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ABSTRACT

Glioblastoma Multiforme (GBM) is a highly aggressive brain tumor and comprised of
heterogeneous genetic profiles. The genomic diversity seen in GBM makes it difficult to target
treatment because of non-uniform responses and the recurrence of the tumor after
treatment.3

A current obstacle with using conventional MRI to guide a surgical biopsy and resection
is the primary focus being on the enhancing tumor core, leaving behind brain around the tumor
(BAT). BAT is rarely biopsied, but is known to contribute to a recurrence of the tumor#®. BAT
areas will be the study’s focus of genomics. This project is a smaller portion of a large R21
grant, an NIH-funded project, with an overarching goal to determine the genomic expression
profiling of BAT and core areas of GBMs, the correlation of MRI imaging to areas of likely
recurrence and thereby be able to provide specialized patient treatment by providing a set of
image-based criteria (phenotypically) that predict the genomic signatures of treatment
resistance.

The experiment conducted in this sub-project, identified genomic characteristics of GBM
specimens from the BAT and core regions. TGEN received the biopsied BAT areas of GBM tissue
samples, isolated the DNA, performed the array-based Comparative Genomic Hybridization
(aCGH), and analyzed the data received from the aCGH. The primary goal is to assess the
differences in the genotypes of tumor cells within brain around tumor (BAT) and the cells
residing in the core of the tumor. We hypothesized: (1) The BAT genotype will be different
from the core of the tumor (2) and we will be able to identify what genomic alterations may
explain for the variants/recurrent tumor. Anticipated results were expected to demonstrate
genetic heterogeneity within a patient’s GBM comprised of more than one, as well as, genomic
differences in the brain tumor core compared to the BAT3®.

Within the constraint of this sub-project, | was able to complete the genomic analysis of
the tumors from three GBM patients. Considering the small sample size, | focused on the
genomic analysis of a single patient that yielded the best results via aCGH, Patient 8. Our
results demonstrated GBM heterogeneity, biopsy among the spatial location of the tumors to

be important, specifically with BAT samples showing only amplification of chromosomal regions



harboring genes implicated in cell invasion and migration via the Wnt/Beta-catenin, CKLF and

NFkB pathways.
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INTRODUCTION/SIGNIFICANCE
Astrocytomas, oligodendrogliomas, and ependymomas are the most common primary
brain tumors and fall under the category of gliomas*’. Glioblastoma (GBM) is a diffuse grade IV
astrocytoma with poorly defined borders that infiltrate neighboring brain tissue and alter it*’.
This tumor varies in genetic makeup from region to region which is distinguishable from the
other regions 24, Upon histology the tumor shows necrosis, hypercellularity, and marked

angiogenesis surrounding the tumor®’.



Figure 1. Gross Anatomy, MRI imaging, and Histology Demonstrating Invasive GBM
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Figure 1. Top left: Coronal MRI that is T1 C+ image demonstrating a supratentorial GBM
in the right frontal lobe. Top right: Coronal MRI T2 weighted image also demonstrating a
supratentorial GBM in the right frontal lobe with surrounding vasogenic edema. Bottom Left:
Histological representation of a GBM demonstrating hypercellularity, hyperchromatism, and
pleomorphic to the left of the yellow line. To the right of the yellow line are areas of
vascularity, areas of necrosis, and neoplastic cells palisading around the necrotic area. Bottom
Right: Gross appearance of a large, diffusely infiltrating, and necrotic mass.



Glioblastoma comprises around 40% of primary cerebral neoplasms seen in the later
decades of life. It is the most common intracranial brain tumor in adults and is an aggressive,
heterogeneous malignancy with a short life expectancy®®. After aggressive surgical resection

and chemo/radiation therapy, the average life span is only 14 months?.



Figure 2. Therapy for Newly Diagnosed GFM: Room to Improve

90 —— Combined
—— Radiotherapy

0= p<0-0001

Survival (%)
un
o
|

0 | | | | | | |
0 1 2 3 4 5 6 7

. Time (years)
Number at risk

Combined 254 175 76 39 23 14 6
Radiotherapy 278 144 31 il 6 3 0

M. Preusser et. al. Ann Neurol 2011; 70:9-21

Figure 2. Demonstrates: Concomitant and adjuvant TMZ: median survival 12.1 - 14.6 months.



The heterogeneity of the composition of this tumor (also seen in other cancers), makes
it difficult to treat, whether it is due to the cancer stem cells’ (CSC) unlimited ability to
proliferate, their resistance to chemo/radiation therapy or the microenvironment of which it
can infiltrate and alter’34. Additionally there is an inability to distinguish the tumor from
inflamed normal brain tissue and tissue sampling of the subclonal populations®>® 3¢, The
difficulty with the tissue samples is that GBM is a heterogeneous tumor; therefore, the tissue
sample may not be representative of the tumor as a whole or the portion of the tumor directly
abutting it. Currently, practiced surgical methods do not project the phenotypic variations of
the tumor well, forcing resection of the tumor’s core but leaving the recurrent rim*®. This
leaves behind brain around tumor (BAT) that is resistant to therapy and the source of the
recurrence>®. Hence, this area will likely lead to future therapy targeting. Genetically
characterizing BAT through new, innovative measures is vital for the future treatment of GBM.
The portion of the study that | participated in with TGEN relates to the heterogeneity seen in
cancers, particularly GBM. Therefore, we assessed the differences in the genotypes of cells
within brain around tumor (BAT) and the core of the tumor. We hypothesized: (1) The BAT
genotype would be different from the core of the tumor (2) and we would be able to identify

what genomic alterations may explain for the variants/recurrent tumor.

Specific Aim:

Conduct an array-based Comparative Genomic Hybridization (aCGH) of the brain tissue
specimens and assess the differences in the genotypes of cells within brain around tumor (BAT)
and the core of the tumor. We hypothesize: (1) The BAT genotype will be different from the
core of the tumor (2) and we will be able to identify what genomic alterations may explain for

the variants/recurrent tumor.



Rationale:

Medicine overall is moving towards patient personalized treatment based on genomics.
This is likely realistic for treatment of GBM patients as well. This study will give insight to better
understanding current known genetic pathways and the discovery of new key genetic pathways
that have potential to be exploited as personalized therapeutic targets3>3’. In the future this

could increase patient survival by lowering rates of treatment resistance and tumor recurrence.

Impact:

GBM is a heterogeneous malignant cancer that receives uniform therapeutic treatment.
Current research shows genetic abnormalities between GBM vs. normal brain tissuel®13,
Therefore, different GBM’s should be treated differently, keeping in mind that each patient has
a different composition of his/her GBM tumor as well 3133, While much of the current
treatment consists of resecting the core of the GBM, this approach is futile in that the tumor is
always recurrent*’. This study focused on the primary cause of treatment failure in the BAT
from where the recurrent tumor stems %6. For patients, this has the potential to affect how
GBM patients are diagnosed and treated based upon genetic analysis of the poorly understood
BAT regions; if we are able to augment the discovery of genetic pathways, hence, the patients’
potential therapeutic targets. Potentially, this could yield a paradigm shift from a uniform

treatment of a non-uniform brain tumor to a multi-selective therapeutic treatment based on

the composition of the patient’s GBM.



METHODS/MATERIALS
Preliminary studies:
Array-based Comparative Genomic Hybridization (aCGH), DNA Analytics, and
GeneSpring, are techniques commonly employed by Dr. Tran’s lab and TGEN’s bioinformatics

team at TGEN*14,

Study Design:

Twelve GBM patients were enrolled by St. Joseph’s IRB approved protocol prior to their
surgical resection for pre-operative multi-parametric MRI. Due to time and specimen
constraint of this smaller sub-project, | was only able to complete the analyses of the GBM
tumors from three patients. Stereotactic multi-parametric MRI image guided biopsies are
available for each biopsy from the BAT region, and the other biopsies from the core. The final
number of biopsies was determined by the neurosurgeon during surgery, particularly the
number of BAT biopsies. Multi-parametric MRI helped identify non-enhancing tumor with BAT
for sampling. A neuropathologist checked for tissue quality and tumor cellularity of each
specimen.

TGEN acquired the samples from St. Joseph’s and did not have access to the master list,
making this a retrospective cohort case study. The tumor DNA was isolated from multiple
frozen biopsies of the three patients and Agilent® SurePrint G3 Human High-Resolution
Discovery Microarray Kit was used to determine CNV (Copy Number Variations) ®° 15, The
control for the aCGH is Agilent’s® commercially available pooled reference DNA. CNV were
calculated using log change relative to an internal reference. CNV were conducted using
software that included DNA Analytics and GeneSpring GX9. Genes that were of special interest
were genes that are thought already to be associated as oncogenes. Examples are:
angiogenesis (VEGF/VEGFR, PTEN, EGFR), necrosis (bcl2), proliferation (Rb, p53, MAPK, EGFR,
mTOR), invasion (src, MMP/TIMP), and vessel permeability (Occludin, Claudin 5) %32,



Data Analysis:

TGEN analyzed the data of the aCGH and assessed the CNV that appeared to be
aberrant. Hierarchical clustering was used to show relations between samples based on
similarity 3°4°, We conducted genetic pathway analysis, looking for a driver of GBM 3°-49, 46,
Agilent® Oligonucleotide Array-Based CGH for Genomic DNA analysis from DNA isolation to
feature extraction of the array data onto our genomic workbench version 7 was used for
analysis. We analyzed the array data in Genomic Workbench 7.0 for Copy Number Variations

(CNV).

Expected Outcomes:
We expected to see heterogeneity within each GBM patient and across the cohort, a
genomic difference of CNV between BAT vs. core tumor, and verify certain known CNV that

correlate with others or discover patterns that are currently unknown between CNV.

Risks/Resolutions:

There are no direct patient risks in TGEN’s portion of the research. The foreseen leading
downfall was human error, making a specimen insufficient for further use in the study. Another
potential pitfall included normal tissue being present in BAT specimens. BAT biopsies are
retrieved along the rim of the GBM; consequently, these specimens contained normal and
malignant brain parenchyma. Normal brain parenchyma dampens the signals of aberrations,
thereby potentially making the aberrations of malignant brain parenchyma quiescent in
analysis. Therefore, for BAT specimens the threshold was lowered during analysis. The sample
size of n=3 is small. Unfortunately, it is the amount we were able to obtain due to time
constraint.

We derived solutions and methods to trouble shoot for potential foreseen
obstacles/errors: 1.) When nanodropping if we found a low 260/230 or 260/280 value that
indicated contaminants, we would repurify per the DNeasy protocol®. 2.) Poor sample quality
due to degradation for non-FFPE samples on the gel with no high-molecular weight band but a
trail of DNA to the low molecular weight band, which would mean the DNA was degraded. We

would have checked the DNA by running a gel electrophoresis, then repurified®. 3.) If the



estimated concentration of DNA was too high or low, re-quantitated it to make sure
guantitation was accurate and make sure to not use different isolation methods for our
samples and reference®. 4.) Low degree of labeling that was not due to poor sample quality
could have resulted from sub-optimal labeling conditions such as too many freeze-thaw cycles
of the Cyanine dUTP, enzyme degradation from being warm for too long, volume mistakes, or
over-exposure to light and/or air®. 5.) Post-labeling signal loss could have been due to
conditions that were too stringent so the Cyanine 5 signal was degraded®. This could have
been due to exposure to the ozone, pollution, compressors, and centrifuges. If this were to
have occurred, we would have tired to find the cause and adjust accordingly. 6.) High BGNoise
could have lowered signal-to-noise values and increased DLRSD values*®. BGNoise is defined as
the standard deviation of the signals on the negative controls. If this were to have occurred, we
would have checked the microarray image for visible non-uniformities because high BGNoise is
often introduced during the washes. We would have also made sure the dishes, racks, and stir

bars were clean with either MilliQ water or if necessary acetonitrile wash.

Alternative Strategies:
If aCGH did not suffice, then NextGEN sequencing could have been used to complete
DNA sequencing and whole genome sequencing. FISH analysis could have been used to

validate regions of gains/losses within a single sample?.



RESULTS
Described below are the data from the analyzed specimens of three different patients
through an array aCGH that | performed. The number of BAT and enhancing core tumor (enh)
biopsies that were analyzed are given:
e Patient 2: 3 samples (2 Enh, 1 BAT)
* Patient 4: 5samples (3 Enh, 2 BAT)
* Patient 8: 14 samples (7 Enh, 7 BAT)

Considering the small sample size, | focused on analyzing a single patient, Patient 8. Patient
8 yielded the best results of the three patients to analyze, due to sample quality and number of
biopsies. In total, 14 specimens from patient 8 were acquired and 7 were BAT, 7 were enh
core, and 1 marginal (not included in analysis). Two of the BAT samples were determined
inadequate to the neuropathologist, meaning there was predominately too much normal brain
parenchyma. Two enh core biopsies were excluded from analysis to balance BAT and enh

samples; otherwise, the results would have been falsely, drastically skewed.
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PATIENT 8 RESULTS

Figure 3. MRI Images of Patient 8’s GBM, Locations of Biopsies, and Type of Tissue Retrieved.

bcGH #8
Riv(#8) aCGH# Path # ROI
ROI
All locations
onT1 SPGR
172-35-73
284916 50
284905 9
284883 | BAT
284844 || 70
284909 = ENH | &0
284860 | ENH @0
284999 ~ ENH 20
284822 [margin| 2
284830 a0
284825 | 70
285010 30 artifact
284795 70
1/21/14 MRI — mild new nodular enh posterior & medial 264933 I i
Pt #8 pri 285106
Pt #8 primary B
285097 et 60

Figure 3 MRI images of a left frontal lobe GBM with the various biopsy locations depicted by
the intersection of the green lines. Table: ROI (regions of interest) column are the biopsy
locations coded to correlate with the MRI that will be sent to ASU to incorporate into their
machine learning algorithm, aCGH column identifies if the sample is BAT or enh, and the path
column displays percent tumor of the sample.
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Figure 4. Displaying a Comprehensive View of our Samples from Patient 8.

Patient 1723573 (#8)

284916 —— U P = (S ORI S TN SR S S
284893 e L | — — PO S S S S .,
zma_o B e . R e o g i . e i . o —_—— el — e ) - . ——
285007 = e——  pr— e et ] e g -
- pe—
D 284933 i e e it :
n L
s 284705 e m—— T T ™ et
o H
284825 m—— e -
284844  w— pmam —
284909 == = el T R ™ e ;
—_———
284860 = =i - —-—— - e "o nw "
1 3 4 ¢ 7 8 3 1 A "
Chromosome
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both BAT and enh samples.
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Table 1. Patient 8’s BAT Samples CNV Commonalities; Only Amplifications Observed.

GENE SYMBOL

GENE NAME

ARR-19 (also referred to as CMTM2)

Cytoskeleton remodeling of various actin-

binding proteins, androgen receptor inhibitor

VE-cadherin Vascular endothelial cadherin

CKLF Chemokine-like Factor

CMTM1-4 CKLF-like MARVEL transmembrane domain-
containing protein 1-4

DPP-10 Dipeptidyl peptidase

CA7 Carbonic Anhydrase 7

APP-BP1 (also referred to as NAE1)

NEDD8-activating enzyme E1 regulatory

subunit

BEAN1

Protein BEAN1/Brain-expressed protein

associating Nedd4 homolog

TRAP25 (also referred to as MED30)

Mediator of RNA Polymerase Il transcription

subunit 30
PDP2 Pyruvate Dehydrogenase Phosphotase 2
DYNC1L12 Cytoplasmic dynein 1 light intermediate chain
2/Dynein light intermediate chain 2, cytosolic
CCDC79 Coiled-coil domain-containing protein 79
TK2 Thymidine kinase 2, mitochondrial
SLC30A8 Zinc transporter 8

Table 1. Summary of Patient 8’s CNV amplifications or loss in the BAT samples. Interestingly,
only CNV amplifications were observed. The gene symbol and name are given of the

amplifications.
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DISCUSSION

GBMs arise either de novo (>90%, primary GBM) or progress to GBM from lower grade
gliomas (~10%, secondary GBM). When one thinks about GBM it is best to take a landscape
view starting from 20,000-feet away and where we are readily able to identify an amplification
of chromosome 7 and a deletion of chromosome 10. Subsequently, leading to EGFR gene
amplification on chr 7 and loss of PTEN on chr 10, respectively. Although GBM is
heterogeneous when comparing different portions like enh and BAT, there is no major
rearrangement seen in this chr 7 and 10 pattern throughout most GBM patients.

If one goes from a 20,000-foot view to an up-close view, we can begin to appreciate on
the minute and subtle changes. These minor, almost quiet genetic changes can potentially be
the inciting alteration leading to invasion and migration observed in BAT. Common to all three
patients, hence observed in patient 8’s samples, is amplification of genes involved in the Wnt
and NFkB pathway. Somatic changes/mutations signify permanent changes in DNA; whereas,
epigenetic changes result in subtle changes (not mutations) that may modify gene expression.
Genome alterations hold an important role in explaining cell invasion and migration.

Looking at specific commonalities and/or differences in the BAT samples of patient 8,
only gene gains were found when comparing BAT samples. Again to focus on these similarities
listed in Table 1, we can derive a story:

Arr-19 inhibits androgen receptor (AR)*°. AR is thought to compete with Wnt
signaling by way of beta-catenin®l. Therefore, if you block AR it yields more beta-
catenin for the Wnt canonical pathway®!. The increased levels of Wnt canonical
pathway beta-catenins are able to escape ubiquitous degradation and can translocate
into the nucleus to undergo transcription. Beta-catenin also binds to VE-cadherin,
aiding in the process of invasion into the vascular endothelial®?. Beta-catenin binds to
VE cadherins, allowing the cadherins to bind together at the cytoskeleton junction®3. As
the endothelial cells contract, these newly formed cell-cell adhesions will be the root of
creating a permeable barrier>*. CKLF, as well as being involved in chemotaxis
(migration), acts as actin polymerization®>. CKLF and CMTM1-4 are essential agents

involved in tumor and stromal chemotaxis during progression and metastasis of tumor
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dissemination *6. The more readily available actin and beta-catenin are, the more gaps
that can be formed, thus, paving the way for invasion to occur under chemotaxic
guidance.

Many proteins undergo ubiquitination via the Neddylation pathway; neither
NFkB nor its inhibitor are exempted from this inevitable fate. NFkB’s inhibitor is bound
to it>”. When NFkB and its inhibitor go through Neddylation, NFkB is freed from its
inhibitor; allowing NFkB to be involved in cell survival, invasion/metastases (NFkB turns
on transcription of VE-Cadherin), and inflammation>”-%1. NEDD4 is an E3 ubiquitin-
protein ligase that transfers ubiquitin to the ubiquitin-targeted substrate marking it for
imminent degradation 2%, BEAN1 binds to the WW domains of NEDD4 and an increase
in both proteins leads to an escalation in neddylation, indirectly increasing NFkB activity,
which promotes cell migration®2-¢4,

Another appreciable amplification alludes to migration/metastasis. Studies have
shown that mRNA of TRAP25 isoform is present only in circulating cells, but is not

expressed in cultured adherent cells®>.

One clear observation is that BAT gene expression is amplified to favor invasion and
migration. Although we were not able to elucidate a driver, we can appreciate the gain in gene
expression of BAT tissue to favor invasion and metastasis in the epithelial-mesenchymal

transition.
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FUTURE DIRECTIONS

With the current imaging, it is difficult to distinguish the BAT from the core tumor or the
inflammation due to treatment 2°3°, Some studies have already successfully demonstrated
selected varying phenotypes within BAT by non-invasive measures 19142930 The various
techniques listed are: Diffusion Weighted Imaging (DWI1), Diffusion Tensor Imaging (DTI),
perfusion MRI (pMRI), Dynamic Contrast Enhanced (DCE-MRI), T1Weighted (T1W) and
T2Weighted (T2W) Conventional MRI0-14 2930 The tumor phenotype is as follows respectively:
Cell density/proliferation, tumoral white matter infiltration, angiogenesis, vascular
permeability, hypoxia/necrosis (T1W), and tissue water content (T2W)10-1429-30 These studies
focus on specific gene loci and specific imaging techniques. For GBM that exemplifies such a
dynamic, robust genetic compilation, it is of the best interest to expand analysis via
incorporation of multiple complementary MRI techniques to get an appropriate representation
of its genomic diversity>3,

By integrating genomic data and multi-parametric MRI, extending our sparse ML
(Machine Learning) methodology, we could be able to better characterize the regional genomic
variations in BAT. Developing these correlations would hopefully yield MRI’s predictive
accuracy and greatly influence how GBM patients are diagnosed and treated. Therefore, in the
future MRI mapping may be able distinguish genetically different regions of BAT (of those
shown to have prognostic significance); and that in conjunction with ML analysis, can help
demonstrate genetic profiles and subclasses throughout the GBM core and BAT. For the
patient, this has the potential to affect how GBM patients are diagnosed and treated based
upon this innovative methodology in the poorly understood BAT regions 3134,

Furthermore, we could correlate the genomic profiles of BAT with local treatment
response and tumor progression. Potentially yielding a novel perfusion MRI method, which
distinguishes regional tumor growth from radiation injury 223738,

However, it is imperative that we continue to strive to discover the driver of invasive
GBM, which would open a floodgate of information pivotal in patient care and treatment. The
system could augment the discovery of genetic pathways; hence, potential therapeutic

targets?. This could yield a paradigm shift from a uniform treatment of a non-uniform brain
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tumor to a multi-selective therapeutic treatment based on the composition of the patient’s

GBM; affectively targeting, treating, and monitoring by way of personalized medicine.
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CONCLUSIONS

GBM is the most common primary central nervous system tumor carrying a poor
prognosis. As mentioned above, invasive GBM is currently resistant to therapy, and is the cause
of recurrence.

Our results demonstrated GBM heterogeneity and importance of the biopsy among the
spatial location of the tumors, specifically with BAT samples. An increase in amplification of
genes involving the Wnt/B-catenin, CKLF and NFkB pathways were observed; which promote
invasion and migration, also known as, mesenchymal-endothelial transition. Currently, a biopsy
can miss the portion of the tumor that is not susceptible to the specific treatment, especially in
regions of BAT. Which are regions rather difficult to visualize during surgery. Subsequently,
this portion continues to grow uninhibited. As such, the future direction of this study is aimed
to non-invasively identify the genotypic profile of patients GBM phenotypically via MRI. This is
of profound importance in patient specific care, treatment, and outcome.

Heterogeneity and the invasive characteristics of glioblastoma are challenging in
treatment resulting in low survival rates. The heterogeneity of GBMs also leads to different
mechanisms of invasion, thus, will likely require different therapeutic approaches. Further
analysis is needed to determine the genetic drivers of invasion, migration, and survival in GBM
as these are probable therapeutic targets; thus, could have significant, translational impact for

individualized patient care.

18



REFERENCES
1. Bonavia R, Inda MM, Cavenee WK, Furnari FB. Heterogeneity maintenance in glioblastoma:
a social network. Cancer Res. 2011 Jun 15;71(12):4055-60.
2. Snuderl M, Fazlollahi L, Le LP, Nitta M, Zhelyazkova BH, Davidson CJ, Akhavanfard S, Cahill
DP, Aldape KD, Betensky RA, Louis DN, lafrate AJ. Mosaic amplification of multiple receptor
tyrosine kinase genes in glioblastoma. Cancer Cell. 2011 Dec 13;20(6):810-7.
3. Marusyk A, Almendro V, Polyak K. Intra-tumor heterogeneity: a looking glass for cancer?
Nat Rev Cancer. 2012 Apr 19;12(5):323-34.
4. Agarwal S, Sane R, Oberoi R, Ohlfest IR, EImquist WF. Delivery of molecularly targeted
therapy to malignant glioma, a disease of the whole brain. Expert Rev Mol Med. 2011 May
13;13e17. Review.
5. Berens ME, Giest A. “...those left behind.” Biology and oncology of invasive glioma cells.
Neoplasia. 1999 Aug; 1(3):208-19. Review.
6. Price SJ, Jena R, Burnet NG, Hutchinson PJ, Dean AF, Peiia A, Pickard JD, Carpenter TA, Gillard
JH. Improved delineation of glioma margins and regions of infiltration with the use of diffusion
tensor imaging: an image-guided biopsy study. AJNR Am J Neuroradiol. 2006 Oct;27(9):1969-
74.
7. Maia AC Jr, Malheiros SM, da Rocha AJ, Stavale JN, Guimaraes IF, Borges LR, Santos AJ, da
Silva CJ, de Melo JG, Lanzoni OP, Gabbai AA, Ferraz FA. Stereotactic biopsy guidance in adults
with supratentorial nonenhancing gliomas: role of perfusion-weighted magnetic resonance
imaging. J Neurosurg. 2004 Dec; 101(6):970-6.
8. Barajas RF Jr, Hodgson JG, Chang JS, Vandenberg SR, Yeh RF, Parsa AT, McDermott MW,
Berger MS, Dillon WP, Cha S. Glioblastoma multiforme regional genetic and cellular expressions
patterns: influence on anatomic and physiologic MR imaging. Radiology. 2010 Feb;254(2):564-
76.
9. Van Meter T, Dumur C, Hafez N, Garrett C, Fillmore H, Boraddus WC. Microarray analysis of
MRI-defined tissue samples in glioblastoma reveals differences in regional expression of

therapeutic targets. Diagn Mol Pathol. 2006 Dec; 15(4):195-205.

19



10. Maia AC Jr, Malheiros SM, da Rocha AJ, da Silva CJ, Baggai AA, Ferraz FA, Stavale IN. MR
cerebral blood volume maps correlated with vascular endothelial growth factor expression and
tumor grade in nonenchancing gliomas. AJNR Am J Neuroradiol. 2005 Apr;26(4):777-83.

11. Tykocinski ES, Grant RA, Kapoor GS, Krejza J, Bohman LE, Gocke TA, Chawla S, Halpern CH,
Lopinto J, Melhem ER, O’Rourke DM. Use of magnetic perfusion-weighted imaging to
determine epidermal growth factor receptor variant lll expression in glioblastoma. Neuro
Oncol. 2012 May; 14(5):613-23.

12. Brown R, Zlatescu M, Sijben A, Roldan G, Easaw J, Forsyth P, Parney |, Sevick R, Yan E,
Demetrick D, Schiff D, Cairncross G, Mitchell R. The use of magnetic resonance imaging to
noninvasively detect genetic signatures in oligodendroglioma. Clin Cancer Res. 2008 Apr
15;14(8):2357-62.

13. Drabycz S, Roldan G, de Robles P, Adler D, MclIntyre JB, Magliocco AM, Cairncross JG,
Mitchell JR. An analysis of image texture, tumor location, and MGMT promoter methylation in
glioblastoma using a magnetic resonance imaging. Neuroimage. 2010 Jan 15;49(2):1398-405.
14. Drabycz S, Stockwell RG, Mitchell JR. Image texture characterization using the discrete
orthonormal S-transform. J Digit Imaging. 2009 Dec;22(6):696-708.

15. Diehn M, Nardini C, Wang DS, McGovern S, Jayaraman M, Liang Y, Aldape K, Cha S, Kuo MD.
Identification of noninvasive imaging surrogates for brain tumor gene-expression modules.
Proc Natl Acad Sci US A. 2008 Apr 1;105(13):5213-8.

16. Aghi M, Gaviana P, Henson JW, Batchelor TT, Louis DN, Barker FG 2"9. Magnetic resonance
imaging characteristics predict edpidermal growth factor receptor amplification status in
glioblastoma. Clin Cancer Res. 2005 Dec 15;11(24 Pt 1):8600-5.

17. Cancer Geneome Atlas Research Network. Comprehensive genomic characterization
defines human glioblastoma genes and core pathways. Nature. 2008 Oct 23;455(7216):1061-8.
18. Parkhomenko E,Tritchler D, Beyene J. Sparse canonical correlation analysis with application
to genomic data integration. Stat Appl Genet Mol Biol. 2009;8(1):Article 1.

19. Witten D, Tibshirani R, Gross, S, and Narasimhan, B, R Package PMA: Penalized Multivariate

Analysis, http://cran.r-project.org/web/packages/PMA/index.html, 2011.

20



20. Witten D, Tibshirani R (2009) Extensions of sparse canonical correlation analysis, with
applications to genomic data. Statistical Applications in Genetics and Molecular Biology 8(1):
Article 28.

21.Huang$, LiJ, Sun L, Ye J, Fleisher A, Wu T, Chen K, Reiman E. Learning brain connectivity of
Alzheimer’s disease by sparse inverse covariance estimation. Alzheimer’s Disease
Neurolmaging Initiative. Neuroimage. 2010 Apr 15;50(3):935-49.

22. Hu LS, Eschbacher JM, Heiserman JE, Dueck AC, Shapiro WR, Liu S, Karis JP, Smith KS, Coons
SW, Nakaji P, Spetzler RF, Feuerstein BG, Debbins J, Baxter LC. Reevaluating the imaging
definition of tumor progression: perfusion MRI quantifies recurrent glioblastoma tumor
fraction, pseudoprogression, and radiation necrosis to predict survival. Neuro Oncol. 2012
May 17. [Epub ahead of print] PMID: 22561797

23. Hu LS, Baxter LC, Smith KA, Feuerstein BG, Karis JP, Eschbacher JM, Coons SW, Nakaji P, Yeh
RF, Debbins J. Heiserman JE. Relative cerebral blood volume values to differentiate high-grade
glioma recurrence from posttreatment radiation effect: direct correlation between image-
guided tissue histopathology and localized dynamic susceptibility-weighted contrast-enhanced
perfusion MR imaging measurements. AJNR Am J Neuroradiol. 2009 Mar;30(3):552-8.

24. Hu LS, Eschbacher JM, Dueck AC, Heiserman JE, Liu S, Karis JP, Smith KA, Shapiro WR,
Pinnaduwage DS, Coons SW, Nakaji P, Debbins J, Feuerstein BG, Baxter LC. Correlations
between perfusion MR imaging cerebral blood volume, microvessel quantification, and clinical
outcome using stereotactic analysis in recurrent high-grade glioma. AJNR Am J Neuroradiol.
2012 Jan;33(1):69-76.

25. Hu LS, Baxter LC, Pinnaduwage DS, Paine TL, Karis JP, Feuerstein BG, Schmainda KM, Dueck
AC, Debbins J, Smith KA, Nakaji P, Eschbacher JM, Coons SW, Heiseman JE. Optimized preload
leakage-correction methods to improve the diagnostic accuracy of dynamic susceptibility-
weighted contrast-enhanced perfusion MR imaging in posttreatment gliomas. AJNR Am J
Neuroradiol. 2010 Jan;31(1):40-8.

26. Loftus JC, Yang Z, Tran NL, Kloss J, Viso C, Berens ME, Lipinski CA. The Pyk2 FERM domain as
a target to inhibit glioma migration. Mol Cancer Ther. 2009 Jun;8(6):1505-14.

21



27. Nakada M, Nakada S, Demuth T, Tran NL, Hoelzinger DB, Berens ME. Molecular targets of
glioma invasion. Cell Mol Life Sci. 2007 Feb;64(4):458-78. Review.

28. Salhia B, Tran NL, Symons M, Winkles JA, Rutka JT, Berens ME. Molecular pathways
triggering glioma cell invasion. Expert Rev Mol Diagn. 2006 Jul;6(4):613-

29. Stadlbauer A, Ganslandt O, Buslei R, Hammen T, Gruber S, Moser E, Buchfelder M,
Salomonowitz E, Nimsky C. Gliomas: histopathologic evaluation of changes in directionality
and magnitude of water diffusion at diffusion-tensor MR imaging. Radiology. 2006
Sep;240(3):803-10.

30. Harrer J.U., et al., Comparative study of methods for determining vascular permeability and
blood volume in human gliomas. J Magn Reson Imaging, 2004. 20(5): p. 748-757.

31. Hostetter G, Kim SY, Savage S, Gooden GC, Barrett M, Zhang J, Alla L, Watanabe A, Einspahr
J, Prasad A, Nickoloff BJ, Carpten J, Trent J, Alberts D, Bittner M. Random DNA fragmentation
allows detection of single-copy, single-exon alterations of copy number by oligonucleotide array
CGH in clinical FFPE samples. Nucleic Acids Res. 2010 Jan;38(2):e9.

32. Keats JJ, Fonseca R, Chesi M, Schop R, Baker A, Chng WJ, VanWier S, Tiedemann R, Shi CX,
Sebag M, Braggio E, Henry T, Zhu YX, Fogle H, Price-Troska T, Ahmann G, Mancini C, Brents LA,
Kumar S, Greipp P, Dispenzieri A, Bryant B, Mulligan G, Bruhn L, Barrett M, Valdez R, Trent J,
Stewart AK, Carpten J, Bergsagel PL. Promiscuous mutations activate the noncanonical NF-
kappaB pathway in multiple myeloma. Cancer Cell. 2007 Aug;12(2):131-44.

33. Demuth T, Rennert JL, Hoelzinger DB, Reavie LB, Nakada M, Beaudry C, Nakada S, Anderson
EM, Henrichs AN, McDonough WS, Holz D, Joy A, Lin R, Pan KH, Lih CJ, Cohen SN, Berens ME.
Glioma cells on the run — the migratory transcriptome of 10 human glioma cell lines. BMC
Genomics. 2008 Jan 29;9:54.

34. Egan JB, Shi CX, Tembe W, Christoforides A, Kurdoglu A, Sinari S, Middha S, Asmann Y,
Schmidt J, Braggio E, Keats JJ, Fonseca R, Bergsagel PL, Craig DW, Carpten JD, Stewart AK.
Whole genome sequencing of multiple myeloma from diagnosis to plasma cell leukemia reveals
genomic initiating events, evolution and clonal tides. Blood. 2012 Apr 23. [Epub ahead of

print] PMID: 22529291

22



35. Keats JJ, Chesi M, Egan JB, Garbitt VM, Palmer SE, Braggio E, Van Wier S, Blackburn PR,
Baker AS, Dispenzieri A, Kumar S, Rajkumar SV, Carpten JD, Barrett M, Fonseca R, Stewart AK,
Bergsagel PL. Clonal competition with alternating dominance in multiple myeloma. Blood.
2012 Apr 12. [Epub ahead of print]. PMID: 22498740

36. Verhaak RG, Hoadley KA, Purdom E, et al. Integrated genomic analysis identifies clinically
relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and
NF1. Cancer Cell. 2010 Jan 19;17(1):98-110.

37. Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, Stegh A, Hahn WC, Ligon KL,
Louis DN, Brennan C, Chin L, DePinho RA, Cavenee WK. Malignant astrocytic glioma: genetics,
biology, and paths to treatment. Genes Dev. 2007 Nov 1;21(21):2683-710. Review.

38. Wu T, Bae MH, Zhang M, Pan R, Badea A. A prior feature SVM-MRF based method for
mouse brain segmentation. Neuroimage. 2012 Feb. 1;59(3):2298-306.

39. Wieringen, W.N. van, Wiel, M.A. van de, and Ylistra, B. Weighted clustering of called array
CGH data. Biostatistics, 9(3), 484-500, 2008.

40. Shah SP, Cheung KJ Jr, Johnson NA, Alain G, Gascoyne RD, Horsman DE, Ng RT, Murphy KP.
Model-based clustering of array CGH data. Bioinformatics. 2009 Jun 15;25(12):i30-8.

41. Tran NL, McDonough WS, Donohue PJ, Winkles JA, Berens TJ, Ross KR, Hoelzinger DB,
Beaudry C, Coons SW, Berens ME., The human Fn14 receptor gene is up-regulated in migrating
glioma cells in vitro and overexpressed in advanced glial tumors. Am J Pathol 162(4):1313-1321
2003

42. Willis A.L., N.L. Tran, J.M. Chatigny, N. Charlton, H. Vu, S.A.N. Brown, M. Black, W.S.
McDonough, S.P. Fortin, J.R. Niska, J.A. Winkles, H.E. Cunliffe., The Fn14 receptor is highly
expressed in HER2-positive breast tumors and regulates breast cancer cell invasive capacity
Molecular Cancer Res, 6(5):725-34 2008

43. Winkles J.A., N.L. Tran, S.A.N. Brown, N. Stains, H.E. Cunliffe, M.E. Berens., Role of TWEAK
and Fn14 in tumor biology. Frontiers in Bioscience 12, 2761-2771 2007

44. Vincent M. Paulino, Caitlin Auther, Zhongbo Yang, Jean Kloss, Matthew J. Ennis, Brock A.
Armstrong, Joseph C. Loftus, N.L. Tran., TROY (TNFRSF19) is Overexpressed in Advance Glial

23



Tumors and Promotes Glioblastoma Cell Invasion via Pyk2-Rac1 signaling Mol Cancer Res
Nov;8(11):1558-67. Epub 2010 Sep 29. 2010

45. Nakada M, Niska JA, Tran NL, McDonough WS, Berens ME. , EphB2/R-Ras Signaling
Regulates Glioma Cell Adhesion, Growth, and Invasion Am J Pathol 167: 565-576. 2005

46. Salhia B, Tran NL, Symons M, Winkles JA, Rutka JT, Berens ME. , Triggering Glioma Cell
Invasion. Expert Review of Molecular Diagnostics 6(4):613-26 2006

47. Robbins and Cotran. Pathologic Basics of Disease, 8ed. Philadelphia: Saunders Elsevier.
2010. 1330-1335

48. Fischione, Mark. “Tumors of the Central Nervous System.” University of Arizona COM-Phx.
16 Nov 2012. Lecture

49. Agilent Technologies. Agilent Oligonucleotide Array-Based CGH for Genomic DNA Analysis:
ULS Labeling for Blood, Cells, Tissues, or FFPE. Protocol Version 3.4. July 2012.

50. Jeong BC, Hong CY, Chattopadhyay S, Park JH, Gong EY, Kim HJ, Chun SY, Lee K. Androgen
receptor corepressor-19 kDa (ARR19), a leucine-rich protein that represses the transcriptional
activity of androgen receptor through recruitment of histone deacetylase. Mol Endocrinol. 2004
Jan;18(1):13-25. Epub 2003 Oct 23. PubMed PMID: 14576337.

51. Cronauer MV, Schulz WA, Ackermann R, Burchardt M. Effects of WNT/beta-catenin
pathway activation on signaling through T-cell factor and androgen receptor in prostate cancer
cell lines. Int J Oncol. 2005 Apr;26(4):1033-40. PubMed PMID: 15753999.

52. Jeanes A, Gottardi CJ, Yap AS. Cadherins and cancer: how does cadherin dysfunction
promote tumor progression? Oncogene. 2008 Nov 24;27(55):6920-9. doi:
10.1038/0nc.2008.343. Review. PubMed PMID: 19029934; PubMed Central PMCID:
PMC2745643.

53. Hartsock A, Nelson WJ. Adherens and Tight Junctions: Structure, Function and Connections
to the Actin Cytoskeleton. Biochimica et biophysica acta. 2008;1778(3):660-669.
doi:10.1016/j.bbamem.2007.07.012.

54. Sukriti S, Tauseef M, Yazbeck P, Mehta D. Mechanisms regulating endothelial permeability.
Pulmonary Circulation. 2014;4(4):535-551. doi:10.1086/677356.

24



55. Wang ZZ, Yuan YH, Zhang Y, Wang XF, Chu SF, Han N, Chen NH. Chemokine-like factor 1
promotes the migration of rat primary cortical neurons by the induction of actin
polymerization. Neuroreport. 2014 Oct 22;25(15):1221-6. doi:
10.1097/WNR.0000000000000252. PubMed PMID: 25144394,

56. ZhongJ, Wang Y, Qiu X, Mo X, Liu Y, Li T, Song Q, Ma D, Han W. Characterization and
expression profile of CMTM3/CKLFSF3. J Biochem Mol Biol. 2006 Sep 30;39(5):537-45. PubMed
PMID: 17002874.

57. Godbersen JC, Humphries LA, Danilova OV, Kebbekus PE, Brown JR, Eastman A, Danilov AV.
The Nedd8-activating enzyme inhibitor MLN4924 thwarts microenvironment-driven NF-kB
activation and induces apoptosis in chronic lymphocytic leukemia B cells. Clin Cancer Res. 2014
Mar 15;20(6):1576-89. doi: 10.1158/1078-0432.CCR-13-0987. PubMed PMID: 24634471,
PubMed Central PMCID: PMC3960291.

58. Karin M. NF-kappaB as a critical link between inflammation and cancer. Cold Spring Harb
Perspect Biol. 2009 Nov;1(5):a000141. doi: 10.1101/cshperspect.a000141. Review. PubMed
PMID: 20066113; PubMed Central PMCID: PMC2773649.

59. Gupta SC, Kim JH, Prasad S, Aggarwal BB. Regulation of survival, proliferation, invasion,
angiogenesis, and metastasis of tumor cells through modulation of inflammatory pathways by
nutraceuticals. Cancer Metastasis Rev. 2010 Sep;29(3):405-34. doi: 10.1007/s10555-010-9235-
2. Review. PubMed PMID: 20737283; PubMed Central PMCID: PMC2996866.

60. Spagnuolo R, Corada M, Orsenigo F, Zanetta L, Deuschle U, Sandy P, Schneider C, Drake CJ,
Breviario F, Dejana E. Gasl is induced by VE-cadherin and vascular endothelial growth factor
and inhibits endothelial cell apoptosis. Blood. 2004 Apr 15;103(8):3005-12. Epub 2003 Dec 11.
PubMed PMID: 15070677.

61. Wu 'Y, Zhou BP. TNF-alpha/NF-kappaB/Snail pathway in cancer cell migration and invasion.
Br J Cancer. 2010 Feb 16;102(4):639-44. doi: 10.1038/sj.bjc.6605530. Epub 2010 Jan 19. Review.
PubMed PMID: 20087353; PubMed Central PMCID: PMC2837572.

62. Sato N, Amino T, Kobayashi K, Asakawa S, Ishiguro T, Tsunemi T, Takahashi M, Matsuura T,
Flanigan KM, lwasaki S, Ishino F, Saito Y, Murayama S, Yoshida M, Hashizume Y, Takahashi Y,

Tsuji S, Shimizu N, Toda T, Ishikawa K, Mizusawa H. Spinocerebellar ataxia type 31 is associated

25



with "inserted" penta-nucleotide repeats containing (TGGAA)n. Am J Hum Genet. 2009
Nov;85(5):544-57. doi: 10.1016/j.ajhg.2009.09.019. Epub 2009 Oct 29. PubMed PMID:
19878914; PubMed Central PMCID: PMC2775824.

63. Jolliffe CN, Harvey KF, Haines BP, Parasivam G, Kumar S. Identification of multiple proteins
expressed in murine embryos as binding partners for the WW domains of the ubiquitin-protein
ligase Nedd4. Biochem J. 2000 Nov 1;351 Pt 3:557-65. PubMed PMID: 11042109; PubMed
Central PMCID: PMC1221394.

64. Mathewson N, Toubai T, Kapeles S, Sun Y, Oravecz-Wilson K, Tamaki H, Wang Y, Hou G, Sun
Y, Reddy P. Neddylation plays an important role in the regulation of murine and human
dendritic cell function. Blood. 2013 Sep 19;122(12):2062-73. doi: 10.1182/blood-2013-02-
486373. Epub 2013 Jul 17. PubMed PMID: 23863900; PubMed Central PMCID: PMC3778550.
65. Rienzo M, Nagel J, Casamassimi A, Giovane A, Dietzel S, Napoli C. Mediator subunits: gene
expression pattern, a novel transcript identification and nuclear localization in human
endothelial progenitor cells. Biochim Biophys Acta. 2010 Jul;1799(7):487-95. doi:
10.1016/j.bbagrm.2010.05.001. Epub 2010 May 21. PubMed PMID: 20493979.

26



