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Abstract

:

An integrated approach has been adopted by the World Health Organization (WHO) for diagnosing brain tumors. This approach relies on the molecular characterization of biopsied tissue in conjunction with standard histology. Diffuse gliomas (grade II to grade IV malignant brain tumors) have a wide range in overall survival, from months for the worst cases of glioblastoma (GBM) to years for lower grade astrocytic and oligodendroglial tumors. We previously identified a change in the cell adhesion molecule PTPmu in brain tumors that results in the generation of proteolytic fragments. We developed agents to detect this cell surface-associated biomarker of the tumor microenvironment. In the current study, we evaluated the PTPmu biomarker in tissue microarrays and individual tumor samples of adolescent and young adult (n = 25) and adult (n = 69) glioma populations using a fluorescent histochemical reagent, SBK4-TR, that recognizes the PTPmu biomarker. We correlated staining with clinical data and found that high levels of the PTPmu biomarker correlate with increased survival of glioma patients, including those with GBM. Patients with high PTPmu live for 48 months on average, whereas PTPmu low patients live only 22 months. PTPmu high staining indicates a doubling of patient survival. Use of the agent to detect the PTPmu biomarker would allow differentiation of glioma patients with distinct survival outcomes and would complement current molecular approaches used in glioma prognosis.
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1. Introduction


Diffuse gliomas are malignant brain tumors that consist of astrocytomas, oligodendrogliomas, and glioblastomas (GBM). They represent approximately 70% of all malignant brain tumors [1] and are categorized into either low or high grade. Low grade tumors include World Health Organization (WHO) grade II astrocytomas and oligodendrogliomas. High grade tumors include WHO grade III astrocytomas and oligodendrogliomas, as well as GBM (WHO grade IV). Low grade diffuse gliomas have the best prognosis with an overall survival of 11 years [2], whereas the overall survival for the most aggressive glioma, type IV GBM, is only 15 months [3]. In addition to tumor grade, other important prognostic factors include age at diagnosis and gender [4,5,6]. Females and younger age at the time of diagnosis are associated with longer survival in glioma patients.



Treatment of low grade glioma generally consists of debulking surgery, radiation therapy, and sometimes adjuvant chemotherapy [7]. Treatment of grade III and IV gliomas consists of surgical resection followed by radiation and chemotherapy [3], with the extent of surgical resection being a major predictor of disease outcome [8]. Conventional surgery has relied heavily upon the neurosurgeon’s professional experience to recognize tumor from normal brain tissue; now, more sophisticated approaches using magnetic resonance imaging (MRI) and/or fluorescent agents to identify tumor tissue are in use or in development [9]. Currently, one fluorescent agent, 5-aminolevulinic acid (5-ALA), is Food and Drug Administration (FDA) approved to aid in the surgical resection of high grade glioma. It is a non-specific agent that is metabolized preferentially but not exclusively in glioma tissue, and while helpful at improving the extent of surgical resection [10,11], it lacks specificity in identifying tumor margins [10,12,13].



We are interested in the roles that changes in cell adhesion play in brain tumor progression. In normal cells, the full-length receptor protein tyrosine phosphatase PTPµ mediates cell-cell adhesion through homophilic binding [14]. We discovered that full-length PTPµ is proteolyzed into fragments in GBM [15,16], whereas differential levels of full-length PTPµ are expressed in low grade astrocytoma tissue [17]. The PTPµ extracellular fragment generates a biomarker in the tumor microenvironment that can be utilized for specific molecular recognition of cancer [18]. We identified peptides, known as the SBK peptides, derived from the extracellular portion of PTPµ that bind homophilically to the extracellular PTPµ biomarker in vitro and/or in vivo [18]. Conjugating these SBK peptides to fluorophores created targeted PTPµ biomarker-directed agents that specifically bind tumor cells, including GBM, but not normal tissues [18]. Remarkably, use of these fluorescent agents in vivo with brain tumor models revealed their ability to detect the primary tumor and glioma cells that had migrated several millimeters away from the main tumor mass [19]. We have proposed developing these agents as tools for fluorescence-guided surgical resection of GBM [9]. The utility of SBK-targeted agents for imaging gliomas has also been demonstrated using preclinical MRI. For that application, the SBK peptide was conjugated to the macrocyclic molecule, 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), and complexed with gadolinium [20,21]. PTPµ biomarker targeted MRI agents showed more sustained binding to and enhancement of tumors compared to untargeted, conventional gadolinium-containing contrast agents in brain tumor models [20,21] and might be advantageous in standard MRI or intraoperative MRI.



The WHO Classification of Tumors of the Central Nervous System introduced a new “integrated” scheme using molecular markers alongside traditional histopathology to classify diffuse gliomas [22]. These recommendations include tests for mutated isocitrate dehydrogenase 1 (IDH1) status to differentiate tumors. Presence of IDH1 mutation correlates with more favorable patient survival outcomes [22]. In the present study, we characterized the staining of the PTPµ biomarker in human glioma tissue microarrays or in individual tumor biopsy samples using the SBK4 peptide conjugated to Texas Red, SBK4-TR, and correlated this with clinical and pathologic features, including survival outcomes. Our findings indicate that PTPµ high biomarker levels are predictive of longer survival time for all glioma subtypes. Even when adjusted for age, sex, and IDH1 mutation status, PTPµ high biomarker levels correlate with increased survival in GBM patients. These data provide evidence that the PTPµ biomarker may predict survival for various gliomas and support the use of the SBK agents for prognosis and imaging.




2. Results


2.1. Staining of Glioma Sections with the PTPµ Biomarker


Human glioma tissue microarrays (TMAs) or individual glioma tumor samples were obtained from 94 patients including 25 adolescent and young adult (AYA) and 69 adults with astrocytomas (n = 12), oligodendroglioma (n = 14), oligoastrocytoma (n = 7), and GBM (n = 61). The clinicopathological characteristics of the patients combined with PTPµ biomarker staining results are summarized in Table 1. The 94 patients were fairly equally divided between those with PTPµ low (52%) and those with PTPµ high biomarker levels (48%; Table 1). Significantly more patients with PTPµ high were alive at the end of the follow-up period (22 patients) compared to those with PTPµ low biomarker levels (eight patients, p < 0.002). These PTPµ high biomarker patients also had a significantly longer mean overall survival time of 48 months compared to the mean overall survival time of 22.4 months for the PTPµ low patients (p < 0.001). Survival times shown in Table 1 represent mean survival times for all patients in a group, both for those where death was recorded and for those alive at the conclusion of the follow-up period. The mean time to recurrence shown in Table 1 for each group was calculated only from patients who experienced a recurrence.



The samples were stained for PTPµ with SBK4-TR, and a subset of those patient samples are shown in Figure 1. Histology was visualized by staining with hematoxylin and eosin (H&E; Figure 1a,d,f). The SBK4-TR staining was visualized with a fluorescent microscope. There was variable PTPµ staining of the tumor samples (Figure 1c,e,f). The amount of fluorescence was divided into two categories, PTPµ low and PTPµ high, to reflect the biphasic nature of the results. As examples, A1 and A2 were classified as PTPµ low, while E7 and E8 illustrate PTPµ high expressing samples (Figure 1c). The TMAs were also stained for mutant IDH1, as shown in Figure 1b,f, and scored as positive or negative to replicate scoring by pathologists. A different TMA is shown in Figure 1f with samples illustrating the range of PTPµ low and PTPµ high as well as wild-type and mutant IDH1 samples.




2.2. Analysis of Clinical Variables in Comparison to the PTPµ Biomarker


Kaplan Meier survival plots demonstrate that patients with PTPµ high biomarker staining have significantly increased survival relative to patients with PTPµ low biomarker staining. The last outcome recorded for a patient (i.e., living or deceased) at the end of the follow up period was carried forward to generate these survival plots. The survival of all glioma patients with PTPµ high and PTPµ low is plotted either unadjusted (Figure 2a) or adjusted (Figure 2b) by gender, grade, age group, and IDH1 mutation status. Median survival times are shown below each plot. As shown in Figure 2a, the median survival of all glioma patients with PTPµ low was 13.3 months compared to 57.8 months for those with PTPµ high. After adjusting for sex, tumor grade, age group, and IDH1 mutation status, the median survival of all patients with PTPµ low was about half as long, 18.6 months, as those with PTPµ high staining, where the median survival was 38.2 months (Figure 2b).



Multivariable Cox proportional hazards regression survival models were generated to investigate the effects of PTPµ, sex, age, grade, IDH1 mutation status, and other parameters on overall survival. Results of the final model are summarized in the Forest Plot shown in Figure 3. Sex, age, WHO tumor grade, and IDH1 mutation status were all included in the final model since all four characteristics are well validated prognostic factors in glioma as mentioned above [4,5,6,22]. PTPµ high staining resulted in a significantly decreased hazard compared to PTPµ low staining (Figure 3). Males showed a slightly increased hazard compared to females, but this difference was not significant. Similarly, there were no significant differences in the hazard of death among patients in the different age groups. Patients with grade IV tumors had significantly increased hazard ratios relative to patients with lower grade tumors. Consistent with previous studies, patients with mutant IDH1 had a significantly reduced hazard of death relative to wild-type IDH1 glioma patients (Figure 3).



To better visualize overall survival among patients with PTPµ low and PTPµ high staining in different age categories, survival data for patients in each PTPµ category were plotted, as shown in Figure 4. Unadjusted Kaplan Meier survival plots were calculated for glioma patients with PTPµ low (Figure 4a) and PTPµ high (Figure 4b). Too few patients were available in each category to make meaningful Kaplan Meier survival plots that adjusted for sex, grade, and IDH1 mutation. Of the 49 patients with PTPµ low staining, six were AYA, 12 were patients aged 40 to 60, and 31 were patients aged 60 and over. In the PTPµ low group, younger patients had longer median survival times than older patients (Figure 4a). Patients aged 60 and over with low levels of PTPµ staining had a median survival time of 5.3 months, patients 40–60 years old had a median survival of 20.6 months, and the AYA patients had an almost four-fold longer median survival of 80.3 months (Figure 4a).



The distribution of age groups was different for patients with PTPµ high staining; of the 45 high, 19 were AYA, 18 were aged 40 to 60, and only eight were aged 60 and over. As with PTPµ low biomarker staining, the unadjusted overall survival for patients in the 60 and over group was worse than that of the other two age categories for the PTPµ high biomarker (Figure 4b). AYA patients with high levels of PTPµ had longer survival compared to the other the age groups (Figure 4b), but median survival time could not be determined because only six deaths were recorded among the 19 AYA patients.



Comparison of PTPµ low and PTPµ high biomarker staining within a given age group reveals some interesting observations (Figure 4). For instance, patients in the oldest age group with PTPµ high staining had a significantly longer median overall survival of 18.9 months (Figure 4b) compared to 5.3 months for those patients 60 and over in the PTPµ low group (Figure 4a; log rank p-value = 0.025). The trend was similar although not statistically significant for the other two age groups. In the 40 to 60 age category, the median survival was 30.3 months for the PTPµ high versus 20.6 months for PTPµ low patients. The median survival time for AYA patients with PTPµ high could not be determined and cannot be compared to that of AYA patients with PTPµ low in this study due to the length of the follow-up period. Of note, 13 of 19 PTPµ high AYA patients survived through the follow-up period compared to three of six in the PTPµ low group.



Next, the 61 patients with GBM were analyzed separately to better examine the relationship between survival and PTPµ staining in these patients. Kaplan Meier survival plots for overall survival are shown unadjusted or adjusted for sex, age group, and IDH1 mutation status (Figure 5). GBM patients with PTPµ high staining showed significantly better survival compared to those with PTPµ low staining in both unadjusted (Figure 5a) and adjusted plots (Figure 5b). In contrast, no significant differences were detected between GBM patients with PTPµ low and PTPµ high staining in terms of recurrence-free survival (Figure 5c,d).



Finally, we examined the 33 remaining patients with lower grade gliomas (non-GBM), including astrocytomas (grade II and III), oligoastrocytomas, and oligodendrogliomas, to determine whether PTPµ staining correlated with overall survival (Figure 6a,b) or recurrence-free survival (Figure 6c,d). As with GBM patients, patients with lower grade tumors but PTPµ high levels had longer overall survival than those with PTPµ low levels, although this difference was only significant after adjusting for sex, age group, and IDH1 mutation status (Figure 6b). There was no difference in the unadjusted recurrence-free survival for glioma patients with non-GBM tumors with high and low PTPµ biomarker staining (Figure 6c). However, after adjusting for sex, age group, and IDH1 mutation status, the PTPµ high non-GBM glioma patients had significantly longer recurrence free survival times than the PTPµ low non-GBM patients, 34.1 versus 11.8 months, respectively (Figure 6d).





3. Discussion


The most recent WHO Classification of Tumors of the Central Nervous System recommendations combine basic histology with either immunohistochemical or genetic tests for mutated IDH1 status, transcriptional regulator (ATRX) loss, and TP53 mutation or 1p/19q chromosomal deletion status to differentiate tumors [22]. Using these molecular markers, gliomas can be more accurately classified as diffuse astrocytoma, oligodendroglioma, oligoastrocytoma, or the glioma with the worst overall prognosis, GBM [22]. Of particular interest was the recommendation that molecular data and genotype overrule histology when discordant results arise [22].



Sequencing studies by The Cancer Genome Atlas (TCGA) identified the common mutation of IDH1 in GBM, with an observation that ~10% of GBM patients harbored IDH1 mutations [23]. IDH1 mutations were associated with increased overall survival of GBM patients and occurred preferentially in young patients and those with secondary GBM [23], that is GBM progressing from a lower grade glioma as opposed to GBMs that arise de novo, i.e., primary GBM. A further refinement of glioma subtypes was accepted in the 2016 WHO guidelines by adding ATRX and TP53 mutational analysis alongside evaluation of 1p/19q chromosomal co-deletion [22]. GBMs and astrocytomas are classified as IDH mutant or wild-type [24]. Oligodendrogliomas can be distinguished from astrocytomas based on ATRX and TP53 mutations (observed in astrocytomas only) versus 1p/19q co-deletion (observed in oligodendrogliomas only along with IDH1 mutation) [24]. The use of immunohistochemistry for both IDH1 and ATRX mutation analysis should simplify the adoption of molecular diagnostics in the neurohistological setting [25]. Based on molecular findings, new predictions for disease outcome can also be determined. For example, the presence of IDH1 mutations and 1p/19q co-deletions are associated with better survival outcomes for grade II, III, and IV gliomas [7,23,26,27], which may be relevant for determining treatment options for lower grade glioma patients with worse prognoses [7,26].



The data presented here suggest that high levels of PTPµ staining correlate with longer overall survival (anywhere from one and a half to three times longer) for patients of similar age. Since high PTPµ staining is correlated with improved survival of all age groups, the PTPµ biomarker may be an important prognostic marker. Unlike the markers discussed above, the changes observed in PTPµ in glioma are all post-translational in nature and not at the level of DNA. There is little evidence of PTPµ changes at either the DNA or the RNA level in brain tumors in the literature. The TCGA database indicates 13 mutations in the PTPµ gene (PTPRM) coding region, most of them low impact mutations. We previously observed differences in full-length PTPµ and proteolytic fragments of PTPµ in different glioma types, including GBM by immunoblot [17]. When full-length PTPµ protein was added back to the invasive glioma LN-229 cell line, a cell line characterized by low amounts of full length PTPµ and high amounts of PTPµ fragments, cell migration was reduced [15]. We found that PTPµ fragment expression was essential for promoting cell migration and cell survival in this cell line [15]. Based on these results, we hypothesized that proteolytic cleavage of PTPµ impacts adhesion between adjacent cells, leading to a loss of contact inhibition of growth and promotion of cancer cell migration and invasion [28].



PTPµ high biomarker staining and IDH1 mutation both substantially reduced the hazard ratio of death, as shown in Figure 3. Additional studies with more patients in each age group are needed to determine whether these biomarkers are involved in one or more common pathways leading to oncogenesis and/or prolonged survival.



Current practice is to utilize Clinical Laboratory Improvements Amendments (CLIA)-approved and commercially available monoclonal antibodies (mAbs) for the most common mutation of IDH1 and ATRX for routine grading of gliomas [25]. If validated by additional studies, the SBK4-TR agent could be used in a similar setting and would allow quick and convenient one-step staining, as the Texas Red fluorophore is already conjugated to the SBK4 peptide. In future studies, we will use this same reagent to validate our results in an independent dataset of patient tissue.



In addition to using the SBK agents to predict patient outcomes, these agents could also be used in fluorescence-guided surgical resection of glioma [9] for patients whose biopsy is positive for the PTPµ biomarker. 5-ALA is currently approved to be used in GBM surgery as it distinguishes tumor tissue from normal tissue by the preferential conversion of 5-ALA to fluorescent porphyrins (PpIX) in the heme biosynthesis cycle, which occurs at a higher rate in epithelial and tumor tissue [29]. PpIX fluoresces under 400–410 nm wavelength excitation and emits at 635–705 nm and can be visualized with a fluorescent surgical microscope. It is very effective at delineating the main GBM tissue mass, with 92% positive predictive value, 77% specificity, and 79% negative predictive value [12], and was recently approved by the U.S. FDA for this purpose. However, it is less effective at labeling the dispersive GBM tumor border [13,30]. The use of 5-ALA in the surgical resection of GBM results in a significant improvement in the extent of tumor resection (65% versus 36% with white light alone) and yields an improvement in six month progression-free survival [11]. From previous studies, we know that the SBK agents are very effective at labeling the main tumor mass and the tumor’s invasive edge [19]. The SBK agents can be conjugated to any fluorophore, including those in the near-infrared range to minimize tissue interference. Since the PTPµ biomarker signifies cancer and the data presented demonstrate that the SBK4-TR agent labels both low- and high-grade glioma tissue, SBK4-TR could be useful for fluorescence-guided surgical resection of gliomas, either alone or multiplexed with 5-ALA for double labeling.



Brain tumors are the third most common malignancy in AYA patients between 15 and 39 years old [31]. Until recently, AYA populations have been lumped with either pediatric or adult patients, and their treatment has varied between following pediatric or adult guidelines, neither of which may be appropriate for this disease [32]. With the advent of molecular characterization of malignancy, fundamental differences between AYA patients and other age groups have been identified, clarifying that separate disease mechanisms are at play. In the case of glioma, pediatric, AYA, and adult patients have molecular distinctions between and within different glioma grades [32]. In GBM, for example, TP53 and IDH1 mutations and phosphatase and tensin homolog (PTEN) deletion are frequently observed in patients under 40 [23,33], as is hypermethylation of the CpG island methylator (C-GIMP) phenotype [34]. All are correlated with better prognosis. In this data set, there are higher levels of the PTPµ biomarker in AYA patients and in the 40 to 60 adult glioma patients, while patients 60 years and over tend to have low PTPµ staining.



In older GBM patients, epidermal growth factor receptor (EGFR) amplification and PTEN deletions are observed in a majority of cases, and IDH1 mutations are rarely observed [33]. Of note, our data included a subset of GBM patients over 60 with PTPµ high staining and median survival times more than three times that of GBM patients in the same age group with PTPµ low staining. As with the IDH1 mutation, PTPµ high staining correlates with improved survival. Unlike IDH1 mutation status, the PTPµ biomarker may be a relevant prognosis marker for all age groups. In summary, the data presented here indicate the exciting possibility that the staining of the PTPµ biomarker may be used to predict clinical outcomes of glioma patients.




4. Materials and Methods


4.1. Study Ethics and Patient Information


Glioma patients were identified and prospectively consented to the Ohio Brain Tumor Study (OBTS, PIs: Barnholtz-Sloan and Sloan) under approval from the University Hospitals Institutional Review Board (IRB Number CC296; Approval 24 May 2018). Clinical and pathological data were gathered for each patient and included age at diagnosis, sex, race, WHO grade, histological type, overall survival, overall vital status, recurrent status, and recurrence-free survival. The IDH1 mutation status was obtained for some patient samples through the TCGA database (21 samples) or as part of the medical record (30 samples). The remaining samples were stained for IDH1 mutation as described below. The last outcome recorded (i.e., living or recurrence-free) at the conclusion of the follow-up period was carried forward to generate the Kaplan Meier plots used to illustrate overall survival or recurrence-free survival. No recurrence data were available for four patients (three in the PTPµ low group and one in the PTPµ high group), thus these were excluded from analyses of recurrence-free survival. The mean time to recurrence shown in Table 1 for each group was calculated only from patients who experienced a recurrence.




4.2. Reagents


The SBK4 peptide used for tissue staining was synthesized as described [18]. The N-terminal glycine of SBK4 peptide was coupled to Texas Red (TR; Molecular Probes Inc, Eugene, OR, USA) as described [18] to make the fluorescent agent. Anti-IDH1 R132H Monoclonal Antibody clone H09 [American Research Products (Dianova GmbH), Waltham, MA, USA] reacts specifically with the isocitrate dehydrogenase 1 (IDH1) R132H point mutation in tissue sections from formalin-fixed brain tumor specimens.




4.3. Biomarker Labeling of Human Glioma Tissue


All tumor samples used for this study were obtained from the OBTS, which makes patient samples available to researchers. The OBTS generated three TMAs to facilitate screening a large number of patient biopsy tissues, and these were stained for the PTPµ biomarker. To supplement these samples, additional individual biopsy samples were also screened. Together, these TMAs and slides represented samples from 94 glioma patients (25 adolescent and young adult and 69 adult) with astrocytomas (n = 12), oligodendroglioma (n = 14), oligoastrocytoma (n = 7), and GBM (n = 61). Tissue staining with SBK4-TR was described [18]. Positive controls (GBM) and negative controls (Epilepsy) were tested with the TMAs or individual slides. Tumor samples were obtained formalin-fixed and paraffin-embedded. Prior to staining, the TMAs or slides were deparaffinized and blocked with 2% goat serum in phosphate buffered saline (PBS) for 20 min at room temperature (RT). The samples were then incubated with SBK4-TR agent diluted in 2% goat serum in PBS at RT for 1 hr in the dark. Following a PBS rinse, the TMAs or slides were coverslipped with Vectashield Hard Set Mounting Medium (Vector Laboratories, Inc., Burlingame, CA, USA) and imaged on a Hamamatsu Nanozoomer S60 slide scanner (Bridgewater, NJ, USA). Some samples were also stained for the IDH1 mutation. For IDH1 staining, antigen retrieval was performed in a citrate buffer. Antibody binding was detected using MACH4 horseradish peroxidase (Biocare, Pacheco, CA, USA), and diaminobenzidine was used as a chromogenic substrate. The sections were counterstained with hematoxylin and eosin (H&E) and mounted with Ecomount (Biocare, Pacheco, CA, USA) and imaged.



Tissue staining for both PTPµ and IDH1 biomarkers was quantified by blinded observers. For PTPµ, an initial scoring system of one to four was used to capture staining intensity information about the samples with a staining level of one indicating low fluorescence and level four indicating high fluorescence. After reviewing all of the results, the PTPµ biomarker was dichotomized as either low or high to better reflect the biphasic nature of the staining pattern. For IDH1, samples were scored as either positive for the mutation or negative as it is done clinically.




4.4. Statistical Analysis


Data were analyzed using version 3.5.1 of the R software. Summaries of PTPµ staining in comparison to the indicated clinicopathological characteristics were performed using the “tableone” package. Numbers and percentages of categorical variables were compared using the Chi square test. For continuous variables, means and standard deviations were calculated and compared using a t test. Survival analyses were performed using the “survival” and “survminer” packages in R. The Kaplan Meier method and log-rank tests were used for generating unadjusted survival curves and testing for significance as indicated. Multivariable models using Cox proportional hazards regression were generated to incorporate the possible contribution of additional clinicopathological features to overall survival. The final model selected for all patient data adjusted for sex, age group, tumor grade, and IDH1 mutation. The global log-rank p-values are shown for the survival curves with the three age groups indicated. In all cases, p-values <0.05 were considered statistically significant.
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	Isocitrate Dehydrogenase



	mAbs
	monoclonal Antibodies



	MRI
	Magnetic Resonance Imaging



	GBM
	Glioblastoma



	RT
	Room Temperature



	TMA
	Tissue Microarray



	TR
	Texas Red



	WHO
	World Health Organization







References


	



Ostrom, Q.T.; Gittleman, H.; Liao, P.; Vecchione-Koval, T.; Wolinsky, Y.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the united states in 2010–2014. Neuro. Oncol. 2017, 19, v1–v88. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, C.R.; Slone, S.A.; Pittman, T.; St Clair, W.H.; Lightner, D.D.; Villano, J.L. Comprehensive evaluation of treatment and outcomes of low-grade diffuse gliomas. PLoS ONE 2018, 13, e0203639. [Google Scholar] [CrossRef] [PubMed]

	



Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl. J. Med. 2005, 352, 987–996. [Google Scholar] [CrossRef] [PubMed]

	



Gittleman, H.; Lim, D.; Kattan, M.W.; Chakravarti, A.; Gilbert, M.R.; Lassman, A.B.; Lo, S.S.; Machtay, M.; Sloan, A.E.; Sulman, E.P.; et al. An independently validated nomogram for individualized estimation of survival among patients with newly diagnosed glioblastoma: NRG oncology RTOG 0525 and 0825. Neuro Oncol. 2017, 19, 669–677. [Google Scholar] [PubMed]

	



Ostrom, Q.T.; Gittleman, H.; Stetson, L.; Virk, S.M.; Barnholtz-Sloan, J.S. Epidemiology of gliomas. Cancer Treat. Res. 2015, 163, 1–14. [Google Scholar]

	



Ostrom, Q.T.; Bauchet, L.; Davis, F.G.; Deltour, I.; Fisher, J.L.; Langer, C.E.; Pekmezci, M.; Schwartzbaum, J.A.; Turner, M.C.; Walsh, K.M.; et al. The epidemiology of glioma in adults: A “state of the science” review. Neuro Oncol. 2014, 16, 896–913. [Google Scholar] [CrossRef]

	



Semmel, D.; Ware, C.; Kim, J.Y.; Peters, K.B. Evidence-based treatment for low-grade glioma. Semin. Oncol. Nurs. 2018, 34, 465–471. [Google Scholar] [CrossRef]

	



D’Amico, R.S.; Kennedy, B.C.; Bruce, J.N. Neurosurgical oncology: Advances in operative technologies and adjuncts. J. Neurooncol. 2014, 119, 451–463. [Google Scholar] [CrossRef] [PubMed]

	



Craig, S.E.L.; Wright, J.; Sloan, A.E.; Brady-Kalnay, S.M. Fluorescent-guided surgical resection of glioma with targeted molecular imaging agents: A literature review. World Neurosurg. 2016, 90, 154–163. [Google Scholar] [CrossRef]

	



Cordova, J.S.; Gurbani, S.S.; Holder, C.A.; Olson, J.J.; Schreibmann, E.; Shi, R.; Guo, Y.; Shu, H.K.; Shim, H.; Hadjipanayis, C.G. Semi-automated volumetric and morphological assessment of glioblastoma resection with fluorescence-guided surgery. Mol. Imaging Biol. 2016, 18, 454–462. [Google Scholar] [CrossRef]

	



Stummer, W.; Pichlmeier, U.; Meinel, T.; Wiestler, O.D.; Zanella, F.; Reulen, H.J.; Group, A.L.-G.S. Fluorescence-guided surgery with 5-aminolevulinic acid for resection of malignant glioma: A randomised controlled multicentre phase III trial. Lancet Oncol. 2006, 7, 392–401. [Google Scholar] [CrossRef]

	



Colditz, M.J.; Jeffree, R.L. Aminolevulinic acid (ALA)-protoporphyrin IX fluorescence guided tumour resection. Part 1: Clinical, radiological and pathological studies. J. Clin. Neurosci. Off. J. Neurosurg. Soc. Australas. 2012, 19, 1471–1474. [Google Scholar] [CrossRef] [PubMed]

	



Diez Valle, R.; Tejada Solis, S.; Idoate Gastearena, M.A.; Garcia de Eulate, R.; Dominguez Echavarri, P.; Aristu Mendiroz, J. Surgery guided by 5-aminolevulinic fluorescence in glioblastoma: Volumetric analysis of extent of resection in single-center experience. J. Neurooncol. 2011, 102, 105–113. [Google Scholar] [CrossRef]

	



Brady-Kalnay, S.M.; Flint, A.J.; Tonks, N.K. Homophilic binding of PTPmu, a receptor-type protein tyrosine phosphatase, can mediate cell-cell aggregation. J. Cell. Biol. 1993, 122, 961–972. [Google Scholar] [CrossRef]

	



Burgoyne, A.M.; Phillips-Mason, P.J.; Burden-Gulley, S.M.; Robinson, S.; Sloan, A.E.; Miller, R.H.; Brady-Kalnay, S.M. Proteolytic cleavage of protein tyrosine phosphatase mu regulates glioblastoma cell migration. Cancer Res. 2009, 69, 6960–6968. [Google Scholar] [CrossRef]

	



Phillips-Mason, P.J.; Craig, S.E.; Brady-Kalnay, S.M. A protease storm cleaves a cell-cell adhesion molecule in cancer: Multiple proteases converge to regulate PTPmu in glioma cells. J. Cell. Biochem. 2014, 115, 1609–1623. [Google Scholar] [CrossRef] [PubMed]

	



Burgoyne, A.M.; Palomo, J.M.; Phillips-Mason, P.J.; Burden-Gulley, S.M.; Major, D.L.; Zaremba, A.; Robinson, S.; Sloan, A.E.; Vogelbaum, M.A.; Miller, R.H.; et al. PTPmu suppresses glioma cell migration and dispersal. Neuro Oncol. 2009, 11, 767–778. [Google Scholar] [CrossRef]

	



Burden-Gulley, S.M.; Gates, T.J.; Burgoyne, A.M.; Cutter, J.L.; Lodowski, D.T.; Robinson, S.; Sloan, A.E.; Miller, R.H.; Basilion, J.P.; Brady-Kalnay, S.M. A novel molecular diagnostic of glioblastomas: Detection of an extracellular fragment of protein tyrosine phosphatase mu. Neoplasia 2010, 12, 305–316. [Google Scholar] [CrossRef]

	



Burden-Gulley, S.M.; Qutaish, M.Q.; Sullivant, K.E.; Tan, M.; Craig, S.E.; Basilion, J.P.; Lu, Z.R.; Wilson, D.L.; Brady-Kalnay, S.M. Single cell molecular recognition of migrating and invading tumor cells using a targeted fluorescent probe to receptor PTPmu. Int. J. Cancer 2013, 132, 1624–1632. [Google Scholar] [CrossRef]

	



Herrmann, K.; Johansen, M.L.; Craig, S.E.; Vincent, J.; Howell, M.; Gao, Y.; Lu, L.; Erokwu, B.; Agnes, R.S.; Lu, Z.R.; et al. Molecular imaging of tumors using a quantitative T1 mapping technique via magnetic resonance imaging. Diagn 2015, 5, 318–332. [Google Scholar] [CrossRef]

	



Johansen, M.L.; Gao, Y.; Hutnick, M.A.; Craig, S.E.L.; Pokorski, J.K.; Flask, C.A.; Brady-Kalnay, S.M. Quantitative molecular imaging with a single Gd-based contrast agent reveals specific tumor binding and retention in vivo. Anal. Chem. 2017, 89, 5932–5939. [Google Scholar] [CrossRef]

	



Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.; Kleihues, P.; Ellison, D.W. The 2016 World Health Organization classification of tumors of the central nervous system: A summary. Acta Neuropathol. 2016, 131, 803–820. [Google Scholar] [CrossRef]

	



Parsons, D.W.; Jones, S.; Zhang, X.; Lin, J.C.; Leary, R.J.; Angenendt, P.; Mankoo, P.; Carter, H.; Siu, I.M.; Gallia, G.L.; et al. An integrated genomic analysis of human glioblastoma multiforme. Science 2008, 321, 1807–1812. [Google Scholar] [CrossRef]

	



Park, S.H.; Won, J.; Kim, S.I.; Lee, Y.; Park, C.K.; Kim, S.K.; Choi, S.H. Molecular testing of brain tumor. J. Pathol. Transl. Med. 2017, 51, 205–223. [Google Scholar] [CrossRef] [PubMed]

	



Reuss, D.E.; Sahm, F.; Schrimpf, D.; Wiestler, B.; Capper, D.; Koelsche, C.; Schweizer, L.; Korshunov, A.; Jones, D.T.; Hovestadt, V.; et al. ATRX and Idh1-R132h immunohistochemistry with subsequent copy number analysis and IDH sequencing as a basis for an “integrated” diagnostic approach for adult astrocytoma, oligodendroglioma and glioblastoma. Acta Neuropathol. 2015, 129, 133–146. [Google Scholar] [CrossRef]

	



Weller, M.; Weber, R.G.; Willscher, E.; Riehmer, V.; Hentschel, B.; Kreuz, M.; Felsberg, J.; Beyer, U.; Loffler-Wirth, H.; Kaulich, K.; et al. Molecular classification of diffuse cerebral WHO grade II/III gliomas using genome- and transcriptome-wide profiling improves stratification of prognostically distinct patient groups. Acta Neuropathol. 2015, 129, 679–693. [Google Scholar] [CrossRef][Green Version]

	



Hartmann, C.; Hentschel, B.; Wick, W.; Capper, D.; Felsberg, J.; Simon, M.; Westphal, M.; Schackert, G.; Meyermann, R.; Pietsch, T.; et al. Patients with IDH1 wild type anaplastic astrocytomas exhibit worse prognosis than IDH1-mutated glioblastomas, and IDH1 mutation status accounts for the unfavorable prognostic effect of higher age: Implications for classification of gliomas. Acta Neuropathol. 2010, 120, 707–718. [Google Scholar] [CrossRef]

	



Craig, S.E.; Brady-Kalnay, S.M. Cancer cells cut homophilic cell adhesion molecules and run. Cancer Res. 2011, 71, 303–309. [Google Scholar] [CrossRef] [PubMed]

	



Pogue, B.W.; Gibbs-Strauss, S.; Valdes, P.A.; Samkoe, K.; Roberts, D.W.; Paulsen, K.D. Review of neurosurgical fluorescence imaging methodologies. IEEE J. Sel. Top. Quantum Electron. 2010, 16, 493–505. [Google Scholar] [CrossRef] [PubMed]

	



Idoate, M.A.; Diez Valle, R.; Echeveste, J.; Tejada, S. Pathological characterization of the glioblastoma border as shown during surgery using 5-aminolevulinic acid-induced fluorescence. Neuropathology 2011, 31, 575–582. [Google Scholar] [CrossRef]

	



Ostrom, Q.T.; Gittleman, H.; de Blank, P.M.; Finlay, J.L.; Gurney, J.G.; McKean-Cowdin, R.; Stearns, D.S.; Wolff, J.E.; Liu, M.; Wolinsky, Y.; et al. American Brain Tumor Association adolescent and young adult primary brain and central nervous system tumors diagnosed in the United States in 2008–2012. Neuro Oncol. 2016, 18, i1–i50. [Google Scholar] [CrossRef] [PubMed]

	



Zapotocky, M.; Ramaswamy, V.; Lassaletta, A.; Bouffet, E. Adolescents and young adults with brain tumors in the context of molecular advances in neuro-oncology. Pediatr Blood Cancer 2018, 65. [Google Scholar] [CrossRef] [PubMed]

	



Jha, P.; Suri, V.; Singh, G.; Jha, P.; Purkait, S.; Pathak, P.; Sharma, V.; Sharma, M.C.; Suri, A.; Gupta, D.; et al. Characterization of molecular genetic alterations in GBMs highlights a distinctive molecular profile in young adults. Diagn. Mol. Pathol. 2011, 20, 225–232. [Google Scholar] [CrossRef]

	



Noushmehr, H.; Weisenberger, D.J.; Diefes, K.; Phillips, H.S.; Pujara, K.; Berman, B.P.; Pan, F.; Pelloski, C.E.; Sulman, E.P.; Bhat, K.P.; et al. Identification of a CpG island methylator phenotype that defines a distinct subgroup of glioma. Cancer Cell. 2010, 17, 510–522. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 20 02372 g001 550]





Figure 1. Staining for the PTPµ biomarker and mutant IDH1. These are representative examples of a TMA (a–c,f) or an individual slide (d–e) stained with the relevant markers. The patient samples are marked in rows A–E with numbers at the top from 1–8. Therefore, the tumor core location is referred to as A1, A2, etc. (a) Hematoxylin and eosin (H&E) stain of the TMA. (b) Mutant IDH1 staining of the TMA. (c) SBK4-TR stain of the TMA. (d) H&E of individual sample of GBM. (e) SBK4-TR stain of the same individual. Panel (f) shows results from a different TMA with H&E (left), mutant IDH1 (middle) and SBK4-TR (right) staining with a range of PTPµ high to PTPµ low and both wild-type and mutant IDH1. Scale bar = 1mm. 






Figure 1. Staining for the PTPµ biomarker and mutant IDH1. These are representative examples of a TMA (a–c,f) or an individual slide (d–e) stained with the relevant markers. The patient samples are marked in rows A–E with numbers at the top from 1–8. Therefore, the tumor core location is referred to as A1, A2, etc. (a) Hematoxylin and eosin (H&E) stain of the TMA. (b) Mutant IDH1 staining of the TMA. (c) SBK4-TR stain of the TMA. (d) H&E of individual sample of GBM. (e) SBK4-TR stain of the same individual. Panel (f) shows results from a different TMA with H&E (left), mutant IDH1 (middle) and SBK4-TR (right) staining with a range of PTPµ high to PTPµ low and both wild-type and mutant IDH1. Scale bar = 1mm.



[image: Ijms 20 02372 g001]







[image: Ijms 20 02372 g002 550]





Figure 2. Kaplan Meier Plot for overall survival by PTPµ high versus low staining for all glioma patients. (a) Unadjusted overall survival. (b) Overall survival adjusted by sex, tumor grade, age group, and IDH1 mutation status. Median survival with 95% Confidence Intervals for each group are shown below each plot. 






Figure 2. Kaplan Meier Plot for overall survival by PTPµ high versus low staining for all glioma patients. (a) Unadjusted overall survival. (b) Overall survival adjusted by sex, tumor grade, age group, and IDH1 mutation status. Median survival with 95% Confidence Intervals for each group are shown below each plot.



[image: Ijms 20 02372 g002]







[image: Ijms 20 02372 g003 550]





Figure 3. Forest plot of hazard ratios (with 95% CIs) from the final multivariable Cox proportional hazards regression model for overall survival for all glioma patients. Wald test p-values are shown. 
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Figure 4. Kaplan Meier survival plots for overall survival by PTPµ low versus high staining and age at diagnosis for all glioma patients. (a) Unadjusted survival for PTPµ low patients. (b) Unadjusted survival for PTPµ high patients. 
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Figure 5. Kaplan Meier survival plots for overall survival and recurrence-free survival by PTPµ high versus PTPµ low staining for GBM patients only. (a) Unadjusted overall survival for GBM patients. (b) Overall survival adjusted for sex, age group, and IDH1 mutation for GBM patients. (c) Unadjusted recurrence-free survival for GBM patients. (d) Overall recurrence-free survival adjusted for sex, age group, and IDH1 mutation for GBM patients. Median overall survival or recurrence-free survival with 95% CIs are shown below each plot. Based on the log-rank test, recurrence-free survival curves were not significantly different between PTPµ high and low patients for either unadjusted or adjusted curves. 
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Figure 6. Kaplan Meier survival plots for overall survival and recurrence-free survival by PTPµ high versus PTPµ low staining for patients with lower grade gliomas. (a) Unadjusted overall survival for lower grade (non-GBM) patients. (b) Overall survival adjusted for sex, age group, and IDH1 mutation for non-GBM patients. (c) Unadjusted recurrence-free survival for non-GBM patients. (d) Overall recurrence-free survival adjusted for sex, age group, and IDH1 mutation for non-GBM patients. Median overall survival or recurrence-free survival with 95% CIs are shown below each plot. Based on the log-rank test, the adjusted recurrence-free survival curves were significantly different between PTPµ high and low non-GBM patients. 
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Table 1. Clinicopathological characteristics of glioma patients from the Ohio Brain Tumor Study with low and high staining for the PTPµ biomarker. The recurrence times indicated represent the mean recurrence times only for patients who had a recurrence. The mean survival times provided are for all patients combined.
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	Variable
	Category
	PTPµ Low
	PTPµ High
	p Test





	Number
	
	49
	45
	



	Sex (%)
	Female
	17 (34.7)
	25 (55.6)
	0.068 1



	
	Male
	32 (65.3)
	20 (44.4)
	



	Race (%)
	Asian
	1 (2.0)
	0 (0.0)
	0.546 1



	
	Black
	2 (4.1)
	1 (2.2)
	



	
	White
	46 (93.9)
	44 (97.8)
	



	Age at Diagnosis [mean (sd)]
	
	62.2 (14.4)
	46.3 (15.5)
	<0.001 2



	Histologic Type (%)
	Astrocytoma
	3 (6.1)
	9 (20.0)
	0.044 1



	
	Glioblastoma
	38 (77.6)
	23 (51.1)
	



	
	Oligoastrocytoma
	2 (4.1)
	5 (11.1)
	



	
	Oligodendroglioma
	6 (12.2)
	8 (17.8)
	



	WHO Grade (%)
	Grade II
	5 (10.2)
	16 (35.6)
	0.010 1



	
	Grade III
	6 (12.2)
	6 (13.3)
	



	
	Grade IV
	38 (77.6)
	23 (51.1)
	



	Recurrence Status (%)
	No
	22 (47.8)
	16 (36.4)
	0.375 1



	
	Yes
	24 (52.2)
	28 (63.6)
	



	Recurrence time in months [mean (sd)]
	
	12.8 (14.9)
	22.6 (26.4)
	0.114 2



	Survival Status (%)
	Alive
	8 (16.3)
	22 (48.9)
	0.002 1



	
	Deceased
	41 (83.7)
	23 (51.1)
	



	Survival time in months [mean (sd)]
	
	22.4 (27.9)
	48 (38.1)
	<0.001 2



	Age Group (%)
	AYA 3
	6 (12.2)
	19 (42.2)
	<0.001 1



	
	40 to 60
	12 (24.5)
	18 (40.0)
	



	
	60 and over
	31 (63.3)
	8 (17.8)
	



	IDH1 mutation (%)
	Negative
	41 (83.7)
	28 (62.2)
	0.034 1



	
	Positive
	8 (16.3)
	17 (37.8)
	







1p-value from Chi-Square test; 2p-value from t test; 3 Adolescent and Young Adult.


media/file4.png
Proportion Surviving

1.0

0.8

0.6

0.2 0.4

0.0

N Log rank p <0.0001

| | | | | I

|
0 20 40 60 80 100 120 140

Survival (months)
PTPu N Events Median Survival  95% CI
(months)
Low 49 41 13.3 (7.3-18.6)
High 45 23 57.8 (22.4-NA)

(a: survival unadjusted)

Proportion Surviving

o
— Log rank p <0.0001
—— High
0 | - Low
S
o R
(=
{, —
S
o
< |
Q —
S
| | | | | | |
0 20 40 60 80 100 120 140
Survival (months)
PTPu N Events Median Survival 95% CI
(months)
Low 49 41 18.6 (14.0 — 40.6)
High 45 23 38.2 (21.4-NA)

(b: survival adjusted)





nav.xhtml


  ijms-20-02372


  
    		
      ijms-20-02372
    


  




  





media/file2.png





media/file5.jpg
Hazard ratio

b N9y s

Sex = reference [ ]

[ S|

rsegonp By e []

[ P
BB~ b — usn

[E o s R = —_— RN
5" e [ ——

5 Even: 4 Gt e (L5 R <0001
o5 01 02 0s






media/file3.jpg
Proportion Surviving.

8 Loprnk o 2 oy oo
e
3 s et
H] i
3 ts
2
3 iz
£
g g
O h b e % @ IR IR
Sl ) Sl )
I Tr—— R T ——
by oy
T R T T
A [ Wown oM [

(a: survival unadjusted)

(b: survival adjusted)





media/file1.jpg





media/file7.jpg
10

Log rankp <ot

mg ®
i i
3 — |}
0 b @ & @ EEEEEEEE
Surival (menths) Survivl (months)
Megp N B Mool 99%CH Aegp N e Metimail 99%C
imoni vy
S W WA B e T
oo 5 me @SN dww W om o w 1N
O 3 353 Q7Y domdee & & 1 fi

(a: PTP low survival unadjusted )

(b: PTPy high survival unadjusted )





media/file10.png
Proportion Surviving

Proportion Free of Recurrence

o
— ] Log rank p =0.016
m —
=
© |
S
ﬂ —
=
N —
S
o
<
I I I I
0 20 40 60 80
Survival (months)
PTPu N Events Median 95% CI
Survival
(months)
Low 38 35 7.7 (4.2 - 14.0)
High 23 18 16.3 (12.6 — 43.2)
(a: GBM survival unadjusted)
=)
- Log rank p =0.590
w —
S
|® ]
S
=+
=
N —
=
D p—
S I I

I |
0 20 40 60 80

Time Recurrence Free (months)

PTPu N  Events Median Recurrence 95% CI
Free Survival

(months)
Low 37 18 10.5 (5.2-21.4)
High 23 15 11.5 (10.0 - NA)

(c: GBM recurrence free survival unadjusted)

Proportion Surviving

Proportion Free of Recurrence

< - Log rank p =0.010
— High
o — Low
2 -
l'.D —
o
ﬂ —
()
[ |
o -
D —
Ci | | | |
0 20 40 60 80
Survival (months)
PTPu N Events Median 95% CI
Survival
(months)
Low 38 35 101 (53-16.9)
High 23 18 16.3 (12.6 —43.2)
(b: GBM survival adjusted)
=
— Log rank p =0.080
w —
o
\D —
o
ﬂ —
=
N —
o
D —
C:-‘ | | | |
0 20 40 60 80
Time Recurrence Free (months)
PTPu N Events Median 95% CI
Recurrence Free
Survival
(months)
Low 37 18 NA (1.0 - NA)
High 23 15 28.4 (1.4-NA)

(d: GBM recurrence adjusted)






media/file12.png
Proportion Surviving

Proportion Free of Recurrence

E B Log rank p =0.069 E u Log rank p =0.001
- High
. w | — Low
= | by &
=
g
0
S - =
A
S
g
ﬁ-l =
S B S
T
0
=t
a8
-l ol
o | =T
= o
o | =T
I I I I | I I | I I I I | I I |
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Survival (months) Survival (months)
PTPu N  Events Median  95% CI PTPp N Events Median  95% CI
Survival Survival
(months) (months)
Low 11 6 80.3 (37.0 - NA) Low 11 6 80.3 (37 .0- NA)
High 2 5 NA (NA - NA) High 2 5 NA (NA-NA)
(a: non-GBM survival unadjusted) (b: non-GBM survi