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Abstract

OBJECTIVE—A subarachnoid hemorrhage is neurologically devastating, with 50% of patients
becoming disabled or deceased. Advent of Guglielmi detachable coils in 1995 permitted
endovascular treatment of cerebral aneurysms. Coiling is efficacious and safe, but durability needs
improvement, as nearly 20% of patients require further invasive intervention secondary to
aneurysm recurrence. The aim of this study is to develop an in vitro model of endothelial cell (EC)
proliferation and differentiation on four types of platinum-based coils, using gene expression
profiling to understand EC biology as they colonize and differentiate on coils.

METHODS—Human umbilical vein ECs were grown in vitro on platinum coil segments. Growth
patterns were assessed as a function of coil type. Gene expression profiles for coil attached versus
coil unattached ECs were determined using immunohistochemistry and gene array analysis.

RESULTS—ECs showed rapid, robust attachment to all coil types. Some detachment occurred
within 24-48 hours. Significant growth of remaining attached cells occurred during the next week,
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creating a confluence on coils and within coil grooves. Similar growth curve results were obtained
with human brain ECs on platinum-based coil surfaces. Differentiation markers in attached cells
(a1, ap, By integrins) were expressed on immunostaining, whereas microarray gene expression
revealed 48 up-regulated and 68 down-regulated genes after 24-hour growth on coils. Major
pathways affected as a function of time of colonization on coils and coil type included those
involved in regulation of cell cycle and cell signaling.

CONCLUSIONS—We developed an in vitro model for evaluating endothelialization of platinum

coils to optimize coil design to support robust EC colonization and differentiation.
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INTRODUCTION

Thirty-five thousand patients suffer from aneurysmal subarachnoid hemorrhage yearly
within the United States. The International Subarachnoid Aneurysm Trial (ISAT) reported a
lower probability of death and disability for patients undergoing coiling of cerebral
aneurysms as opposed to micro-surgery (15). Although ISAT built the platform for
launching endovascular treatment of cerebral aneurysms as a mainstay therapy, the
durability of this treatment method remains inferior to that of microsurgery. Based on
follow-up cerebral angiography, 10%-30% of all coiled aneurysms will show recurrence (1,
18). Recurrence of coiled aneurysms leads to increased morbidity secondary to retreatments,
angiographic follow-up, and the real risk of rerupture.

The goal of endovascular occlusion of aneurysms is to introduce platinum-based coils into
the cerebral aneurysm until the entire aneurysm volume is filled with thrombus and coils.
Volumetric analysis shows that most aneurysms are only filled 20%-40% with coils, and the
rest represents acute thrombus (1). Histopathologic analyses based on autopsy of patients
who harbored coiled aneurysms show that within the first 4 weeks, the aneurysm houses
organized thrombus, which then develops into minimal fibrous tissue. Endothelial
proliferation seems to occur at 3 months after embolization (3, 4, 21). At 12 months after the
procedure, coils seem to be embedded in fibrous tissue with endothelialization occurring
over the neck of the aneurysm (3, 4, 21). Recurrence takes place when the endothelialization
process does not occur across the neck of the aneurysm and thus, the pulsatility is
transmitted to the coil/thrombus mass leading to coil compaction as the thrombus dissolves.
Our goal is to understand the interaction of platinum coils with endothelial cells (ECs), with
the future aim of creating an intra-aneurysmal environment for EC proliferation across the
neck of the aneurysm.

MATERIALS AND METHODS

Endovascular Coils

To facilitate growth curves, we purchased the following coils: Guglielmi detachable coils
(GDCs) and Matrix coils from Boston Scientific, Natick, Massachusetts, USA; Cerecyte
coils from Micrus Endovascular, San Jose, California, USA; and HydroCoils from
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MicroVention, Tustin, California, USA. Coil fragments measured 1 cm (each was weighed
using an analytical balance), and were used for cellular attachment, growth analysis,
immunohistochemistry, and gene array analysis.

Human Umbilical Vein EC Isolation

Umbilical cords were obtained from the Labor and Delivery Department, Thomas Jefferson
University Hospital, Philadelphia, Pennsylvania, USA. Human umbilical vein ECs
(HUVEC) were isolated from the cords using a collagenase digestion protocol, as described
previously (9).

Cell Culture

HUVEC were cultured on tissue culture flasks coated with 0.2% gelatin. Cells were fed a
complete media consisting of Media 199 (GIBCO, Carlsbad, California, USA), 10% fetal
bovine serum (FBS; HyClone, Logan, Utah, USA), 50 ug/mL EC growth supplement, 50
ug/mL heparin sodium salt from porcine intestinal mucosa (Grade I-A; Sigma-Aldrich, St.
Louis, Missouri, USA), 1% penicillin-streptomycin (GIBCO), and 0.1% Fungizone
(GIBCO). EC growth supplement was isolated from bovine hypothalami, as described
previously (12). HUVECSs were used through passage 6. Similar growth curve experiments
were also performed with human cerebral microvascular ECs (nCMEC/D3) at less than 10
passages (27). These cells were cultured for 2 weeks to reach confluency, at which time they
were trypsinized and diluted to 1,000,000 cells/mL for experimentation. Similar cellular
media, warming tray, and techniques were used for the growth curve assessment.

EC Seeding of Endovascular Coils

EC were trypsinized from confluent cultures and 1.0 mL of a 1 x 108 cells/mL suspension
was placed in a sterile Eppendorf tube. One coil segment (~1 cm) was added to each tube
and the weight measured. Samples were then placed in a tissue culture incubator on a
rocking platform for 4-6 hours, and were gently rotated to ensure cell contact with the coil.
Coils were then removed from the cell suspension and rinsed by dipping them once into a
well of a 12-well tissue culture plate containing Hanks balanced salt solution at 2 mL/well.
Coils were then placed into complete media in a 12-well tissue culture plate and returned to
the tissue culture incubator. Culture medium was replaced every 2 days thereafter.

Measurement of EC Growth on Coils

At various times during culture (typically at days 1, 3, 7, 14, and 28), cells were removed
from the coils by trypsinization and counted. Coils were placed in 0.5 mL trypsin/coil for 5-
10 minutes; the resultant cell suspension was mixed 1:1 with complete media to neutralize
the trypsin. Cells released from the coils were counted using a hemacytometer, and
expressed as cells bound/milligram of coil. Micrographs of cell-populated coils were also
taken before and after trypsinization using inverted microscopy.

Immunohistochemical Staining of EC-populated Coils

After ECs proliferated on GDCs for 7 days, coil segments and unattached cells that had
become confluent within the wells were fixed using 10% buffered formalin. These two
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populations (attached and unattached cells) were incubated with primary anti-bodies to a4
integrin, a integrin, B4 integrin, or platelet EC adhesion molecule overnight at 4°C.
Samples were labeled with fluorescein isothiocyanate-conjugated secondary antibodies and
imaged using fluorescent microscopy.

Examination of EC Gene Expression by Gene Array Analysis

Total RNA Isolation—DNA-free total RNA of cultured cells was isolated using the
RNeasy Micro Kit (Qiagen, Valencia, California, USA) according to manufacturer’s
instructions. In brief, 1 x 10 cells from duplicate cultures (control and experimental) were
pelleted, lysed in RNA lysis tissue buffer containing 1% (vol/vol) B-mercaptoethanol.
DNase-treated RNA was ethanol precipitated and quantified on a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA), followed by
RNA quality assessment by analysis on an Agilent 2100 bioanalyzer (Agilent Technologies,
Palo Alto, California, USA).

Microarray Methods—Ribo-single-primer-isothermal-amplification-based RNA
amplifications and target preparations were performed according to the manufacturer’s
instructions (Ovation Biotin System; NUGEN Technologies, San Carlos, California, USA).
Briefly, first-strand complementary DNA (cDNA) was synthesized from 50 ng of total RNA
using reverse transcription with a unique oligo (dT)/RNA chimeric primer. In the second
step, DNA/RNA heteroduplex double-strand cDNA was generated with DNA polymerase.
In the third step, SPIA linear isothermal DNA amplification process was performed using
DNA/RNA chimeric primer, DNA polymerase, and RNase H in a homogenous isothermal
assay that provides efficient amplification of DNA sequence.

Fragmentation and Biotin Labeling—In the first step, DNA amplification products
were fragmented by chemical and enzymatic fragmentation that yields single-stranded
cDNA products in the 50- to 100-base range. In the second step, fragmented product is
labeled by enzymatic attachment of a biotin-labeled nucleotide to the 3-hydroxyl end of the
fragmented cDNA.

Hybridization and Bioinformatic Analysis of Messenger RNA Expression
Profiling—Fragmented and biotin-labeled target (3.75 pg) in 200 pL of hybridization
cocktail was used for each Affymetrix HG U133 Plus 2.0 array (Affymetrix, Santa Clara,
California, USA), which contains 56,000 probe sets representing 34,000 well-characterized
human genes. Target denaturation was done at 99°C for 2 minutes, and hybridization was
performed for 18 hours. Arrays were washed and stained using GeneChip Fluidic Station
450, and hybridization signals were amplified using antibody amplification with goat 1gG
(Sigma-Aldrich) and anti-streptavidin biotinylated antibody (Vector Laboratories, Burlin-
game, California, USA). Chips were scanned on an Affymetrix GeneChip Scanner 3000
using GeneChip Operating Software version 3.0. A flow-chart analysis is shown in Figure 1.
Normalization was accomplished using robust multi-array average to arrive at baseline
transformation for the median of all samples using GeneSpring GX version 10.0 software
(Agilent). The gene list was filtered by removing low expressers (<100 signal value in all
four samples). A volcano plot was used to identify differentially expressed genes (DEGS)
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using unpaired t-test with no multiple testing correction (condition, P = 0.05, and twofold
change).

Gene Annotation—Expressed and DEG lists were linked to the genome database NetAffx
at the NetAffx Analysis Center (http://www.affymetrix.com) using Microsoft Excel and
Microsoft Access. Gene ontology functions and pathway analysis were assigned using
database for Annotation, Visualization, and Integrated Discovery (DAVID version 2.0;
http://david.abcc.ncifcrf.gov/). The DEG list was used to perform biological network and
functional analysis using Ingenuity Pathway Analysis (IPA) software version 5.0 (Ingenuity
Systems Inc., Redwood City, California, USA).

EC Attachment and Proliferation on Platinum-Based Coils

Upon incubation of ECs with platinum coil segments, anywhere from 2000 to 12,000 cells
attached for every milligram of coil segment. The cells appeared to attach as clusters, and
during the next 24 hours most cells within the clusters appeared to detach as aggregates.
Within the first 24 hours, there was an approximate 20% loss of cells, but during the next 96
hours there was an approximate 60% increase in the number of cells associated with the
coils, confirming EC proliferation on platinum coils (Figure 1A, B). This increase in cell
numbers continued until days 10-15 when there were 7000-10,000 cells per milligram of
coil (Figure 1C). After this time and during the next week, there was a reduction in the
number of coil-bound cells (Figure 2A). The same phenomenon was observed for human
brain EC growth on platinum-based coil surfaces (Figure 2C).

Cellular Attachment and Proliferation on Coated Coils

GDCs, HydroCoils, Matrix coils, and Cerecyte coils all had similar numbers of ECs
attaching during the incubation period (300-850 cells/mg of coil). Within the first 72 hours,
200-400 ECs/mg of coil segment remained. During the next 4 days there was marked cell
proliferation on the Cerecyte coils (~1400 cells/mg coil) and HydroCoils (~1750 cells/mg
coil); however, cell numbers on the GDCs (600 cells/mg coil) and Matrix coils (100
cells/mg coil) were constant with no evidence of proliferation (Figure 2B). During the next
week, cellular proliferation occurred on the Cerecyte coils (~2850 cells/mg coil) and the
GDCs (~1600 cells/mg coil), remained stable on the HydroCoils (~1800 cells/mg coil), and
showed no evidence of proliferation on the Matrix coil (~500 cells/mg coil).

Immunohistochemistry

Figure 1 shows EC attachment to coil segments, and evidence of cellular proliferation and
their colonization within coil crevices. Immunohistochemical staining for EC adhesion/
signaling receptors a4 integrin, ay integrin, B; integrin, and platelet EC adhesion molecule
showed diffuse staining of cells when attached to coil segments, or when grown on tissue
culture plastic in the absence of coils (Figure 3).
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Microarray Analyses of ECs Grown in Culture with or without a Coil

Transcriptome analyses were performed by genomewide microarray expression profiling to
define expressed and DEGs after 24-hour growth of ECs in the presence versus absence of a
coil. A flow chart for microarray analysis is shown in Figure 4. Array data reproducibility
was documented by comparison of a linear scatter plot of spot intensities at each register on
duplicate arrays using RNA derived from two replicate control cultures grown in the
absence of a coil (Figure 5; slope =1.0136, R? =0.9892). When average signal values <100
were excluded, 11,894 probe sets (7929 unique genes) were expressed from duplicate
untreated cultures. This represents 21.8% of arrayed probe sets (11,894/54,675) and
corresponds to 7929 unique genes. The number of expressed probe sets showed minimal
change when comparing control to coil-grown cultures. Many of the highest values were
messenger RNAs coding for ribosomal proteins, thymosin beta 10, -actin, eukaryotic
translation elongation factor 1 a4, ferritin light chain, cytochrome ¢ oxidase subunit 11,
tubulin, 1B, and annexin A2.

Identification of DEGs after 24-Hour Growth of ECs

Using signal intensities >100 in at least one of the four samples and >2-fold up or down as
the criterion for definition of a DEG, we next performed a volcano plot analysis to compare
the two replicate controls against the two cultures grown on the coil (Figure 6, left). Such a
plot defines fold change (x-axis) as a function of statistical significance (y-axis). This
analysis identified 135 probe sets at a P value of 0.05 (red dots), which were differentially
expressed as a result of EC growth on the coil. This included 58 probe sets (48 genes) that
were up-regulated and 77 (68 genes) that were down-regulated in response to growth on the
coil (Tables 1 and 2). A heat map shows up-regulated and down-regulated genes for
duplicate cultures (Figure 6, right). Seventy-one of 77 down-regulated probe sets belong to
functional categories. Functional categories include phosphoprotein metabolism [42], cell
division [12], cell cycle [15], mitosis [10], DNA replication [4], cell cycle control [3], and
metal binding [2]. Kyoto Encyclopedia of Genes and Genomes pathway analysis shows “cell
cycle” as the major affected pathway containing four different genes (cyclin Al, cell
division control protein 6 homolog, cell division cycle 25C splice variant 3, and extra
spindle poles-like 1 protein) designated as down-regulated in ECs in response to growth on
the coil.

A functional annotation chart also is given for the 58 up-regulated probe sets demonstrating
50 belong to different functional categories: signal [26], glycoprotein [27], transmembrane
[20], membrane [22], secreted [10], extracellular [4], and receptor [9]. KEGG pathway
analysis shows “cytokine-cytokine receptor interaction” as the major affected pathway
containing four different genes (C-C motif chemokine 2 precursor, oncostatin M receptor,
tumor necrosis factor, and leptin receptor) up-regulated in response to growth on the coil.

Biological Network and Functional Analysis

To further refine the functional properties of the DEGs, all 134 genes were analyzed in the
IPA tool for network, functional, and pathway analysis. IPA converts a list of genes with
accompanying expression information into a set of relevant networks based on the Ingenuity
Knowledge Base pathways. A core analysis is performed for the list of genes. The genes
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were categorized based on molecular function in the IPA software. The identified genes also
were mapped to molecular networks in the IPA database and ranked by score. The score
reflects the probability that a collection of genes equal to or greater than the number in a
network could be achieved by chance alone. The top five (high score) networks are listed in
Table 3. Network analysis revealed two important networks related to cellular function and
cell-to-cell signaling (Figure 7). Two networks have high scores of 40 and 30, with 20 and
16 focus genes, respectively. Several important genes, such as CCNA1, BUB1B, CDCS6,
CDC25c, A2M, SULF1, TNFSF10, and TXN1P are related in the network. Further
molecular and cellular functional classifications are listed in Table 4, showing that 26 genes
are related to cell cycle (4 molecules are up-regulated and 22 genes are down-regulated) and
19 genes are related to cell-to-cell signaling interaction function (14 genes are up-regulated
and 5 are down-regulated).

DISCUSSION

Cerebral aneurysmal rupture leads to significant morbidity and mortality (21). Endovascular
occlusion of aneurysms is a safe and efficacious treatment modality as supported by the
ISAT; however, recurrence of previously coiled aneurysms occurs in 10%-30% of patients
(15, 18). Endothelialization across the neck of an aneurysm is essential in preventing such
recurrence and associated complications (5, 6, 22). The role of ECs in aneurysmal healing
after coiling is essential, as these cells are involved in control of vascular tone, thrombosis,
thrombolysis, and platelet activation regulation (2, 7, 28). To evaluate the interaction of ECs
with platinum-based coils, we developed an in vitro model by seeding coils with HUVECs
and examining their proliferation and gene expression profiles.

We observed cellular attachment to coil segments within hours of incubation. Most adherent
cells then detached from the coils as aggregates. During the next 7-14 days, cellular
proliferation continued until a confluent population of ECs was observed on coil segments.
Cell populations could also be observed within the coil segment grooves—a potentially ideal
location, as the cells were protected from shear stress associated with flow within the wells.
Intercellular contact on the coil segment as well as EC differentiation could have led to
inhibition of cellular proliferation as well as cellular death; thus, the observed decrease in
number of attached cells in the third week after attachment (25).

With the introduction of different coil types to the clinical market, we evaluated HUVEC
attachment and growth pattern on these modified coil fragments. GDCs are unmodified
platinum coils and have been used as the control in these experiments. Matrix coils have a
polyglycolic acid (PGLA) coating on the platinum surface as opposed to Cerecyte coils that
have a PGLA coating within the platinum core (8, 11). HydroCoils have a hydrogel coating
on the platinum surface, which allows for volumetric enlargement when the coils are
hydrated within an in vivo system (14, 16). A similar number of cells attached to each coil
type; however, the greatest proliferation occurred on Cerecyte coils, followed by HydroCoils
and GDCs. Matrix coil segments supported the least proliferation, which could be secondary
to the PGLA coating being in direct contact with the HUVECs. HydroCoil enlargement
leads to an increase in surface area; thus, more potential space for cellular proliferation
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without intercellular inhibition, which could explain the larger number of HUVEC cells
colonizing this coil type.

Immunohistochemical analysis with antibody labeling for a4, ap, and By integrins revealed
similar labeling of cells to the coil segments compared with unattached cells (14). Thus,
these represent functional HUVECS, as they do not seem to change their cellular membrane
integrity when attaching and proliferating on GDC segments (10, 26). In addition, labeling
revealed the confluence of cellular proliferation on the coil segments as well as within the
crevices of the coils. We analyzed the gene expression of cells attached to the platinum coils
versus those grown on tissue culture plastic in the absence of coils, and found that 48 genes
were up-regulated whereas 68 genes were down-regulated. The dominating cellular function
of down-regulated genes involved cell cycle regulation, whereas genes up-regulated mostly
involved cytokine-to-cytokine interaction. The platinum surface most certainly decreased
cellular proliferation compared with cells grown in wells. Thus, down-regulation of cell
cycle-associated genes was expected and confirmed by our microarray expression studies. It
is feasible that EC differentiation could be occurring sooner on the platinum surfaces,
leading to a down-regulation of proliferation-associated genes and decreased growth rates on
the platinum-based surfaces. Coil segments could also initiate an inflammatory response
from the HUVECS, as cytokine-related genes were differentially up-regulated within the
attached cellular population (20).

Ozawa et al. (17) and Tamatani et al. (23, 24) reported that canine ECs require extracellular
matrix (ECM; fibronectin, laminin, collagen) coating on embolic material for cellular
proliferation. They did not observe EC proliferation on uncoated embolic materials. They
concluded that ECs require ECM for attachment, growth, and proliferation. Our in vitro
model uses HUVECs and achieves cellular attachment, growth, and proliferation on bare
platinum as well as PGLA-coated coils. However, it is possible that culture media-derived
growth and differentiation factors (e.g., plasma fibronectin) may adhere to the coil surfaces
in our model system, creating an ECM-like surface.

Most investigators have reported that collagen type | represents the most ideal substrate for
EC proliferation (13). Although collagen provides the appropriate extracellular support for
attachment and proliferation, it is also thrombogenic and thus could pose significant
thromboembolic risk in the event that coils are coated with this material. In theory, allowing
for cellular proliferation on uncoated material would be ideal in reducing the probability of
thrombogenicity, as well as allowing for permanent healing within the aneurysm.

We also evaluated the growth of human brain ECs (h\CMEC/D3) on different coil types to
understand whether brain ECs would have different growth curves on the platinum surfaces
compared with HUVECs (27). The overall growth curve is similar to what we observed for
HUVECG:s, as there is exponential growth during the first 7-10 days after cellular attachment.
After confluency was reached in the first 10 days, there was a decrease in cell numbers at 2—
3 weeks after attachment secondary to cellular growth inhibition, secondary to a lack of
surface area. We were not able to detect a statistically significant difference in the number of
cells present on the different coil types.
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The in vitro model for EC interaction with coils reported here could be used to identify
factors to enhance cellular attachment and proliferation in an in vivo situation. In addition, it
could serve as the initial step in tissue engineering, as a mechanism for permanent healing
within cerebral aneurysms. Tissue engineering requires cellular harvest, attachment to a
matrix, and proliferation. The platinum coil could serve as the scaffold, with the goal of
attaching smooth muscle cells to endothelium-coated coils with the aim of introducing
functional endothelial and smooth muscle cells into the aneurysm lumen (29). Although
these cells were able to attach and proliferate when placed on a rocker causing continuous
motion, we do aim to modify our in vitro design to introduce calculated flow rates as would
be present in an in vivo situation.

Based on our results, we propose a model for the endothelialization of coils: 1) cells attach
loosely to the outermost surface of the coil; 2) loosely adherent cells detach; and 3) strongly
adherent cells then migrate or compact within flow-protected area of the coil surface (i.e., in
the grooves between coil wires). Our results suggest that coils may have the innate capacity
to foster EC growth and interactions. These results could be used for development of coils
optimized for EC seeding and growth with their surface profile configured with grooves to
facilitate attachment and growth of parallel lines of ECs (as has been done for vascular
stents) (19). Increasing the surface area-to-volume ratio, as well as decreasing the distance
between metallic surfaces within the coil grooves to 10-20 um (the diameter of ECs), could
optimize cellular migration and proliferation. Optimizing EC colonization of coils with
biological as well as mechanical modifications should result in endogenous
endothelialization within weeks of coil introduction and thus, prevent recurrence as well as
need for long-term anticoagulation.

CONCLUSIONS

EC proliferation across the neck of an aneurysm plays a critical role in the formation of
permanent healing and prevention of recurrence in previously coiled aneurysms. Our in vitro
model of HUVEC and human brain EC attachment and proliferation on coil segments
advances toward the goal of rational design of platinum-based coils to support optimal
growth and differentiation of ECs, thus potentially enhancing coil efficacy in endovascular
surgeries.
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Abbreviations and Acronyms

cDNA Complementary DNA

DEG Differentially expressed gene
EC Endothelial cell

ECM Extracellular matrix
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GDC Guglielmi detachable coil
HUVEC Human umbilical vein endothelial cell
IPA Ingenuity Pathway Analysis
ISAT International Subarachnoid Aneurysm Trial
PGLA Polyglycolic acid
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Figure 1.
Phase contrast photomicrographs showing endothelial cells attached to coil at day 1 (A), day

4 (B), and day 7 (C).
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Figure 2.

Day 0 Day1 Day3 Day 7 Day 10Day 14Day 21

Bar graphs illustrating human umbilical vein endothelial cell growth on platinum (A) and
bioactive (B) coils. Human brain endothelial cell growth on platinum-based coil surfaces per
mg of coil (C). GDC, Guglielmi detachable coil; PGLA, polyglycolic acid.
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Figure 3.
Control (left) and experimental (right) immunohistochemical staining for a4 integrin (A), a,

integrin (B), B integrin (C), and platelet endothelial cell adhesion molecule (D) showing
endothelial cell localization on coils. Control images represent staining of cells attached to
the surface of the wells rather than the coil segments.
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Flow Chart for Analysis
Human 133 Plus 2.0 (54675 Probe Sets analyzed)

Summarization Algorithm: RMA RMA (Robust Multi-Array) normalization
Normalization: Quantile (retains probe level information)

Baseline Transformation:

Median of all samples _ ) _
Filter by low signal values (cutoff <100 in all 4 samples)

Expressed Probe Sevts: 13099 (8516 genes)

Filter by Volcano Plot

1. Test Type: T-Test unpaired

2. Multiple Testing Correction: None
3. P-value: 0.05

VvV 4. Fold Change: 2
Differentially Expressed
Probe Set: 135 (116 different genes)

v v

>2-fold Up: 58 Probe Sets >2-fold Down: 77 Probe Sets
(48 different genes) (68 different genes)
Figure4.

Flow chart analysis of gene expression.
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Figureb5.
Scatter plots used to define array reproducibility. (A) Gene expression intensities from

microarrays using duplicate control cultures (self versus self-experiment). (B) Log scatter
plot (control self-experiment). Signal values are graphed from all probe sets on the two
arrays, each hybridized with one of two duplicate untreated sample targets.

World Neurosurg. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Pandey et al.

Page 17

Up-regulated
58-probe sets
(48-genes)

-l0g10(pvalue)

14

Down-regufatg:

77-probe’ setd
(68-genes)

Figure6.

||r-'r.!ﬁ.1'-. Toan

-4 -3 -2 -1 0 1 2 3 4

log2(Fold change)

Up-regulated
58-probe sets
(48-genes)

Down-regulated
T7-probe sets
(68-genes)

P e S TR S

L0

Cont1 Cont2 Expl Exp2

(A) Volcano plot showing differentially expressed genes (135 differentially expressed probe

set; 116 genes). Relationship

between fold-change (>2; magnitude of change; x-axis) and

statistical significance (P = 0. 05; y-axis) is shown. (B) Heat map from microarray data
reflecting gene expression comparing four different samples: two controls and two coil-

treated cultures.
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| G-protein Coupled Receptor
| GroupiComplex/Other
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Transmembrane Receptor
{ Unknown
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| =~ Relationship

Network analysis using Ingenuity Pathway Analysis (IPA). IPA analysis from differentially
expressed genes shows predominant networks affected. (A) Cellular assembly and
organization, cell cycle, cell morphology (green indicates down-regulated, pink represents
up-regulated genes). (B) Cell signaling, nucleic acid metabolism, small molecule

biochemistry.

World Neurosurg. Author manuscript; available in PMC 2015 November 01.



Page 19

Pandey et al.

YA 20T YA Al 0T Jusuodwod x@_QEoo ddueuaUIeW 3WOSOWOIYDIULA OTINOIN Hmlml.nm@owm
68 81z 8010 4T UBUoIyIO][RIBN 4TI | X 99T/TC
€L 6.1 8010 99¢ urewop Jeadas uLAuY 9EAUMNY 1 0r6022
144 80T LOv'0 (Bunoesaiur 44d1d) urewop feuonouny ajdu L oldL ®©e0rTE
6L 6T L0v'0 eQ ZT¢€ ‘3 utsloud alewonus) 3dN3D 1©79r0502
141 082 1070 6TYOONAS 8UO ‘st 02192014 VNAD e 6ECSeT
L2t 1€ 07’0 T Jaquisw ‘g ‘21|0s0A0 ‘Aj1wre) sselaysuenolns 19T1INS 17109202
69 TIT v0v’0 SN20| paqosuel L 1 T9gTSET
05 et €0v'0 T X0Q03Woy paje|al paired TXHYd 17669922
26 {34 G6E0 T 91]-103d903. T upinajIaU| patsiall 1799077
29 85T 26€0 (eawiod 's) Z ax1I-uysobnys 2109s 1 5TrSeET
€T T6€ T6€°0 T Joquidw ‘(1030e400 upreday) @ apejo ‘Jouguyul asepndad uidies TANIdYAS 1©79/5502
05 821 T6€0 e 89 ‘PRONpUI-EIS] 10308} LmoIB Bulwiossuel L 19491 17905102
Ge 26 08€'0 (se1sne 00 'S) T Bojowoy saipog sjod ajpulds enx3 171dS3 ¥®L18v0C
9 2t 8L€0 TV utejold pajelai-z 109 Tvz10d 17189502
681 01§ TLE0 TV ulpAD TVYNDD 187668502
8L 114 0.€°0 (Bojowoy gysd) g nungns xajdwod SNID ZSNID | 1S TeZSTee
6€ 80T T9€°0 v Bueubis uisioid-9 Jo Jorenbay ¥SOY | 1S 8eEv0z
8aT oy TvE0 T aj1-03dadal T upjnapa| 74T | TS 925202
8¢ 41 6E€0 GOT dwieyy Buipea usdo 9 swosowoIyD SOTH09D 1©00TSTZ
Gy 9€T T€€°0 ¢ 110ydadal g (vavo) pioe duAngoulue-ewwes 249avo | ¥ S 066602
6€ 81T TEE0 € awely Buipeas uado €T swosOWoIYD €HOETD 1e9T/2T
(4 191 €620 SN20| paqosuel L /2106
9€ TA! 8820 882,007 [eanayiodAyy//Ty utsloidosjonuoqu Jesjonu snosusfossidsH | y¥882L0071///TYANYNH 1 0r0zee
aouanbas
6L €2¢ Sv20 VNYW 8g8YZ auo|d suaides OWoH GTSTETAY 03 fejiwis Alybiy ‘€€2807102 duofd ‘sl Ge9TZL1H 'YNAD ®YiTeET
12 6€T 16T°0 SN20| paquosuel L 1eTTEE6ET
ewewiRdx3 | jonuod | abueyd piod 318U loquiAsaues | dl»Sadoid

Author Manuscript

T alqel

Author Manuscript

Author Manuscript

1517 aua9) pale|nbay-umoq

Author Manuscript

World Neurosurg. Author manuscript; available in PMC 2015 November 01.



Page 20

Pandey et al.

0.9 YoVt LLY'0 NS unesko T1SD Y2290z
4ns 662 L0 q pue ez uijiydoseld 40y YNYW sudides “H 0} sejiwis Apfeam ‘y89TTOZINZLN 8Uo|9 ‘sl 8¥8YELTd VNAD e 20z6ET
8y 10T S0 T ulinBainaN TOUN | 7S €pE90e
e 015 eLV0 Vi Jaquiaw Ajiuey uissuryy VI 1BTGGE8TL
e LT 0.¥°0 (ees1ne R0 'S) Bojowoy TON 40 Jauned TONd | s zz9eoe
791 Sve L9v°0 O HuNgns ‘xa|dwo9 | UISU3PU0d DINS-UON 9dVON 17€99812
95 0zt L9v'0 (squiod *s) O Bojowoy Gg 3J9Ad UOISIAIP |13 062000 | ¥ ST/9150C
19 €T 9910 € u1g104d Bunoessiul 10ydadas JesjonN edIdN | ®S /S66TC
912 99y yor’0 (swee|sndouex) Bojowoy ‘pare1oosse-a|ngmoLoI ‘ZXdL ZxXdl | ®7s 25001z
6 902 T97°0 XT UI3UOIYIO|[e1B I XTLA | ® X 92er0z
06 96T 65%°0 V Jaquisw ‘g dnob ‘O Ajiwey ‘1oydedas pajdnod-uisiord VS0ddD 1 80TE0T
19 veT G570 £9-13 Apognue [euojoouow Aq paynusp! usbnuy LN | ¥esTe202TZ
ot 12 §s7°0 aseuny Butpuig zad Mdd ®8YT6TL
el 44} 1670 (@esie.R0 S) Bojowoy 9 81942 UOISIAID |90 9000 | 1S 896€0C
95 GetT 8vv'0 T Munqns ‘asetjuAs ajeydsoydip (|Ausidedap) jAuaid 1SSAd | s 598022
65 zeT Lyr0 £9-13 Apognue [euojoouow Aq paynusp! usbnuy LN | ¥eSTT202TZ
GL 69T vy (se1s1na182 *S) @ Bojowoy T uonduny Burouajis-nue T4SY a14Sv 1®GTT8TL
892 19 6EY°0 T &1|-103d803) T UBINBIBI T 1©76082r2
81 T2y LEV'0 T SISBUP{0}AD J0 Joje|nbal ulslold TOdd | 7S 600812
veT 80¢ GEV'0 66 Bulureiuod urewop 1109-paj10d 660000 | ¥ S 689TCT
29 vt vEV'0 € Paje1oosse 91942 UOISIAIP |90 €VOao | ¥ s 9evTze
14 6 Zero 099€ETO0TOO T [221BYI0dAH 099££T00TO01 1©72800€2
89T 26€ 620 G Jaquiaw ‘(walsAs +A ‘Jspodsuesy pioe oulwe 21UOIRD) 2 Ajlwey Jallied 8Injos GVv/.01S 1S GBTTOZ
09 i 9zv°0 £9-13 Apognue [euojoouow Ag paynusp! usbnuy LN | ¥eST0202TZ
€5 SetT 7Zr0 G urewop NI pue zad SWITad | 7S ¥89ETZ
88T oy 4240 (swee|sndouex) T Bojowoy ydoxppala ™IMa 17209702
ST L€ 9T¥'0 097579007 [eanauyiodAH erepytId | TS 6Tv9Ze
1T oz STY 0 € Jojebineu uoInaN EAVN 1eTET8r0T
€6 vee ST70 3M1|-Z U1810Jd PajeIo0sse-UJa|a3s0IAD I2dvM0 1019622
ewewiedx3 | jonuod | abueyd piod CIHTEENE) loquAsaues | dl®»Sadoid

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

World Neurosurg. Author manuscript; available in PMC 2015 November 01.



Page 21

Pandey et al.

28 €91 €050 uixedna NXd1 | 15052912
91T 1€ 2050 (1unans g5d) ¢ uojisda ‘(pajoautp WNQ) asesawA|od Za1od 17606502
8 0Lt 0050 8 Paje1oosse 9]9A2 UOISIAIP |90 8v2ao | s 0zstze
€91 9z 0050 (a@ize) © apndadAjod (psroaiip ¥NQ) 111 (WNY) asesswiAjod 9e410d 17€59902
802 9T 0050 (1seak) e39q Bojowoy T sajozepiwizuag Ag pangiyuiun Bulppng TaNg darand ¥ GG/€02
19 vET 0050 asejonpal 81e|0j0pAylq d4Ha | ®7s eeszoz
852 1§ 6670 £9-131 Apognue [euojoouow Ag paynuap! usbnuy LN | 185 ge0zT
44 062 L6Y'0 (eseyeydsoyd Anoytads enp pajeroosse-gX@d) € Jougiyut aseury Juapuadap-uijoAd ENMAD | 1S ¥TL60C
26 981 S67°0 2 undesoiuuels 2018 1e8EvENT
STl vee 6%°0 (ses1n9.80 '5) Bojowoy ‘Jusuodwod xa|dwod 810y2038uBl 08DAN ‘Z4NN Z4NN 1®©TT8EEZT
29T oge 670 (e1iydoso.q) g Bojowoy a1sdz 40 J9oueyUT ZHZ3 | 1S 85EE0C
[} 6 6870 v dnoif uonejuswajdwod ‘elwaue 1UodueS VONV4 1®°S G08E0Z
99y 956 18v°0 GOT swieyy Buipes) uado 9 swosowolyd S0TH09D 1©70.0622
68T 88¢ 1870 I dnouf uonreluBLB|dWOD ‘BlLUBUE UOJUERS IONVA ¥®©L00€ETC
0L g 9810 T utsjo.d Bulpuig ureWop-gHS JHS Td9OHS ETE6r6TZ
66T 11374 v8v°0 (e1lydoso.q) payerdosse Ajeydasosolw ‘Bojowoy (s|puds [ewsoude) dse NdSY | 1275 816612
vTT 9eC €810 6T utgload Jabuly Hd 6T4Hd ¥ TTZLe
8 G/T 08¥°0 € passaudxa AjfeusareiN €03 | 1S 0T292C
(114 199 0870 6€ J01dadal pajdnod-utejoid o 6EUdD | &S 009802
1S 61T 6L7°0 SN20| pagLIosuel L 1©7E/66EC
24" T0€ 8.1'0 T Bururejuod urewop 43a 10ad3qa | s 8s6¢ze
S0T 0ze LIy0 (asnow) Bojowoy 1dr1osuesy 914193ds WLIBPOSIIN 1S3N 1©79T020C
ewewiedx3 | jonuod | abueyd piod 3 L8ueD loquAsaues | dl®»Sadoid

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

World Neurosurg. Author manuscript; available in PMC 2015 November 01.



Page 22

Pandey et al.

667 68T 189°C 0T 8weyy Butpes. uado QT BWOSOWOIYD OTHOOTO | ¥&7S Z8160C
GES L6T €692 0T Jaqisw ‘Ajiweysadns (puebi]) Jo1oe} s1S0498U JowinL 0T4SANL 1788920
96 9 cele T J0ydedas apndad [eunssul aA1IdROSEA TYdIA | ¥ S 610502
Ly 091 LT uigjold Bunoessiul uIxopaioly L dINXL | 15010702
912 GL €68'C 9vT 103dadal pajdnoo-utsiosd 9WTHdD ®©0./822
10T €€ 190°€ 3nasjow 002AD 00zad | s €£83602
Gve v1T GeT'e ueak|big NOg | s 29z10Z
995 LT LLTE T asereyng 147NS 1eTEGETTT
oce v0T LITE g 103da0a1 (uluojouas) sutwedAnAxoipAy-g gzd1H 1278€9902
eeT 47 8T'e ey /€ 'y eydje ‘utsjoud uonounf deo fAd%) /890
eve €0T 6eee a|nvsjow yedd ve€ao | 1S €rS60C
18T S 18€°€ (Asoyewiwreryutopnasd ‘AydonsAp snpuny Agsios) € Jonqiyul asepiidadolelsw diNIL €dNIL | S 8KTTOZ
285 6ST S09'€ (3ueutwop [ewosone ‘Al adAy awo.puAs sojuea-sia|y3) T eydie ‘11 adAy ‘uabe)jod TVET0D | ¥ S T9ITIZ
.2 L 969'€ Te[n|130 ‘T uialold Buipuig jounay 1dgy eTETrenT
LET 9 z6°e e@i/€ ‘v eydie ‘uisjoud uonoun( deg 1A%3) 1106702
112 S 9€6°¢ uigjold Bunoesslul uIxopaioly L dINXL | 1757600702
ove 8 8GT'Y (dnouf poojq uoyoD) T utiodenby 1dOV /70602
28T e 12Ty (Asoyewiwreryutopnasd ‘AydonsAp snpuny Agsios) € Jonqiyul asepiidadolelsw diNIL €dNIL | 1S 0STTO0Z
16T G 8617 (3ueutwop [ewosone ‘Al adAy awo.puAs sojuea-sia|y3) T eydie ‘11 adAy ‘uabe)jod TVET0D | ¥ S 9/0STC
€02 9 v0S'y (3ueuiwop [ewosone ‘Al adA} swo.puAs sojueqd-sia|y3) T eydie ‘|11 adAy ‘usbejod TVET0D | ¥ X 258102
vie 09 165 T aserejng 747INS IR
19T 1€ LYE'S utingojBoivew-g-eydiy (A% ®LSLTe
vt 1z Ler's T Joquisw ‘T sse|d ‘eydye ‘asepisouuein TOINVIA 1®©08TrIZ
08 T ¥82'9 (uixejoine) g asessrsaipoydsoyd/asereydsoydoisAd apnosjonuolog 2ddN3 1 265602
6vT 81 v82'8 Z uljein INLVIA | 3e7ST05€E20C
95 6 1.0'6 (321anp) z urajoid uonidd adnyd 1901222
Tt T 1886 8GTZ0ES-IDVIAI 8UOId YNAD ®egzieT
ewewiRdx3 | jonuod | abueyd pied 8jiILawo | joquiseues | dlesadoid

Author Manuscript

Author Manuscript

¢ ?olgel

Author Manuscript

1517 aua9) pale|nbay-dn

Author Manuscript

World Neurosurg. Author manuscript; available in PMC 2015 November 01.



Page 23

Pandey et al.

92§ 652 1202 OA UIsoAW DSOAN 17996812
ort 69 120C . Bujurejuod urewop ‘| 8dA3 ‘uipuodsoquioly L V.ASHL 1 Y68ETT
112 10T €202 9TT J0}dedal pajdnoa-utsiold 9TTHdO 186212
69T 0T 6£0'C OvT u13)o.d aueiqUIBLUSUEI | OrTININL 1666812
162 ovT 6.0°C Z U12101d aUBIQUIBWISURIY YO 3UIONS| UII3U0IC IS ZLd4 | vesTesev0z
€6 44 8807 SN0| PagLIosUes L 1©7/885€C
8L 0L€ €TTC €€2£79007 [eonoWodAH | €€26¥9001 17068072
16 34 1419 € Buiureluoo yesda) THN €0UTHN ®0r0Lee
86¢ 81 6.TC Tv-unyds TVN43 1©7€20202
981 S8 61T Z uunauofes 4o Joje|nfay ZNVOY & 86YE0T
67 €TT €02'C g Jaquisw ‘g dnoab ‘D Ajiwey ‘103dsdas pajdnoo-uisiold 9 g504d9 ¥ T1S5¢C
k443 SYT ezz'z | w9 (unoydewss) ‘urewop 21wse|doiAd pue ‘(N L) Urewop aueIquiswiSue.} ‘Ulewop ewas VIVINIS 1® 6122
66 v 92C ¥8TT010D 8UOJd ‘Sl G¥ZT20 14 'YNAD 1®T90eL22
zet S Sz T ulios TLHOS 818
44" 29 8l2'¢C (dnouf poojq ya1g189) 3 uLioydodA|9 OdAD | ¥S.¥620C
012 26 82T SN0| PagLIosUes L 1 0r08
2621 LvS 75€C T asereyng 747NS ®TYSETTZ
1621 €vs 9.€7 uajold B9 XLIeN dOW | 175162202
134" 65 16€C anss ‘T -7-eydye ‘asepisoond TvoNd 1878€8202
80T 14 12T @ 403084 YMoIB paALIBp 18jeteld a4oad | 15 yoe6Te
16T €9 e 0T Jaquuaw ‘Ajiwrepsadns (puebi]) Jo1oey s1S098U JownL 0T4SANL | ¥ X 6zerTe
9z€T Sv§ €eYrT 2 puebi| (3now O-0) sujowsyd 2100 | 15865912
80¢€ vet 8512 SN0| pagLIosuel L 1129922
16T 19 v67°C 2T Bururejuod urewop ynow eydye ajL3)s ZTANVS 1T€/98€E7
ez €6 625C 9 Joje|nBas podsuesy uol BulurelLod urewop A AX4 9aAX4 17/68L12
€etT A ST ¢ ursjoud BuiAyipow Ananoe (pajdnoo-uiajold 9) Jojdadsy ZdAVY ®©6..502
85¢ 6ET 295 9/0€T6T IDVINIOHUNI 2U0|2 YNQGO Masul Lpbua] [Iny YNYW e /€2922
50T 14 6.5 € 10308} ||30-g Aje3 €493 | wseveize
LeT 8y 2€9'C Joydadal unden ddan 1 168602
ewewiedx3 | jonuod | abueyd piod dILaWw9 | joquisaeueD | I rSadoid

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

World Neurosurg. Author manuscript; available in PMC 2015 November 01.



Page 24

Pandey et al.

€11

99

L00'¢

T surewop ABojowoy utuodjea pue |7

THOWIT

1 62€TTe

eiuswiodx3

10J1U0D

abuey) plo4

CINNRCECL)

[oquifs aueD

dl»’saqolid

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

World Neurosurg. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Pandey et al.

Table 3

Selected Networks with High Scores for Differentially Expressed Genes
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Network | Moleculesin Network Score | FocusMolecules | Top Functions

1 A2M, Alp, Apl, AQP1, BCL2A1, BGN, CCL2, CD34, CDKN3, 48 23 Connective tissue
Collagen type 1, Collagen(s), EFNA1, FUCAL, IL1, IL1IRL1, KIF4A, disorders, infectious
LDL, MKI167, Mmp, MT1F, NCAPG, NFkB, PBK, Pdgf, PDGF BB, disease, inflammatory
PDGFD, PRC1, PRRX1, RBP1, SERPIND1, Tgf beta, TGFBI, disease
TIMP3, TXNIP, Vegf

2 APC, ASF1B, BUB1B, Caspase, CCNA1, CDC6, CDC25C, CENPE, 40 20 Cellular assembly and
COL3AL, Cyclin A, DHFR, DKK1, E2f, ERK1/2, EZH2, hCG, organization, cell cycle,
Histone h3, Histone h4, HNRNPAL, IgG, Insulin, LEPR, Mapk, cell morphology
MCM10, NGF, NRG1, NUF2, P38 MAPK, PHF19, PNO1, Rb, RGS4,
Tnf, TNFSF10, TPX2

3 AMBP, AQP1, ASPM, butyric acid, CI00RF10, CCDC99, CDC14B, 34 18 Gene expression,
DEPDCL1, EHD1, EHD3, ENPP2, FANCI, FXYD6, GINS2, HMGN2, infection mechanism,
HNF4A, IFITM2, KNTC1, L-triiodothyronine, LIMCH1, LZTR1, cellular development
MEG3, MIR124, PELO, PODXL, POLR3G, RCAN2, SULT1B1,
TGFBI, THSD7A, TMEM140, TNF, TP53, WTAP, ZNF224

4 265s Proteasome, Akt, CALCRL, CD200, ERK, FANCA, Focal 30 16 Cell signaling, nucleic
adhesion kinase, FSH, GABBR2, Gpcr, GPR39, GPR108, GPR116, acid metabolism, small
GPR146, GPRC5A, GPRC5B, GPRC6A, HCRTR2, HTR2B, molecule biochemistry
Interferon alpha, Jnk, LPXN, MT1X, NTSR2, OSMR, P2RY12, PI3K,
Rac, RAMP2, RAMP3, Ras, STAT, SULF1, TRIO, VIPR1

5 ADAM12, ADCY3, ANKRD36B, ARAP1, ASPM, BDKRB1, 25 14 Cardiovascular system
C50RF13, Ca2+, CDCA3, CLTC, EBF3, EHD1, ESPL1, GLI1, development and
GYPC, KDM5B, MAN1C1, MEST, MPP1, NAV3, PDLIM5, PLOD1, function, organismal
PRC1, PRND, PTH1R, RTKN2, SEMAG6A, SERPINH1, SH3D19, development, tissue
SHCBP1, SLC2A4, SMAD2, TGFB1, TGFBR3, TUFM morphology
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Molecular and Cellular Functions of Differentially Expressed Genes

Functions Number of Molecules
Cellular growth and proliferation 46
Cell cycle 26
Cellular assembly and organization 18
Cellular movement 23
Cell morphology 13
Cell-to-cell signaling and interaction 19
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Table 4
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