33 17. 74

N+ 90 48.39

Nx 63 33.87

Race

American Indian or Alaska Native 0 0

African American 22 11.83

White 163 87.63

Unreported 1 0.54
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