
Targeting Invasive Glioblastoma via
the TROY-JAK1 Signaling Pathway

Item Type text; Electronic Thesis

Authors Kahn, Allon

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the College of Medicine - Phoenix, University
of Arizona. Further transmission, reproduction or presentation
(such as public display or performance) of protected items is
prohibited except with permission of the author.

Download date 19/05/2023 15:14:27

Link to Item http://hdl.handle.net/10150/281192

http://hdl.handle.net/10150/281192


 
 

 

 

 

 

 

Targeting Invasive Glioblastoma via the TROY-JAK1 Signaling Pathway 

 

 

 

A Thesis submitted to the University of Arizona College of Medicine -- Phoenix 

in partial fulfillment of the requirements for the degree of Doctor of Medicine 

 

 

Allon Kahn 

Class of 2013 

 

Mentor:  Nhan L. Tran, PhD 

 

 

 

 



 
 

 

Acknowledgements 

First and foremost, I would like to thank Dr. Nhan Tran for his mentorship and encouragement, 

as well as the use of his lab space, without which this project would not have been possible. I 

would also like to acknowledge Vincent Paulino for his generous and patient willingness to 

provide training in the necessary methods and data analyses.  I would like to thank Juli Ross for 

her guidance and leadership and Serdar Tuncali for his expert lentiviral manipulation that 

provided the underpinning for my experiments. Finally, I would like to thank the Translational 

Genomics Research Institute and the Helios Foundation for providing me with access to their 

considerable resources and challenging me intellectually to make the most of a once-in-a-

lifetime opportunity.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Abstract 

Objective and Hypothesis:  Glioblastoma multiforme, the most common and lethal primary 

brain neoplasm in adults, has been historically difficult to treat, as its invasion into contiguous 

brain tissue mitigates the benefit of surgical resection. Furthermore, its unique ability to evade 

apoptosis and selectively induce proliferation promotes chemotherapeutic resistance and 

explains the lack of substantial survival improvement despite decades of research. The orphan 

transmembrane receptor, TROY, has been shown to influence glioma cell migration and 

survival. While TROY downstream signaling presents a potential therapeutic target, the detailed 

pathway has yet to be fully elucidated.  We identified the non-receptor tyrosine kinase, JAK1,as 

a candidate binding partner and hypothesized that JAK1 is a downstream mediator of TROY-

induced glioma invasion, ultimately seeking to validate the potential therapeutic potential of 

this interaction. 

Methods:  TROY-JAK1 binding was assessed by co-immunoprecipitation of JAK1 with 

immunoblotting for TROY. The mechanism of this JAK1-TROY interaction was assessed by 

western blottingfor phosphorylated JAK1 and STAT3 in wild type vs. TROY-overexpressing 

glioma cells. Finally, an in-vitro radial migration assay was performed under siRNA depletion of 

JAK1 to assess functional validation.  

Results:  JAK1  was confirmedas a TROY binding partner by co-immunoprecipitation, with 

immunoblotting demonstrating that TROY-overexpression induces JAK1 phosphorylation. 

siRNA-mediated depletion of JAK1 also resulted in decreasedphosphorylated STAT3 level. 

Finally, a radial migration assay performed on wild-type and TROY-overexpressing T98G cells 

with and without JAK1 depletion demonstrated statistically significant reductions in migration 

rate in both JAK1-depleted groups compared to controls.  

Significance: This study identified and confirmed JAK1 as a downstream mediator of TROY 

signaling and demonstrated that JAK1 depletion results in mitigation of the pro-migratory effect 

of TROY overexpression. Thus, JAK1 provides a potential novel therapeutic target for disruption 

of glioblastoma TROY signaling in vivo andmay contribute to the development of more 

efficacious chemotherapeutic agents.  
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wild type and TROY-overexpressing T98G cells.  

Figure 2:  Varying endogenous JAK1 levels. T98G, SNB19, U87, and U118 glioma cell lysates 
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Figure 3:siRNA-mediated JAK1 depletion leads to reduced phosphorylation of STAT3. Western 

blot of total JAK1, phosphorylated and total STAT3 in wild type and siRNA JAK1-depleted T98G 

cells.  

Figure 4: Sample of images from glioma migration assay 

Figure 5: Depletion of JAK1 expression by siRNA suppresses TROY-induced glioma cell 

migration. Bar graph illustrating migration rate for wild type and TROY-overexpressing T98G 

cells with and without siRNA-mediated JAK1 depletion. Y-axis represents migration rate in 

µm/hr. Western blot for HA epitope to confirm TROY-overexpresion and JAK1 to confirm siRNA-
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Introduction 

Glioblastoma multiforme (GBM) is the most common and lethal primary brain neoplasm 

in adults1. Despite advances in surgical therapy, chemotherapy, and radiation, median survival 

remains only 12-15 months after diagnosis2and mortality rates have not changed appreciably 

after over 20 years of intensive research3. To understand these shortcomings, it is helpful to 

examine the current paradigm for glioma treatment.  

Treatment of GBM typically consists of surgical tumor excision followed by adjuvant 

chemotherapy and radiation, based on the observation that extent of surgical removal reflects 

increased survival time3. While some controversy has arisen surrounding the mortality benefit 

of surgical excision, epidemiologic studies and simulated models of tumor growth kinetics 

consistently demonstrate that significant, albeit modest, survival benefits require radical 

resections, typically representing greater than 98 percent of the contrast-enhancing lesion. 

While bordering eloquent brain lesions often preclude such radical resections, tumor debulking 

is still beneficial, as it provides a histological diagnosis, relieves mass effect, and may improve 

neurological status and provide an elongated timeframe for adjuvant treatment4.  

Regardless of the outcome of surgical excision, as early as the 1920’s, it was understood 

that GBM invariably invades adjacent tissue and spawns recurrent lesions that ultimately herald 

the patient’s demise4. These lesions typically occur at a median of 6.9 months from treatment5, 

and at a distance of 2-3 cm from the resected primary mass in 95% of patients, however 

recurrent masses have been discovered at distances greater than 6 cm4. The impact of tumor 

invasion on surgical resection was explored by early researchers to the performance of radical 

hemispherectomy, resulting in permanent and complete hemispheric motor or sensory deficits, 

in an attempt to fully remove the malignant cells from the CNS. Unfortunately, contralateral 

tumor recurrence occurred in all cases and recent clinical studies have demonstrated that 

recurrent gliomas display remarkably diminished response profiles to traditional treatment 

regimens5, highlighting the critical need for exploration of alternative means to control the 

propagation of malignant cells into the surrounding parenchyma4.  
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Whole-brain radiotherapy, and subsequently localized boosting at the tumor core, has 

provided a modest survival benefit, prolonging survival from a median of 3-4 months with 

surgery alone, to 7-12 months after radiation treatment5. It has, however, been similarly 

unsuccessful in preventing tumor recurrence. Studies indicated that recurrence predominated 

within the boost field and not in distant brain tissue as expected, leading to the observation 

that radiation was unable to prevent core tumor recurrence, much less address the invading 

cohort of glioma cells and therefore did not merit the side effect profile of often profound 

neurological dysfunction4.Similarly, alternative radiotherapy methods, such as brachytherapy 

and stereotactic radiosurgery have failed to demonstrate a mortality benefit5. A variety of 

chemotherapeutic agents have been attempted, including nitrosureas, platinum based 

compounds, procarbazine, irinotecan, and etoposide, with only the alkylating agent 

temozolamide recently demonstrating a small, but significant increase in survival time, 

presumably due to an increased blood-brain barrier penetration. While this is certainly a 

substantial improvement, the addition of temozolomide only adds an additional 2-7 months of 

survival5. 

While localized injections and implantation of biodegradable polymers containing 

chemotherapeutic agents offered a biologically plausible solution and initially showed promise 

in in-vitro models, subsequent studies have not demonstrated efficacy in vivo3. This inefficacy is 

primarily due to the propensity for GBM to have diffusely invaded the surrounding tissue at the 

time of diagnosis and secondarily due to highly limited drug diffusion, demonstrating effective 

drug levels only in a margin of millimeters from the resection cavity. The concept of 

“convection-enhanced delivery” attempts to circumvent this diffusion limitation by distributing 

therapeutic agents from tumor core to periphery by combining transcatheter delivery with a 

positive pressure wave4. This technology is promising, but limited in efficacy and only 

potentially beneficial in patients not scheduled for resection, as postoperative patients 

experience a rapid reversal of fluid flow towards the tumor cavity4.  

These concerns regarding inadequate CNS tissue drug concentrations, coupled with 

alarming toxicity profiles related to non-CNS tissue drug levels6, prompted the postulation that 
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perhaps manipulation of the blood-brain barrier could boost CNS efficacy while ameliorating 

peripheral toxicity. Unfortunately, while anti-GBM efficacy increased with bradykinin analog-

induced blood-brain barrier modification, high levels of leukoencephalopathy and 

accompanying neurological deficits were observed4. Furthermore, the degree to which higher 

CNS drug levels address invasive versus proliferative cells has not been assessed.  

The fundamental failure of traditional antineoplastic modalities to address glioma 

invasion and ultimate recurrence, taken with the observation that GBM is uniformly 

nonmetastatic and therefore offers the potential for dramatic survival benefits with local 

control, has prompted countless research efforts to understand these enigmatic cells. While 

GBM invasion has long been recognized, early studies attempting to address GBM outcomes 

often excluded the invasive cohort, as tissue was primarily obtained from the hypercellular 

tumor core and invasive cells’ scarcity and heterogeneity rendered them essentially 

undetectable by contemporary methods3. Recent advances in molecular biology, such as laser 

capture microdissection, have allowed for the differential evaluation of tumor core and 

invading glioma cells, prompting the understanding that invasive glioma cells represent a 

distinct, if somewhat heterogeneous, morphologic, histologic, and molecular entity4.  

Invasive glioma cells represent a subset of typically small, anaplastic cells that 

preferentially and individually migrate along myelinated nerve fiber tracts, vessel basement 

membranes, and perivascular spaces4. The mechanism of glioma invasion through cellular and 

extracellular matrix (ECM) barriers is complex and poorly understood, however it is generally 

thought to involve three steps: receptor-mediated attachment of the glioma cell to the ECM, 

degradation of the ECM by tumor-produced metalloproteinases, and finally active movement of 

the cell via a complex process of protein synthesis and cytoskeletal rearrangement7. 

Accordingly, migration speed is influenced by integrin receptor expression levels and ECM 

ligand properties3. The notion of ECM microenvironmental contribution to tumor invasion is 

supported by the observation that GBMs synthesize and propagate modified ECM components 

to facilitate motility1.  
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When compared to normal astrocytes and even the proliferative subtype of cells in the 

GBM tumor core, invasive glioma cells display molecular aberrations that promote the 

migratory phenotype while allowing for evasion of host antitumor responses and cytotoxic 

therapies3. Foremost is the discovery that the invasive phenotype occurs at the near-total 

expense of proliferation4 and, via a mechanism that likely involves the CAS/Crkand 

PTEN/Akt/PI3K/mTOR pathways1, contains an innate ability to dynamically switch back and forth 

between proliferative and invasive cell functions. This apparent inverse relationship between 

invasion and proliferation explains why traditional anti-proliferative treatment modalities, such 

as radiation and chemotherapeutic agents, fail to address their central adjuvant purpose of 

eradicating residual cancer cells following resection, while the dynamic switch presents a 

unique challenge for the development of effective chemotherapeutic intervention. There is 

increasing evidence that an inverse relationship also exists between proliferation rate and 

responsiveness to apoptotic signals, allowing invasive gliomas to escape host defenses4, at least 

partially due to upregulation of the anti-apoptotic protein DAP38.  Additionally, constitutive 

NFκB expression confers cytotoxic resistance1.  

Unfortunately, this rapidly growing catalog of identified molecular changes has not yet 

changed the dismal prognosis of a newly diagnosed GBM patient. Current targeted molecular 

therapies display a 0-15% response rate and have not appreciably prolonged 6-month survival5. 

This is likely primarily due to redundant signaling and inadequate tissue drug levels, the latter of 

which will be difficult to alleviate as discussed previously. Proposed methods to address 

redundant signaling mechanisms include inhibition of multiple simultaneoustargets9and 

identification and targeting of signaling conversion points4. Furthermore, the observation that 

KRAS-negative patients with intact PTEN and EGFRvIII mutations respond with much higher 

frequency to the small molecule inhibitor erlotinib suggests that studies to determine factors 

that predict drug response may yield substantial additional benefit5. Ultimately, more 

significant advances will likely require a combination of agents with anti-proliferative and anti-

invasive properties. Accordingly, further characterization of signaling mechanisms that provide 

prognostic and therapeutic potential will lead to development of additional therapeutic agents. 
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One such candidate is TROY (TNFRSF19), a transmembrane receptor of the tumor 

necrosis factor (TNF) receptor superfamily, a group known to regulate various cellular 

processes, including cell survival, apoptosis, inflammation, and differentiation. TROY is highly 

expressed throughout the developing embryo, but in adults, expression is strictly limited to hair 

follicles and CNS neurons, indicating that unregulated expression of TROY may be 

detrimental10. In fact, increased TROY expression has been demonstrated to correlate with 

increasing tumor grade and decreased patient survival11. Importantly, siRNA knockdown of 

TROY expression decreased migration, while overexpression of TROY increased migration in an 

in-vitro migration assay11, lending support to the notion that TROY is involved in the invasive 

nature of GBM. However, it should be noted that TROY remains an orphan receptor and, 

despite substantial research effort, no ligand has been identified. This precludes a common 

targeted therapy modality of monoclonal antibody ligand sequestration6 and makes elucidation 

of the downstream signal transduction mechanism particularly imperative, as activation of 

TROY remains poorly characterized.  

In a preliminary experiment, TROY immunoprecipitation with subsequent MALDI-TOF 

mass spectrometry was performed to identify binding partners and select candidates for 

downstream signaling manipulation in T98G human glioma cells stably overexpressing TROY. 

The non-receptor tyrosine kinase Janus Kinase 1 (JAK1) was identified as a candidate binding 

sequence. JAK1 is a member of the JAK family, which is closely associated with the signal 

transducer and activator of transcription (STAT) family of signaling molecules to form the 

JAK/STAT pathway, which can be activated by a variety of stimuli, including cytokines such as IL-

6 and growth factors such as EGF, PDGF, and VEGF, many of which act as oncogenic signals in a 

variety of malignancies12. Briefly, JAK/STAT signaling begins with the binding of a ligand (such as 

those above) to the receptor tyrosine kinase (RTK), inducing dimer/multimerization. When the 

cytoplasmic domains of RTK’s containing JAK come into close proximity, the JAK molecules 

transphosphorylate each other. These phosphorylated JAK molecules then in turn 

phosphorylate STAT molecules in close proximity, which translocate into the nucleus and 

induce transcriptional activation, and ultimately alter expression of particular genetic targets13. 
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A recent study14 of expression patterns in 96 biopsies from primary GBM demonstrated 

that elevated JAK1 and STAT3 levels were independently associated with poor prognoses. 

Furthermore, a number of novel agents with potent JAK inhibitory properties have been 

developed in recent years. Thus, JAK1 provided an attractive potential target for TROY signaling, 

given its implication in GBM pathogenesis and the availability of agents that inhibit its activity 

and could therefore be repurposed to address the invasive phenotype.  

We hypothesized that JAK1 is a downstream mediator of TROY-induced glioma invasion 

and likely acts via phosphorylation. To that end, we sought to confirm the JAK1-TROY proteomic 

relationship and validate the potential therapeutic potential of this interaction by 

demonstrating reduced migration in JAK1-depleted glioma cells overexpressing TROY. 

Demonstration of this relationship would provide a model for further experiments to assess the 

efficacy of pharmacologic JAK1 inhibition on TROY-mediated invasion and ultimately could lead 

to the development of a novel treatment regimen for the many patients with recalcitrant GBM. 
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Research Materials and Methods: 

Cell Culture: Human malignant glioma cell lines T98G, U87, U118, and SNB19 were 

cultured in a medium of 10% fetal bovine serum in DMEM (GIBCO) at 37°C with 5% CO2at 

constant humidity. 

TROY expression constructs: Stable overexpression of HA epitope-tagged TROY in T98G 

cells was achieved by lentiviral plasmid DNA transduction as previously described11.  

Reagents and antibodies: Monoclonal anti-JAK1 and anti-HA and polyclonal anti JAK-P 

and anti STAT3-P antibodies were obtained from Cell Signaling Technologies (Beverly, MA). 

Monoclonal antibody to α-tubulin was purchased from Millipore (Billerica, MA). Anti-mouse 

and anti-rabbit horseradish peroxidase IgG was purchased from Promega (Madison, WI). BCA 

protein assay (Pierce) was purchased from Thermo Fisher Scientific (Waltham, MA). Laminin 

from human placenta and bovine serum albumin for blocking was purchased from Sigma-

Aldrich (St. Louis, MO). Nonfat dry milk for blocking was purchased from Kroger (Cincinnati, 

OH).  

Western blotting and co-immunoprecipitation assays: Immunoblotting was performed 

by protocol as previously described15. Briefly, monolayers of cultured glioma cells were washed 

in phosphate-buffered saline (GIBCO), then lysed in 2X SDS sample buffer (0.25 M Tris-HCl, pH 

6.8, 2% SDS,25% glycerol) containing 10 µg/ml aprotinin, 10 µg/ml leupeptin, 0.7 µg/ml 

pepstatin, 20 mMNaF, 20 mM sodium pyrophosphate, 2 mM sodium orthovanadate, and 1 mM 

phenylmethylsulfonyl fluoride. Protein concentrations were determined by BCA assay (Pierce) 

by manufacturer protocol and analyzed using Biotek Synergy Mx (Winooski, VT) plate reader. 

30 µg of total protein was combined with bromophenol blue (BPB) and β-mercaptoethanol 

(BME), boiled, and loaded into each lane of a pre-poured 12% polyacrylamide gel (NuPAGE, 

purchased from Life Technologies, Grand Island, NY). Protein was separated by SDS-PAGE and 

transferred to nitrocellulose membrane (Invitrogen) by electroblotting at 4°C, then blocked 

with 5% nonfat milk or bovine serum albumin in ph 8.0 Tris-buffered saline with 0.1% Tween 

20. Primary antibody was added, followed by HRP-conjugated anti-mouse or anti-rabbit IgG. 
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Protein was detected by chemiluminescence, and developed and exposed using the UVP 

BioSpectrum® 500 Imaging System (Upland, CA).  

Co-immunoprecipitation was also performed by protocol as previously described16. 

Briefly, monolayers of cultured glioma cells were washed with buffer containing 25 mM Tris (pH 

8.0) and 125 mM NaCl, then lysed with buffer containing 10 mM Tris-HCl, pH 7.4, 0.5% Nonidet 

P-40, 150 mM NaCl, 1 mM phenylmethylsulfonylfluoride, 1 mM EDTA, 2 mM sodium vanadate, 

10 µg/ml aprotinin, and 10 µg/ml leupeptin. Protein concentration was determined by BCA 

assay as above. Cells were spun down and supernatant containing 500 µg of protein was 

combined with bovine serum albumin and 10 µL of protein A/G sepharose at 4°C  for 1 hour to 

pre-clear. The supernatant was then incubated in the presence of monoclonal anti-JAK1 

antibody overnight. 30µL of protein A/G sepharose was added, spun down, and beads washed 

three times with lysis buffer. Sepharose beads were then washed with Tris-buffered saline wash 

buffer as above and resuspended in 25 µL of 2X SDS. BPB and BME were added and samples 

boiled before being separated by SDS-PAGE and immunoblotted as above.  

Small interfering RNA transfection: Small interfering RNA (siRNA) oligonucleotides 

specific to JAK1 (Cat# SI00605514 and SI00605521) were purchased from Qiagen (Venlo, 

Netherlands). Transient transfection was performed by protocol as previously described17. 

Briefly, cultured glioma cells were assessed for cell concentration by Cellometer AutoT4 cell 

counter (Nexcelom, Lawrence, MA) and plated in a 6-well dish at a concentration of 3 x 104 

cells/well. Cell attachment was visually confirmed by light microscopy. SiRNA oligonucleotides 

were transfected using Lipofectamine 2000 (Invitrogen) at a concentration of 50 nM. Maximum 

inhibition of protein expression was achieved at 72 hours and no cellular toxicity was observed. 

Confirmation of siRNA depletion was determined by immunoblotting as above.  

Radial migration assay: Glioma cell migration was quantified as previously described18. 

Briefly, Teflon-coated 10-well microscope slides were coated with laminin at 10 µg/mL and 

incubated at 37°C for one hour before aspiration of laminin and application of 70 µL DMEM. 

T98G and TROY-overexpressing T98G glioma cells with and without siRNA-mediated JAK1 

depletion were assessed for cell concentration as above and diluted to a concentration of 3000 
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cells/µL. 1.5 µL of resultant cell suspension was then pipetted into laminin-coated wells through 

a custom manifold and cells were incubated overnight at 37°C. Slides were removed from 

incubation and media aspirated and replaced with 50 µL DMEM. A cover slip was applied to the 

slide and images were taken (“0 hour” time point) using a camera attached to an inverted 

microscope. Images were taken again at 24 hour time point. Image analysis was performed in 

Scion Image with a custom macro utilized to create a circular ring that approximated the radius 

of migration. Migration rate was calculated in each well by comparing radius of migration in 0 

and 24-hour images using Scion Image as described. Each treatment group consisted of 10 

separate wells, whose migration rates were averaged to determine average migration rate.  

Statistical analysis: Statistical analysis for results of radial migration assay was 

performed using a two sample equal variance, two-tailed student’s t-test. P < 0.05 was used as 

a cutoff for statistical significance.  
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Results: 

Western blotting and immunoprecipitation: To validate the binding relationship 

between TROY and JAK1 observed by MALDI-TOF mass spectrometry of the TROY 

immunoprecipitate, JAK1 was immunoprecipitated from wild-type and TROY-overexpressing 

T98G cells and western blotted for HA epitope-tagged TROY. Figure 1 (A) demonstrates a thick 

band corresponding to HA protein identification in TROY-overexpressing T98G cells, confirming 

TROY-JAK1 binding. No HA band would be expected in T98G cells not expressing HA epitope-

tagged TROY. 

We next sought to characterize the biochemical relationship between TROY and JAK1. 

Wild type and TROY-overexpressing T98G cells were western blotted for phosphorylated and 

total JAK1 levels. Figure 1 (B) shows an increase in phosphorylated JAK1 levels in TROY-

overexpressing cells, with relative preservation of total JAK1 levels and equal loading, indicating 

that increased phosphorylation of JAK1 is associated with TROY overexpression. 

siRNA depletion of JAK1: To determine which cell line would be best suited to siRNA-

mediated JAK1 depletion, endogenous JAK1 levels were determined by western blotting in cell 

lysates of T98G, U87, U118, and SNB19 cells. Figure 2 demonstrates that endogenous JAK1 

levels varied greatly, with T98G displaying high expression of Jak1, followed by U87, SNB19, and 

U118 in descending order. Thus, T98G was chosen as the cell line to be utilized for subsequent 

siRNA transfection. 

SiRNA oligonucleotides specific for JAK1 were transfected into T98G cells to achieve 

transient depletion of JAK1 protein expression. Figure 3 shows a strong depletion of JAK1 

expression T98G cells compared to control siRNA at 72 hours after initiation of transfection, 

thus confirming JAK1 knockdown.  

Radial migration assay: To determine whether this observed JAK1 depletion corresponds 

to functional changes in the in vitro behavior of glioma cells, a radial migration assay was 

utilized to assess migration rates in wild type and TROY-overexpressing T98G cells with and 

without siRNA-mediated JAK1 depletion. Figure 4 provides an example of images captured from 
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one such assay and the typical radial measurement at the 0 and 24-hour timepoints. Average 

migration rate in µm/hr was calculated from an average of 6.5 wells per treatment group (data 

not shown). In figure 5, this data is plotted with SEM reported as error bars above the mean. 

JAK1 depletion in both wild type and TROY-overexpressing T98G cells resulted in statistically 

significant reductions in migration rate (P < 0.007). JAK1 depletion resulted in a 45% reduction 

in migration rate in wild type T98G cells, while TROY-overexpressing cells demonstrated a 53% 

proportional reduction.   
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Discussion: 

 The present study successfully confirmed the TROY-JAK1 interaction observed during 

preliminary mass spectrometry and further characterized the mechanism of TROY signaling by 

demonstrating that TROY drives JAK1 phosphorylation. Furthermore, we were able to show 

thatJAK1 depletion by RNAi significantly inhibits glioma cell migration in vitro, at least partially 

by a decrease in STAT3 phosphorylation. These findings contribute substantially to the 

understanding of TROY downstream signaling and provide functional validation of potential 

therapeutic targets for patients whose TROY expression levels currently portend a poor 

prognosis.  

 The observation by11 that TROY expression levels correlate directly with increased tumor 

grade and inversely with patient survival is ultimately limited to prognostic utilization while 

TROY remains an orphan receptor with no identified ligand or clear understanding of its 

downstream signaling cascade. JAK/STAT signaling, however, is well-studied and extensively 

implicated in a variety of malignancies, including glioblastoma, malignant melanoma, 

head/neck cancers, breast cancer, leukemia, and lymphoma19. STAT3 is a transcription factor 

that affects many physiologic processes and is phosphorylated in response to cytokine, growth 

factor, or oncogenic protein activation of receptor tyrosine kinases (e.g. JAK) to bind STAT-

responsive elements on DNA20 and induce expression of a wide array of target genes, including 

c-myc, cyclin D1 and B1, cdc2, and Bcl-212,21. Our studies are the first to elucidate the 

connection between TROY expression and aberrant JAK1/STAT3 signaling and, in doing so, 

provide a link to a growing body of literature regarding its pleiotropy and therapeutic potential. 

 Recent studies employing pharmacologic inhibition of JAK/STAT signaling have 

uncovered a panoply of mechanisms for its observed contribution to GBM invasion and survival. 

Two such studies12,19 utilized the JAK2/STAT3 inhibitor AG490 to pharmacologically inhibit 

STAT3 phosphorylation in several established glioma cell lines. They demonstrated reduced cell 

proliferation and invasion, as well as increased apoptosis, at least partially due to reduced 

expression of anti-apoptotic genes bcl-2, bcl-X, and mcl-1. Furthermore, STAT3 inhibition 

profoundly limited matrix metalloproteinase (MMP) transcription and enzymatic activity to a 
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degree corresponding to the level of reduced invasion, as well as nearly entirely abolishing 

VEGF-induced angiogenesis. Both studies observed that STAT3 appears to be constitutively 

active in GBM, at least in part due to self-induced autocrine stimulation by IL-6. Interestingly, 

this IL-6 release is induced by TNFα release, which is attenuated by pharmacologic inhibition of 

JAK/STAT322, providing another potential link between JAK/STAT signaling and TROY, a member 

of the TNF receptor superfamily. Finally, constitutive STAT3 activation contributes to GBM 

survival by suppressing innate and adaptive host immune responses and studies have shown 

that STAT3 inhibition in antigen presenting cells may be capable of enhancing T-cell-mediated 

cancer cell destruction23. 

 In addition to its varied effects on cell proliferation and invasion, STAT3 appears to serve 

a unique role as a “master regulator” of the mesenchymal transformation in GBM that is central 

to its ability to evade traditional therapy and seed the recurrence that ultimately claims patient 

lives and prevents substantial improvement in survival24. STAT3 likely achieves this control by 

differential regulation of cell-cycle genes, such as c-myc and cyclin D112. Additionally, a recent 

study of microRNA – short, noncoding RNA’s that influence regulation of gene expression – 

demonstrated a sequence, miR-9, which suppresses mesenchymal transformation in GBM by 

inhibition of JAK/STAT3 activation25. 

 While aberrant JAK/STAT signaling in GBM has profound implications for invasive cells 

themselves, evidence is mounting that it may also play a pivotal role in the activity of newly 

implicated glioma stem cells (GSC). GSC’s represent a subset of distinct, aberrant neural stem 

cells isolated in neurosphere cultures from GBM tissue that appear capable of and necessary 

for glioma self-renewal and histological recapitulation in recurrent lesions26. In addition to their 

contribution to tumor self-renewal and survival, GSC’s are critical for the in-vivo development 

of treatment resistance, mediating radiotherapy resistance by preferential activation of DNA 

damage-response mechanisms and chemotherapeutic resistance by upregulation of anti-

apoptotic and multi-drug resistance genes26,5. Saiand colleagues25 utilized the caffeic acid 

benzyl ester analog WP1193 to inhibit STAT3 activation in neurosphere cultures of GSC’s. They 

demonstrated dose-dependent inhibition of GSC proliferation and neurosphere formation, as 
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well as decreased expression of GSC markers CD133 and c-myc. Another recent study27 utilized 

pan-JAK inhibitor pyridone 6 to demonstrate JAK/STAT signaling as the downstream mediator 

of TGFβ-Leukemia Inhibitory Factor (LIF) signaling required for GSC self-renewal.  

 Taken together, these studies strongly implicate JAK/STAT3 signaling as a powerful and 

unique driver of GBM survival, proliferation, invasion, and self-renewal. STAT3, in particular, is 

distinctive in its dual involvement in both GSC functioning and oncogenesis25. Of note, these 

results additionally implicate STAT3 as a unique exception to the aforementioned inverse 

relationship between proliferation and invasion, demonstrating that STAT3 inhibition is a 

critical therapeutic target that is potentially capable of limiting both actions.  

While we did not specifically examine STAT3 expression in cells artificially 

overexpressing TROY, our previous experiments in Paulino et al11 demonstrate upregulated 

TROY expression in established glioma cell lines and thus our data introduce a novel connection 

between TROY and STAT3 by independently demonstrating TROY-JAK1 binding and 

phosphorylation associated with JAK1-mediated STAT3 phosphorylation in GBM cell lines. 

Incredibly, despite the plethora of data implicating JAK/STAT signaling in GBM and animal 

studies validating in vitro results, no human clinical trials have been developed to test 

compounds directly targeting this pathway in patients with GBM. Meanwhile, oral small 

molecule JAK inhibitors, such as SAR302503, Lestaurtinib, CYT387, and SB518, are undergoing 

active clinical investigation for use in myeloproliferative disorders28 and the JAK1/JAK2 inhibitor 

ruxolitinib was recently FDA approved for treatment in myelofibrosis29. While our data are 

preliminary, they highlight the tremendous therapeutic potential of JAK/STAT inhibition in 

GBM, particularly in light of the prognostic implications of TROY expression and its newly 

established molecular connection to JAK1/STAT3 signaling.  

Our study contains several important limitations. Firstly, although in vitro glioma cell 

motility rates correlate well with mathematical models of tumor expansion rates derived from 

imaging data4, conclusions gleaned from in vitro studies often fail to correlate to in vivo 

outcomes. This is especially true in the case of GBM, where many studies have demonstrated 

the importance of the chemical and mechanical tumor microenvironment in driving differential 
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gene expression and, ultimately, cell behavior8. Secondly, compared to pharmacologic 

inhibition, siRNA is a suboptimal method of assessing JAK/STAT signaling, primarily due to its 

incomplete and transient nature. Pharmacologic JAK inhibition is also preferable due to the 

propensity for siRNA-mediated STAT3 inhibition to induce immune activation and subsequent 

auto-activation that ultimately mitigates the magnitude of depletion12. Additionally, RNAi is not 

yet a viable therapeutic modality. Third, there is a possibility that the observed migration rate 

reduction is TROY-independent. Due to small sample sizes, we lack the statistical power to 

determine whether JAK1 depletion resulted in a statistically greater proportional reduction in 

migration in TROY-overexpressing cells. Several studies have recognized the extraordinary 

signaling redundancy that exists in glioma cells and this, along with the aforementioned 

limitation of siRNA depletion, may have effectively “capped” the magnitude of the observed 

reduction. Finally, STAT3 activation can be JAK-dependent or independent20, raising the 

possibility that therapy targeted at TROY-JAK signaling may not substantially alter STAT3 

signaling.  

Despite these caveats, the present study represents an important step towards 

understanding a novel signaling pathway that contributes to GBM survival, invasion, 

proliferation, mesenchymal transformation, GSC maintenance and self-renewal, and immune 

defense and chemo/radiotherapeutic evasion. While GBM signaling mechanisms leading to 

these insidious processes are undoubtedly numerous, complex, and redundant, the TROY-JAK1 

connection offers a novel method for targeting GBM invasion and recurrence. The need for 

treatment regimens that target multiple pathways is as assured as the need for careful 

determination of molecular changes that sensitize patients to particular agents5 and TROY, via 

JAK1/STAT3, represents one such method with the potential for utilizing personalized 

expression patterns to guide the appropriate therapy.  
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Future Directions: 

 Initially, validation of the observed relationships between TROY and JAK1/STAT3 

signaling must be more closely examined. The limited statistical power of the relatively small 

number of data regarding in-vitro function in the glioma migration assay necessitates 

investigation of this relationship with duplication in larger numbers to provide a deeper 

understanding of the precise effect of JAK1 depletion on migration in cells expressing differing 

levels of TROY. In particular, the question of whether JAK1 depletion/manipulation exerts a 

greater proportional effect on glioma migration in TROY-overexpressing cells is critical. If this 

trend holds true on subsequent testing, it will support a functional relationship between TROY 

and JAK1 and lower the probability that the observed migration reduction in this study was 

TROY-independent. Furthermore, an assessment of whether these observed relationships hold 

true in the remaining three cell lines expressing lower endogenous levels of JAK1 is imperative 

to the question of external validity and speaks to the magnitude of effect as well.  

While the demonstration of JAK1 as a downstream mediator of TROY signaling is a 

significant step towards understanding the utility of TROY in GBM treatment, elucidation of 

additional downstream signaling pathways will be essential to effective utilization of this 

information. As is well established in the literature, dynamic and redundant signaling 

mechanisms exist for nearly every identified molecular abberation in GBM, necessitating a 

closer inspection of complimentary pathways that will dictate the TROY pathway’s response to 

any potential therapy. More specifically, we have preliminary evidence that the non-receptor 

tyrosine kinase Pyk2 functions similarly to JAK1 in its relationship to TROY and may be further 

mediated by associated Rho-GTPase, Rac1. In-vitro function under differential expression of 

these proteins in wild-type and TROY-overexpressing glioma cells and, ideally, their 

pharmacologic inhibition, would likely provide a great deal of insight into TROY’s role in GBM 

function and potential as a therapeutic target.  

Despite the importance of further characterizing TROY downstream signaling 

spearheaded by the discovery of TROY-JAK1 and Pyk2 binding, there are several additional 

avenues that merit investigation. Firstly, the mechanism through which TROY initially becomes 
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activated demands clarification. There remains a possibility that upstream signaling that results 

in TROY activation will involve mechanisms previously identified and targeted by existing 

molecular targeted therapies for other cancer types, offering a new potential pool of 

compounds for repurposing to GBM treatment. Finally, an intriguing possibility would be to 

investigate TROY signaling in glioma stem cells and the impact of TROY signaling inhibition on 

STAT3 levels and GSC self-renewal and proliferation.  
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Conclusions: 

 The present study demonstrated JAK1 as a TROY binding partner and driver of 

downstream signaling and links a growing body of literature on the vast and critical 

contributions of JAK/STAT signaling in GBM to emerging data on the prognostic and therapeutic 

potential of TROY. We showed that JAK1 is phosphorylated by TROY overexpression and that 

JAK1 depletion by siRNA oligonucleotides functionally alters glioma cell function by reducing 

migration rate in an in-vitro assay. These results, while preliminary, implicate TROY-JAK1 

signaling as a potentially critical driver of GBM invasion and poor survival and provide a 

theoretical model for investigating emerging anti-JAK/STAT targeted therapies in TROY-

overexpressing high-grade gliomas. Further investigation of upstream and downstream TROY 

signaling is imperative for placing these findings in context and will serve to bolster future 

efforts to utilize TROY signaling as a therapeutic model. 
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