regulated by STAT under the control of IL-3 in
Baf-3 cells [21]. These data indicate a similar rate
of transcription initiation of the Bim gene in Baf-3
cells cultured in the presence or absence of IL-3.

Our data suggest that, unlike NGF in PCI2
cells, IL-3 does not induce the expression of Bim
mRNA at the level of the initiation of transcrip-
tion in Baf-3 cells. Cytokines have been shown to
regulate the function of Bim through various
mechanisms, including transcriptional regulation,
proteasome-dependent protein degradation, con-
trol of subcellular localization, and phosphoryla-
tion. The contribution of each distinct mechanism
of regulation differs between cell types, indicating
that mammalian cells have evolved the suitable
control mechanism for this important determina-
tion factor of their own fate. Indeed, our pre-
liminary data suggests that IL-3 regulates the
stability of Bim mRNA in Baf-3 cells (data not
shown). We are currently investigating the detailed
molecular mechanism of the regulation of Bim
mRNA stability in our laboratory.
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Abstract

Erythropoietin receptor (EpoR) is expressed in the central nervous system (CNS), however, no clear consensus has been obtained whether
Epo acts as a prosurvival factor in neurons. Because retinal ganglion cell (RGC) death is a common cause of reduced visual function in
several ocular diseases, we explored whether Epo might potentially be beneficial in protecting RGCs from glutamate and nitric oxide (NO)-
induced cytotoxicity, using isolated RGCs by a two-step panning method. Brain-derived neurotrophic factor (BDNF) was used as a positive
control. EpoR mRNA was expressed in isolated RGCs, and EpoR protein was expressed on the RGCs in the normal and ischemic retinas.
Epo had less potential to improve the survival of primary RGCs in serum-free medium than BDNF. In these cells, BDNF, but not Epo,
downregulated the expression of Bim, a proapoptotic Bel-2 family member that plays a key role in cytokine-mediated cell survival,
suggesting a possible mechanism for this difference. When RGCs were cultured with glutamate or an NO-generating reagent, the survival of
RGCs was compromised, and Bcl-2 expression was decreased in these cells. Both Epo and BDNF significantly reduced RGC death induced
by glutamate and NO. In agreement with this, these factors reversed the Bel-2 expression. These findings suggest that Epo may be a potent

neuroprotective therapeutic agent for the treatment of ocular diseases that are characterized by RGC death.

© 2005 Elsevier B.V. All rights reserved.

Theme: Sensory systems
Topic: Retina and photoreceptors

Keywords: Primary isolated retinal ganglion cells; Glutamate; Nitric oxide; Bel-2; Bim

1. Introduction

The death of retinal ganglion cells (RGCs), which results
in the progressive loss of visual function, occurs in
glaucoma and some ocular diseases [32,48]. Thus, the
development of neuroprotective strategies that would
prevent the death of RGCs is of critical importance.

Progress has been made in our understanding of the
intracellular pathways that mediate stress-induced apoptosis

* Corresponding author, Fax: +81 82 257 5249.
E-mail address: hkmishi@hiroshima-u.ac jp (H.K. Mishima).

0006-8993/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.brainres.2005.05.037

in RGCs. For example, it is known that signals transmitted
from NMDA (N-methyl-D-aspartate) and non-NMDA recep-
tors induce cytotoxicity when they are overstimulated by
excess amounts of glutamate [36,37,40,51], although gluta-
mate is an important signaling molecule in physiological
conditions as a neurotransmitter. Glutamate neurotoxicity is
mediated, at least in part, by nitric oxide (NO) in retinal
neurons [24,58]. Excess glutamate and NO were shown to be
implicated in ischemic retinal degenerations, including
glaucoma and diabetic retinopathy [19,22,28,35,43,47,48].
Antagonists of NMDA receptor were reported to show
neuroprotective effects on glaucomatous optic neuropathy n
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experimental glaucoma models [19,28,43]. Moreover, NO
synthase (NOS) levels were found to be elevated in the
human glaucomatous optic nerve head [39]. In addition,
glutamate and NO promote oxidative damage by reacting
with superoxide anion to form the oxidant compound
peroxynitrite [5,17,20], which triggers apoptotic cell death
[48]. The oxidative stress has been shown to play an
important role in the course of development of ischemic
retinopathy [11,21]. Collectively, these findings suggest that
the NMDA receptor and/or non-NMDA receptor-mediated
pathways contribute to the pathogenesis of retinal diseases.

Neurotrophic factors may be a beneficial candidate for a
neuroprotective agent. For example, brain-derived neuro-
trophic factor, (BDNF) not only supports survival of neurons
including RGCs [8,14], but also has a neuroprotective
function by inhibiting the cytotoxic action of glutamate and
NO [30,31,55]. These effects of BDNF could be interpreted
in part by regulating the expression or the function of specific
members of the Bcl-2 superfamily, which includes both
antiapoptotic and proapoptotic regulator proteins on mito-
chondrial membrane. In mammals, more than 5 member
proteins are included in each group. Redundancy in each
category of the Bcl-2 family has been partially explained by
the death triggers-specific response of each family member.
For example, Bim, a proapoptotic member, has been
implicated in cytokine (neurotrophic factor)-dependent cell
survival [2,42,49,60], while Bcl-2 or Bax has been suggested
to be involved in cytotoxicity by glutamate and NO [56,57].
However, whether BDNF acts as a prosurvival factor through
regulation of these family members is not clear.

Unfortunately, BDNF does not cross the blood—brain
barrier (BBB) [61] and thus cannot be readily used
therapeutically. Recently, the erythropoietin receptor (EpoR)
was reported to be expressed in neurons [6,33,34]. In the
hypoxic condition, EpoR expression in the cerebral cortex
[44] was reported to be enhanced, suggesting a possible
physiological role of the Epo/EpoR system in the central
nervous system. Epo is required for the growth and
development of erythroid progenitors [29] and is an
established therapeutic agent to treat patients with renal
anemia. Epo crosses the BBB [9], and the systemic
administration of Epo has been reported to protect mouse
photoreceptors from light-induced damage [18], rat retinal
neurons from acute ischemic injury [23], and rat RGCs from
axotomy-induced apoptosis in vivo [59]. Although these
findings suggest that Epo might be useful in the treatment of
retinal diseases, it is as yet unclear whether Epo protects
isolated RGCs directly from glutamate- and NO-induced
neurotoxicity, which is known to be implicated in ischemia.

We herein examined the ability of Epo to protect rat
neonatal RGCs isolated by a two-step panning method [4]
- from the neurotoxic effects of glutamate and NO and
compared its effects to those obtained with BDNF. Our
results showed that Epo protected RGCs from the neuro-
toxic effects of glutamate and NO through the reversal of
Bcl-2 expression.

2. Materials and methods
2.1. Isolation and culture of RGCs

All animals were treated in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research.

RGCs were isolated according to the previously
described two-step panning method [4,25,26]." Briefly, 3-
day-old Wistar rats were euthanized, and approximately 30
eyes were harvested for each experiment. The retinas that
were separated from the enucleated eyeballs were incubated
for 20 min in a solution containing 5 mg/ml papain in order
to dissociate their cells, which was followed by a 5 min
incubation with rabbit antimacrophage antibody (Inter-Cell
Technologies, Hopewell, NJ). The cell suspensions were
then incubated for 30 min on a 100-mm Petri dish coated
with goat anti-rabbit IgG (H + L chain) antibody (Southern
Biotechnology Associates, Birmingham, AL). Suspensions
containing cells that did not adhere to the Petri dish were
harvested and incubated for 1 h in a 100-mm dish coated
with anti-Thy-1.1 antibody (from hybridoma T11D7e2;
American Type Culture Collection, Rockville, MD). The
cells that adhered to the dish were trypsinized off (0.125%
trypsin for 10 min), after which they were incubated in 96-
well plates that were coated with 0.1 mg/ml polyornithine
(Sigma Chemical, St. Louis, MO) and 5 pg/ml laminin
(Sigma Chemical, St. Louis, MO). Cells were cultured in
serum-free medium [37], which was composed of Dulbec-
co’s modified Eagle’s medium supplemented with insulin
(1.6 x 107° M), progesterone (4.0 x 10~ M), selenite
(6.0 x 1078 M), transferrin (12.5 x 10~ M), putrescine
(2 x 10™* M), hydrocortisone (1.0 x 1077 M), cytidine-5'-
diphosphocholine (5.2 x 107% M), cytidine-5'-diphosphoe-
thanolamine (2.9 x 107® M), ciliary neurotrophic factor
(CNTF: 40 ng/ml), and forskolin (1 x 107> M). Cells were
incubated at 37 °C in a humidified atmosphere of 10%
CO; and 90% air.

2.2. Retrograde transportation of tracer

The retrograde fluorescent tracer 1,1'-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil,
Molecular Probes, Eugene, OR) was used as previously
described [50]. Briefly, ten 1-day-old rats were anesthetized
by hypothermia [41]. Dil, dissolved in dimethylformamide,
was then injected subdurally into the superior colliculi.
Three days later, RGCs from the 20 eyes of these animals
were isolated, as described earlier [4,25,26], and were
examined using fluorescent phase-contrast microscopy.

2.3. Immunohistochemical analysis of normal and ischemic
retinas

Female Wistar rats weighing 250-300 g were used in
this study. Rats were anesthetized with an intraperitoneal
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(B)

500bp —

Fig. 1. Isolation and characterization of RGCs. (A) Phase-contrast image of isolated RGCs. Large cells (open arrowheads) and small cells (arrows) were seen.
Scale bar, 10 ym. (B and C) Retrograde labeling images of RGCs. RGCs were isolated following injection of Dil into the superior colliculi. Cells were
observed using phase-contrast microscopy (B), and Dil staining was visualized by fluorescent microscopy (C). (D) RT-PCR analysis revealed the expression of
EpoR mRNA in the RGCs using a specific primer set (lane 3). Lane 1 = 100 bp DNA ladder as a marker. Lane 2 = {3-actin used for normalization,

injection of pentobarbital (65 mg/kg). The anterior chamber
of the right eye was cannulated with a 27-gauge infusion
needle that was connected to a bottle containing sterile
normal saline. Intraocular pressure was then raised to 120
mm Hg by elevating the saline reservoir to the appropriate
height above the eye for 60 min. The animals’ left eye was
sham operated, and the reservoir to which it was connected

 — control

w ® © D

| normal R —

was not elevated. These eyes served as non-ischemic
controls.

For immunohistochemical analysis, eyes were enucleated
72 h after this operation and were fixed in 4% buffered
paraformaldehyde overnight at 4 °C. The tissues were
then transferred to phosphate buffer solution (PBS)
containing sucrose, pH 7.4, at 4 °C. After removal of

ischemic-reperfusion |

® ® @ ©

Fig. 2. Localization of EpoR in normal (A -E) and ischemic (F-H) retinas. (A, B) Negative control studies. Normal rat retina was incubated with rabbit control
IgG and mouse control 1gG followed by incubation with FITC-conjugated anti-rabbit lgG and Texas red-conjugated anti-mouse IgG. (C, F) RGCs were
identified using a Thy-1.L-mouse monocfonal antibody and Texas red-conjugated anti-mouse 1gG. (D, G) EpoR staining using an anti-EpoR rabbit polyclonal
antibody and an FITC-conjugated anti-rabbit IgG. (E, H) Double staining for Thy-1.1 and EpoR (arrowheads). Slides were examined under the fluorescent
microscopy. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; and IS, inner
segment of photoreceptors.
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the lenses, the eyecups were embedded in optimal cutting
temperature (OCT) compound (Tissue Tek, Sakura, Tokyo,
Japan). Cryosections (9 pm) were prepared at —80 °C.
After they were dried, they were incubated in 10% horse
serum in PBS to block nonspecific binding. After 3
washes in PBS, sections were incubated with anti-EpoR
antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
rabbit polyclonal IgG, M-20, 0.7 pg/ml) overnight
followed by fluorescein isothiocyanate (FITC)-conjugated
goat anti-rabbit IgG (Vector, Burlingame, CA, goat
polyclonal IgG, 7.5 pg/ml). Controls consisted of tissues

(A)
250

Relative absorbance
(% of control)

that were treated with isotype control rabbit IgG (Wako
pure chemicals, Osaka, JAPAN, 10 pg/ml). After being
washed 3 times, the sections were incubated overnight
with Thy-1.1 antibody (Pharmingen, San Diego, CA,
mouse monoclonal 1gG, clone OX-7, 10 pg/ml) or isotype
control mouse IgG (BD Pharmingen, San Diego, CA,
clone MOPC-31, 10 pg/ml). Next, they were washed and
incubated with Texas red-conjugated anti-mouse IgG
(H+L) (Vector, Burlingame, CA, horse polyclonal IgG,
15 pg/ml). The slides were then washed with PBS and
examined with fluorescent microscopy.
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Fig. 3. Effects of Epo and BDNF on RGC survival. (A) Isolated RGCs were cultured in CNTF-containing ‘medium (see Materials and methods) in the
absence (open bars) or presence of Epo (0.15 U/ml — light gray bars; 0.5 U/ml — dark gray bars; 1.5 U/ml — black bars) (»n = 5) or BDNF (4 ng/mi —
white lattice bars; 40 ng/ml — black lattice bars) (n = 4) for 36 or 60 h, after which they were subjected to an XTT assay. The relative absorbance was
calculated by each of XTT absorbance divided by that of control cultures in the absence of either Epo or BDNF. (B) Effects of Epo and BDNF on RGC
survival in medium without CNTF and forskolin. Isolated RGCs were cultured in the absence (white bars) or presence of Epo (5 mU/ml — light gray bars;
50 mU/ml — gray bars; 0.5 U/ml — dark gray bars; 5 U/ml — black bars) (n = 4) or BDNF (4 ng/ml — white lattice bars; 40 ng/ml — black lattice bars)
(n = 4) for 72 h, after which viability were evaluated by trypan blue exclusion. Each data point represents mean + SEM. Asterisks denote a P value of <0.05

compared to the untreated control.
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2.4. Detection of EpoR by reverse transcription-polymerase
chain reaction (RT-PCR)

Total RNA was extracted using ISOGEN, according to
the manufacturer’s instructions (Nippongene, Toyama,
Japan). cDNAs synthesized using a Superscript II kit
(Invitrogen, Carlsbad, CA) were amplified with the follow-
ing specific primer pairs: 5'-AAGATCTGGCCTGCATCC-
CAAG-3'; 5-TCCCCAGCCTGAGTCACTCCCCAG-3
for EpoR and 5-TCATGAAGTGTGACGTTGACATCC-
GT-3'; §-CCTAGAAGCATTTGCGGTGCACGATG-3' for
@-actin, which resulted in PCR products of 197 bp and 285
bp in length, respectively. PCR products were cloned into a
PCR™ 1I vector and sequenced using a genetic analyzer
(310 Genetic Analyzer; Applied Biosystems, Foster City,
CA).

2.5. Assessment of cell viability

Survival of RGCs that were incubated in the presence
of glutamate, sodium nitroprusside (SNP), or N-omega-
nitro-L-arginine methyl ester (L-NAME) in the presence
or absence of Epo or BDNF was estimated by determin-
ing the activity of their mitochondrial dehydrogenases
(sodium3’[1-(phenylaminocarbonyl)-3,4-tetrazoliumj-bis
(4-methoxy-6-nitro) benzene sulfonic acid hydrate)
using the XTT assay according to the manufacturer’s
directions (XTT kit II; Roche Diagnostics GmbH,
Mannheim, Germany). Briefly, RGCs were cultured in
96-well plates, and the ! mg/ml XTT labeling solution
was added to each well in the culture medium, after
which the plate was incubated for 3 h in a humidified
atmosphere. The absorbance of each sample was meas-
ured at a wavelength of 450 and 595 nm (reference

i2c

Relative miRNA level

wavelength). The relative absorbance was calculated by
dividing the XTT absorbance of cells by the absorbance
of cells cultured without the test substances. Cell viability
of RGCs that were incubated in the absence of CNTF and
forskolin was assessed by bright-field microscopy using a
0.4% trypan blue exclusion method. The mean survival
was determined by counting four randomly selected fields
per well.

2.6. Real-time quantitative RT-PCR

Total RNA and cDNA were prepared as described
above. The sequences of the primers were 5'-(GTGGT-
GGAGGAACTCTTCAGGGATG)-3'; 5 (GGTCTTCA-
GAGACAGCCAGGAGAAATC)-3’ for Bcel-2, 5/-
(GTAGTGAATGAACTCTTTCGGGATGG)-3'; 5'-
(ACCAGCCACAGTCATGCCCGTCAGG)-3' for Bel-xL,
5'-(AGTGGGTATTTCTCTTTTGACACAG)-3'; 5'-
(TCAGTGCCTTCTCCAGACCAGACG)-3' for Bim, 5'-
(AATATGGAGCTGCAGAGGATGATTG)-3'; 5'-
(GCACTTTAGTGCACAGGGCCTTGAG)-3' for Bax.
Real-time RT-PCR reactions were performed using
SYBER-Green One-Step RT-PCR Master Mix reagent kit
and Prism 7700 (Applied Biosystems, Foster City, CA) in
a total volume of 50 i of reaction mixture. Each sample
was normalized to the content of B-actin transcript.

2.7. Statistical analysis

Statistical significance between the various experimental
groups was determined by one-way analysis of variance
(ANOVA) followed by a Tukey—Kramer post hoc test.
Significant differences were defined by a P value of <0.05.
All data are expressed as the mean £ SEM.

# 0 h Controi
3 24 1 Vehicle
24 h Epo

24 nh BONF

Bim

Fig. 4. Expression of Bcl-2, Bel-xy, and Bim in RGCs. Cells were cultured in the presence or absence of Epo (8.25 U/ml) or BDNF (100 ng/ml) for 24 h. Real-
time quantitative RT-PCR was then carried out, and the numbers of cycles required to produce a detectable product were measured and used to calculate fold-
differences in starting mRNA level for each sample using B-actin as the internal control. Levels of mRNA in cells cultured in the absence of Epo or BDNF
(open bars) or in the presence of Epo (dark gray bars) or BDNF (black lattices bars) relative to cells collected immediately after isolation (control, black bars)
are shown. Each data point represents mean + SEM. n = 3. Asterisks denote a P value of <0.05.
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3. Results
3.1. Expression of EpoR in primary cultured RGCs

RGCs were isolated from neonatal rats in the two-step
panning method and cultured in serum-free medium. The
average yield of isolated RGCs was 1.4 + 02% of
dissociated retinal cells, which was similar to our previously
reported data [45]. Two types of RGCs were identified in
our cell cultures: large cells (1012 um in diameter) that
were somewhat spindle shaped, most of which had a
comparatively long process (Fig. 1A, open arrowheads),
and small round cells (68 pum in diameter), most of which
had a thick, short process (arrows) [25]. To evaluate the
purity of the RGC population, we employed Dil, which is
incorporated by RGCs in a retrograde manner, when

injected into the superior colliculi. More than 90% of the
isolated cells were positive for Dil (Figs. 1B,C), indicating
that the vast majority of isolated cells were RGC. To
examine EpoR gene expression, RT-PCR was performed
using total RNA extracted from the isolated RGCs. The
expected band of appropriate size was detected (Fig. 1D,
lane 3), which was confirmed to be rat EpoR cDNA by
sequence analysis.

We confirmed the expression of EpoR in RGCs in the rat
retina immunohistochemically. EpoR was mainly detected
in the outer plexiform layer (OPL), the inner segment of
photoreceptors (IS), and the ganglion cell layer (GCL) of the
normal rat retina. Weak staining was also detected in the
mner plexiform layer (IPL) (Figs. 2B,D). Cells expressing
EpoR in the GCL overlapped with those labeled with the
Thy-1.1 antibody (Figs. 2A,C,E). We repeated the experi-
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Fig. 5. Epo and BDNF protected RGCs from the cytotoxic effects of high concentrations of glutamate. RGCs were cultured in the presence or absence of Epo
(0.15, 0.5, 1.5 U/ml) (n = 5) (A) or BDNF (4, 40 ng/ml) (n = 4) (B) for 12 h, after which they were cultured for additional 24 h with or without glutamate at a
final concentration of 1 or 10 mM. The cells were then subjected to an XTT assay. The relative absorbance was calculated by each of XTT absorbance divided
by that of control cultures in the absence of Epo, BDNF, or glutamate. Each data point represents mean + SEM. Asterisks denote a P value of <0.05, compared

to the untreated control.
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ments using the rat retina in ischemic conditions induced by
elevated intraocular pressure. Similar results were obtained
(Figs. 2F,G,H), indicating that EpoR was expressed in
RGCs in the normal and ischemic retinas.

3.2. Function of Epo to support RGC survival

We initially tested if Epo can support RGC survival.
Isolated RGCs were cultured in serum-free medium in the
presence or absence of Epo or BDNF, after which the XTT
assay was performed to evaluate their survival. The
presence of different concentrations of Epo (0.15-1.5 U/
ml) for either 36 or 60 h did not improve the survival (Fig.
3A). In contrast, RGC survival improved when they were
cultured for 60 h in the presence of BDNF (4 and 40 ng/ml),
although this effect was not evident when RGCs were
cultured with BDNF for 36 h (Fig. 3A). These data suggest
that Epo has less potential to improve the RGC survival in
serum-free medium than BDNF.

Culture medium used in the above experiments contains
CNTF, which is known to be a survival factor. Thus, we
repeated the experiments using medium without CNTF and
forskolin. The presence of different concentrations of Epo
(0.005—5 U/ml) for 72 h did not improve the survival of
RGCs (Fig. 3B). As expected, BDNF (4 and 40 ng/ml)
supported the survival or RGCs.

These findings could be explained by different effects
of these cytokines on the expression of Bcl-2 superfamily
members such as Bcl-2, Bel-x;, or Bim. Real-time
quantitative RT-PCR revealed that the mRNA levels of
Bim, a proapoptotic relative of Bel-2 family member, was
markedly upregulated in RGCs cultured in serum-free
medium for 24 h, while the expression levels of Bel-2 and
Bel-x; did not change significantly (Fig. 4). In. the
presence of Epo (8.25 U/ml), the induction of Bim was
only marginally suppressed. By contrast, BDNF (100 ng/
ml) reduced its expression of Bim significantly (Fig. 4),
suggesting a possibie involvement of Bim in the mecha-
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Fig. 6. Epo and BDNF protected RGCs from the cytotoxic effects of low concentrations of glutamate. Isolated RGCs were cultured in the presence or absence
of Epo (0.15, 0.5, 1.5 U/ml) (n = 4) (A) or BDNF (4, 40 ng/ml) (n = 4) (B) for 12 h, after which they were cultured for an additional 48 h with or without
glutamate at a final concentration of 25, 50, or 100 uM. The cells were then subjected to an XTT assay. The relative absorbance was calculated by each instance
of XTT absorbance divided by that of control cultures in the absence of Epo, BDNF, or glutamate. Each data point represents mean + SEM. Asterisks denote a

P value of <0.05 compared to the untreated control.
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nism through which BDNF improves the survival of RGCs
(Fig. 3).

3.3. Neuroprotective effect of Epo on RGCs from glutamate
toxicity

To examine glutamate-induced cytotoxicity, we cultured
isolated RGCs in different concentrations of glutamate,
after which an XTT assay was performed. Glutamate-
induced cytotoxicity at the concentrations of <100 pM
was not evident until after 48 h, while RGCs were
damaged within 24 h after the addition of high concen-
trations of glutamate (>>1 mM). Thus, we cultured RGCs
for 48 h with glutamate at low concentrations (<100 pM)
or for 24 h at high concentrations (>1 mM). The relative
absorbance in RGC cultures was reduced by glutamate in a
concentration-dependent manner (Figs. 5 and 6), which
confirmed earlier reports [26,40]. Pretreatment with Epo
for 12 h at a concentration of 0.5 U/ml significantly
prevented the toxic effects of 1 mM glutamate (Fig. 5A).
A high concentration of Epo (1.5 U/ml) also prevented
glutamate-induced toxicity at each concentration we tested
(Figs. 5A and 6A). As expected from previous reports
[27,30], BDNF had a dose-dependent protective effect on
glutamate-induced cytotoxicity (Figs. 5B and 6B). The use
of Epo and BDNF in combination did not result in
additional or synergic protection (data not shown).

3.4. Neuroprotection of RGCs from nitric oxide toxicity by
Epo

The above results showed that Epo protected RGCs from
glutamate-induced cytotoxicity. To probe the mechanism of
the- neuroprotective effect of Epo, we examined whether
Epo could inhibit cell death induced by NO because NO
was recently shown to be a downstream mediator of
glutamate-induced cytotoxicity [1]. In accordance with this
report, a general NOS inhibitor, L-NAME, partially reversed
glutamate toxicity in RGCs (Fig. 7A). To determine whether
Epo protects RGCs from NO-induced toxicity, RGCs were
pretreated with or without Epo for 12 h, after which they
were treated with different concentrations of an NO-
generating agent SNP for 6 h. RGCs succumbed to SNP
in a dose-dependent fashion, and Epo (1.5 U/ml) prevented
the toxicity induced by 100 and 500 pM concentrations of
SNP (Fig. 7B). BDNF (40 ng/ml) also inhibited SNP

toxicity at 100 and 500 pM. These data suggest that Epo
protects RGCs from glutamate-induced cytotoxicity, in part,
by preventing NO-induced toxicity.

To investigate the mechanism of neuroprotective effect of
Epo from NO-induced toxicity, we examined whether Epo
could reverse the expression of Bcl-2 superfamily members,
Real-time quantitative RT-PCR revealed that the mRNA
levels of Bcl-2 was markedly downregulated in RGCs
cultured with SNP (500 uM) for 6 h in the absence of Epo or
BDNF (Fig. 7C). In the presence of Epo or BDNF, the
expression levels of Bcl-2 were significantly reversed in a
dose-dependent manner. Similar results were obtained in
Bel-x, expression, although they were not statistically
significant, while little difference was observed in the
expression levels of Bim and Bax. These findings suggest
a possible involvement of Bel-2 in the mechanism through
which Epo and BDNF protect RGCs from NO-induced
toxicity.

4. Discussion

We herein demonstrated that isolated primary cultured
RGCs expressed EpoR mRNA (Fig. 1D), as RGCs in the
normal and ischemic retinas expressed EpoR protein (Fig.
2). To test whether Epo would be beneficial for the
treatment of ocular diseases, we studied its biological
effects on isolated RGCs. In contrast to BDNF, which
showed prominent potential to support cell survival of
RGCs, Epo had a little potential to support the survival of
RGCs in serum-free medium in our experimental system.
Nevertheless, Epo protected RGCs from glutamate-induced
cytotoxicity (Figs. 5A and 6A). This effect likely occurred
through its potential to prevent NO-induced cytotoxicity by
the reversal of Bcl-2 expression, at least in part (Fig. 8).

EpoR is expressed in non-ischemic cerebral neurons
[34], and its expression was reported to be upregulated by
hypoxia/ischemia [12,44]. In the rat retina, under the normal
or ischemic condition, we detected EpoR expression in the
GCL, IPL, OPL, and IS (Fig. 2), confirming an earlier report
[7]. Weishaupt et al. also reported that EpoR expressed in
the GCL, although they found its expression in the inner
nuclear layer (INL) and outer nuclear layer (ONL) of the
normal rat retina and did not find in the IPL and OPL [59].
However, Grimm et al. did not detect EpoR expression in
the GCL of the normal mouse retina [18]. Although the

Fig. 7. Epo and BDNF protected RGCs from NO-induced toxicity. (A) RGCs were cultured in serum-free medium for 24 h in the presence of glutamate (1 mM)
with or without pretreatment with L-NAME (100 ;xM) for 30 min. (B) Isolated RGCs were cultured in the presence or absence of Epo (1.5 U/ml) or BDNF (40
ng/ml) for 12 h, after which the cells were cultured for additional 6 h in the presence or absence of SNP at a final concentration of 10, 100, or 500 uM. The cells
were then subjected to an XTT assay. The relative absorbance was calculated by each of XTT absorbance divided by that of control cultures in the absence of
Epo, BDNF, or SNP. (C) Expression of Bcl-2, Bel-x;, Bim, and Bax in RGCs. Cells were cultured in the presence or absence of Epo (1.5, 8.25 U/ml) or BDNF
(40, 100 ng/ml) for 3 h, after which the cells were cultured for additional 6 h in the presence or absence of SNP (500 uM). Real-time quantitative RT-PCR was
then carried out, and the numbers of cycles required to produce a detectable product were measured and used to calculate fold-differences in starting mRNA
level for each sample using B-actin as the internal control. Levels of each mRNA in cells cultured with SNP in the absence of Epo or BDNF (light gray bars) or
in the presence of Epo (1.5 U/ml — dark gray bars; 8.25 U/ml — black bars) or BDNF (40 ng/m! — white lattice bars; 100 ng/ml — dark lattice bars) relative
to untreated cells (control, open bars) are shown. Each data point represents mean + SEM. n = 4. Asterisks denote a P value of <0.05.
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Fig. 8. Schematic representation of the signaling pathways that mediate the regulation of apoptosis of RGCs. Bim is induced in-RGCs cultured in serum-free
medium without neurotrophic factors. BDNF, not Epo, reverses the induction of Bim. NMDA and non-NMDA -receptor-mediated pathways, which
downregulate Bcel-2 through NOS activation, at least in part. Epo as well as BDNF recover Bcl-2 expression. The lines in bold face represent the signaling

pathways that were found to be regulated by Epo and BDNF in this study.

reason for these discrepancies is unclear, we believe that rat
RGCs under the normal or ischemic condition express EpoR
because we observed that expression of EpoR and Thy-1.1
overlapped (Figs. 2E,H). This is also supported by detection
of EpoR mRNA in isolated RGCs (Fig. 1D).

Whether Epo can support survival of neurons in serum-
free medium has been a disputed question. Tabira et al.
showed that Epo promoted survival of cholinergic neurons
[54], and their findings were supported in reports by others
on primary motoneurons, neuronally differentiated embry-
onal carcinoma P19 cells, and primary cultured RGCs
[53,59]. However, findings in other reports did not provide
clear evidence that Epo supports survival of hippocampal
[34] and cerebrocortical neurons [16,52]. Our results
suggested that Epo has less potential to improve survival
of primary RGCs in serum-free medium than BDNF (Fig.
3). This is consistent with our findings that, unlike BDNF,
Epo was unable to attenuate Bim mRNA expression (Fig. 4)
because Bim was recently established to be a key factor in
cytokine (neurotrophic factor)-dependent cell survival
[2,42,49,60]. Cytokines and neurotrophic factors down-
regulate Bim expression franscriptionally and/or posttran-
scriptionally in a cell lineage-specific manner. Indeed, nerve
growth factor (NGF) and BDNF inhibit Bim expression in
rat sympathetic neurons or human neuroblastoma cells
[60,62]. In the case of RGCs, Bim mRNA expression was
highly induced in the absence of neurotrophic factors (Fig.
4), suggesting that downregulation of Bim mRNA is critical
for maintaining cell viability (Fig. 8). This hypothesis is

consistent with the result in a recent paper reporting that
Bim mRNA level is induced in RGCs undergoing apoptosis
by transection of the optic nerve [38].

BDNF likely protects RGCs from glutamate-mediated
cell death by two mechanisms. One is by supporting cell
survival (Fig. 3) that inhibits apoptosis by downregulating
Bim (Figs. 4 and 8). This mechanism seems to be
dominant when cells were cultured for a longer period
(60 h) at low concentrations of glutamate (Fig. 6B). The
other is through its neuroprotective function by down-
regulating NMDA or non-NMDA -receptor-mediated path-
ways (Fig. 8), which mediate calcium influx and NOS
activity [15,51,58). This effect appeared to be evident
when cells were cultured for a shorter period (36 h) at high
glutamate concentrations (Fig. 5B) because BDNF (40 ng/
ml) reversed glutamate-induced toxicity when no signifi-
cant improvement of cell survival was observed in gluta-
mate-free medium,

Whereas Epo had a little potential to improve RGCs in
serum-free medium (Fig. 3), Epo protects RGCs from
glutamate- and NO-mediated cell death (Figs. 5-7).
Previous reports also demonstrated that Epo protects
hippocampal and cerebral cortical neurons from NO
[10,13,46]. NO induces apoptosis in neurons after alter-
ation of the expression levels of specific members of the
Bcl-2 superfamily. For example, NO downregulates Bcl-2
and upregulates Bax in cortical neurons and hippocampal
neuronal cells [56,57]. In addition, NO induced by hypoxia
increases Bax gene expression in cerebral neurons [63].
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QOur data demonstrated that NO downregulates Bcl-2
expression in isolated RGC cultures, and either Epo or
BDNF reversed Bcl-2 mRNA levels in a dose-dependent
manner (Fig. 7C). These findings support a possible
mechanism that Epo and BDNF protect RGCs from NO-
induced toxicity (Fig. 8), although upstream pathways
which upregulate Bcl-2 by these two neurotrophic factors
remain to be established.

Collectively, these data suggest that, while Epo cannot
substitute for BDNF in promoting RGC survival in serum-
free medium, it could still be useful in protecting RGCs
from glutamate- and NO-induced toxicity, which has been
implicated in glaucoma and ocular diseases caused by
hypoxia and ischemia, such as diabetic retinopathy
[3,19,22.28.39,47,48]. Thus, Epo may be a beneficial
candidate for a neuroprotective agent for treating these
ocular diseases.
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Absitract

We have developed a robust algorithm for copy number
analysis of the human genome using high-density oligonucle-
otide microarrays containing 116,204 single-nucleotide poly-
morphisms. The advantages of this algorithm include the
improvement of signal-to-noise (§/N) ratios and the use of an
optimized reference. The raw S$/N ratios were improved by
accounting for the length and GC content of the PCR products
using quadratic regressions. The use of constitutional DNA,
when available, gives the lowest SD values {0.16 = 0.03) and also
enables allele-based copy number detection in cancer genomes,
which can unmask otherwise concealed allelic imbalances. In
the absence of constitutional DNA, optimized selection of
multiple normal references with the bighest 8/N ratios, in
combination with the data regressions, dramatically improves
SD values from 0.67 £ 0.12 to 0.18 = 0.03. These improvements
allow for highly reliable comparison of data across different
experimental conditions, detection of allele-based copy num-
ber changes, and more aceurate estimations of the range and
magnitude of copy number aberrations. This algorithm has
been implemented in a software package called Copy Number
Analyzer for Affymetrix GeneChip Mapping 100K arrays
(CNAG). Overall, these enhancements make CNAG a useful tool
for high-resolution detection of copy number alterations which
can help in the understanding of the pathogenesis of cancers
and other diseases as well as in exploring the complexities of
the human genome, (Cancer Res 2005; 65(14): 6071-9)

Introduction

Genome-wide detection of copy number alterations has been
drawing increasing attention in the field of cancer research as
well as in the diagnosis of rare congenital disorders (1-3). In
addition to studying geromic alterations in disease, the recent
discovery of large-scale copy number variations in the genome of
normal individuals has stimulated interest in elucidating their
role in the evolution of the human genome (4, 5).

The initial approach to genome-wide detection of copy number
changes was comparative genomic hybridization (CGH; ref. 6). This

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).

Requests for reprints: Seishi Ogawa, Department of Regeneration Medicine for
Hematopoiesis, Graduate School of Medicine, University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-8655, Japan. Phone: 813-3815-5411, ext. 35609; Fax: 813-5804-
6261; E-mail: sogawa-tky@umin.acjp.

©2005 American Association for Cancer Research.

approach first enabled the exploration of genetic alterations in
cancers across the human genome at ~ 20 Mb resolution, and was
later improved to less than 1 Mb resolution by replacing target
metaphase spreads with a large number of discrete genomic or
cDNA clones in arrays (array-based CGH; refs. 1-3). Further increase
in resolution was obtained by arrays consisting of 32,433 BAC clones
spanning the entire human genome, resulting in comprehensive
analyses of cancer genomes at less than 100 kb resolution 7).
Another recently described approach to genome-wide copy
number detection is the use of synthetic high-density oligonucleo-
tide microarrays (§-15). These commercialiy available microarrays,
designed to genotype 10,000, 50,000, or 100,000 single-nucleotide
polymorphisms (SNP) in human genomic DNA, provide attractive
alternatives to BAC-array CGH (16~19). The Affymetrix GeneChip
Mapping 100X high-density oligonucleotide arrays contain 116,204

_ SNPs with a mean spacing of 23.6 kb, and a potential to provide the

highest resolution of copy number detection currently available (19).
These arrays provide clear technical advantages including robust
single-primer assay methodology. accurate and reproducible geno-
typing, and copy-neutral loss of heterozygosity (LOH) detection
compared with array-CGH, karyotyping, and other oligonucleotide
CGH arrays. Furthermore, these arrays are manufactured under -
stringent quality control procedures. However, there are a limited
number of algorithms/software available and they suffer from
certain limitations which may result in false-positive and false-
negative estimations. For example, the software dChipSNP® requires
the use of a paired-normal sample, which is often unavailable, to
perform the analysis (10, 20). Furthermore, dChipSNP can currently
only process the Mapping 10K array and not the 50K or 100K arrays.
Another alternative software/algorithm for detecting copy number
changes from the Mapping 100K arrays is Chromosome Copy
Number Analysis Tool (C;‘\’AT).7 CNAT uses a set of 110 normal
reference individuals and thus overcomes the paired-normal
requirement but does not account for experimental variation in
the samples being compared (9).

Here we present an improved algorithm for copy number
detection using Affymetrix GeneChip Mapping 100K arrays. This
algorithm improves signal-to-noise (S/N) ratios by reducing
variation in the raw signal ratios and optimizes the selection of
the reference. In addition, availability of accurate genotyping
information further enables LOH inference and allele-based copy
number analysis. This combination of >100,000 SNP markers and

© http:/ /www.biostat.harvard.edu/complab/dchip/snp/
7 hitp:/ /www.affymetrix.com/support/developer/tools/affytools.affx
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a robust copy number algorithm results in a powerful system for
high-resolution analysis of copy number alterations, which is
unattainable by other current methods.

Materials and Methods

Samples. We obtained the lung cancer cell lines CRL-5929, CRL-5872,
and their immortalized lymphoblast CRL-5969, and CRL-5958, from
American Type Culture Collection (Rockville, MD), and glioma cell line
U251, and immature T-cell line HPB-ALL from Riken (Tsukuba, Japan).
Peripheral blood samples and primary tumor specimens were collected
from 96 normal volunteers and 33 patients with hematologic malignancies,
and subjected to DNA extraction. Informed consent was obtained from the
subjects according to the protocols approved by the Institutional Review
Boards of the University of Tokyo.

Affymetrix platform. Array experiments were done according to the
standard protocols for Affymetrix GeneChip Mapping 100K arrays
(Affymetrix, Inc,, Santa Clara, CA). Briefly, total genomic DNA was digested
with a restriction enzyme (Xbal or Hindlll), ligated to an appropriate
adapter for each enzyme, and subjected to PCR amplification using a single
primer. After digestion with DNase 1, the PCR products were labeled with a
biotinylated nucleotide analogue using terminal deoxynucleotidyl transfer-
ase and hybridized to the microarray. Hybridized probes were captured by
streptavidin-phycoerythrin conjugates and the array was scanned and
genotypes called as described (18).

Compensation of raw signal ratios and construction of the best-
fit reference. Sum of signals from the 10 perfect match probes for the
A allele (PA) and those for the B allele (PB) is normalized for each SNP.
The mean signal intensity of all autosomal SNPs becomes the same for
the two arrays being compared. Relative copy number at the ith SNP
locus between the two samples is estimated from the log 2 ratio of the
normalized signals of the ith SNP in sample 1 (§*™P*') and sample
2 (§5emPle2) 12 logy(§;mPlet 7 gsample?)  por the purpose of
compensation for different PCR conditions, it is convenient to write the
observed 4,2 as the sum of two components (see Supplementary Methods),

Ail'z = CAil’z +p(x)

where °4;'” represents the corrected copy number and p(x) represents PCR
amplification kinetics. We empirically showed that p(x) can be written as

2
plx) = 2 (a4 +byx; + cx})

where x; and x, represent the length and GC content of the fragment
that contains SNP, and coefficients a,, a,, by, by, c;, and c, should be
determined by a series of linear regressions from the observed log 2
ratios. This compensation provides a more accurate estimate of copy
number, °4;"% which shows a lower SD than original A," For a given
sample {, the averaged bestfit m references, S;,,"%, is calculated as
1/ m( j2°’1'j‘c x §%), where j (1, 2...., m) represents the m reference
samples in which the SD of “A/” takes the lowest values. The log 2 ratios of
S¥ for this reference, C/1,«5’ REF are evaluated for their variance and give a
better inference of copy number at the ith locus. Following the first
round normalization, compensations, and optimization of references thus far
described, the second-round adjustment is done for the analysis of tumor
samples having complex chromosomal abnormalities for accurate calculation
of the regression curves and correct assignment of the ploidy, because the
mean log 2 ratio does not conform to that for the diploid SNPs and
determination of the regression curves using all autosomal SNPs is
confounded by a large number of nondiploid SNPs. In the latter process,
we set chromosome numbers in accordance with the ploidy
information referred by previous literature or determined by other methods,
including fluorescence in situ hybridization, then iteratively performed
the second-round normalization, compensations, and selection of optimal
references exclusively using only such SNPs that belong to the diploid region
for determination of the coefficients required for this step.

Allele-based analysis using a paired normal sample. When a paired
normal sample is used for the allele-based copy number estimate, analysis is
confined to those SNPs of which genotype in the reference is AB
(heterozygous) and signal sums of PAs (*S;) and PBs (®S;) for the ith SNP
are taken separately both in the tumor and the reference. The log 2 ratios of
normalized values, AS,- and BS,-, are similarly compensated for the different
experimental conditions to calculate the corrected log 2 ratios,
€A,mon BEF (1) for PAs and °A,"™" *EF(B) for PBs, where the coefficients
used for the normalization and compensation procedure are determined
using all the SNPs in a region specified as diploid as is the case with analysis
using references not derived from the same individual. For the purpose of
allele-based copy number analysis, the corrected log 2 ratios for the
heterozygous SNPs are separated in two groups,

Amax — {x | maX{CAFlmm’ref(A), cA;umor,ref(B)}}

Amin _ {X I min{cAlt_umor,ref(A), cA;umor,rcf(B)}}

To obtain the allele-based copy number view, the members of each
group are rearranged in the genetic order and plotted as shown in Fig. 5
(middle).

Copy number inference. Although compensation for difference in PCR
conditions and optimization of the reference significantly reduce the
deviation of log 2 ratios, further elimination of random noise greatly helps
visualization of copy numbers along the chromosomes and efficient
detection of copy number alterations. In “local mean analysis,” the sequence
of the mean log 2 ratios, “A, ;" ®&F = 1/k Z*-1 ¢4, REF ¢ calculated,
where k is the number of terms to be averaged and arbitrarily set to 3 to 10,
according to the SD values after compensations of log 2 ratios and
optimization of nonreferences for diploid SNPs. In the alternative analysis
using a hidden Markov model (21), the inference of copy number is more
efficient and automated, in which a real state of the copy number sequence
(a hidden state) along a chromosome is inferred from the observed
sequence °4,"™ ™F ag the state of maximum likelihood that is calculated
from the state transition load and the probability of the hidden state to
“emit” the observed sequence of log 2 ratios, using the Viterbi algorithm. We
assumed that copy number change (state transition) is the result of a
genetic recombination event between the two adjacent SNP loci, and
Kosambi's map function (1/2)tanh(26) is used to transform the genomic
distance, or recombination fraction between the two SNPs (0) to state
“transition probability” where 6 is expressed in c¢M units; for simplicity, 1
cM should be 1 Mbp. The observed log 2 ratio is assumed to follow the
normal distribution according to real copy number states, which gives the
“emission probability.” The variables of normal distribution were empiri-
cally determined from the experimental data (Supplementary Methods).

Comparison and confirmation of the results. CNAT was executed
following the instructions of the suppliers. For proper comparison with our
system, log 2-converted values of the Genome Smoothed Analysis Copy
Number (GSA_CN) were compared. FISH analyses were done as previously
described (13). Probe information used in FISH analysis is supplied in
Supplementary Table 1. PCR primers were designed to amplify several
adjacent fragments that are within and outside of the homozygously deleted
regions in tumor samples. Primers and PCR conditions are provided in
Supplementary Table 2.

Copy Number Analyzer for Affymetrix GeneChip mapping 100K
arrays. Copy Number Analyzer for Affymetrix GeneChip Mapping 100K
arrays (CNAG) ver 1.0 is the implementation of the set of algorithms
described above that is written in C++ for Microsoft Windows. All the
examples of copy number analysis with Affymetrix GeneChip Mapping
100K arrays presented in this article were done using CNAG. All data
used in this article and CNAG can be downloaded?®

® http://www.genome.uminjp
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Resulis raw signal intensities between normal DNA samples were
compared. An arithmetic sum of the hybridization signals from

Reduction of signal-to-neise ratio. To allow for high-fidelity
all perfect match probes for each SNP was normalized so that the

copy number estimation from genotype arrays, we evaluated

several variables that influence signal intensity between arrays mean signal intensity of all autosomal SNPs becomes the same

being compared. By taking into account these variables, for the two arrays. Next, SDs of log 2 ratios of the normalized

erroneous copy number changes can be eliminated. Initially, the signals were calculated for each SNP locus and compared for
A c
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Figure 1. A, SDs of log 2 ratios for all autosomal SNPs were calculated for all combinations of array data fror 96 normal individuals before (left matrix) and after
(right matrix) compensations, and color coded according to the SD values. The array data are arranged in the order of experiments. Significant variations in
SD values are found between different array data before compensations, whereas combinations of samples that were processed together tend to form
clusters showing fow SD values. After compensations, the variations in SD values among different combination become less conspicuous. Log 2 ratios
corresponding to the indicated cell before and after compensations are plotted in the chromosomal order (bottom). B, compensations of log 2 ratios for dissimilar
PCR conditions between test (sample 103) and reference (sample 308) arrays. Log 2 ratios are plotted against length (right) and GG content (leff) of the
restriction fragment to which each SNP belongs, before compensations (top), after the first compensation for fragment length {middle), and after the second for
GC content (bottom). Dependence of log 2 ratios on fragment length and GC content is serially resolved after compensations with the consequent reduction
in the SD value. C, effects of compensations on SD. SD values for varying combinations of a fixed array [sample 110, blue rectangle in A (left)] with different
arrays are significantly reduced after compensations. D, effects of using the best-fit multiple references on reduction in SD values. The mean SD values were
calculated using an increasing number of the best-fit references for 96 normal samples and plotted with SEs against the number of references averaged.
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Figure 2. A, mean SD value of log 2 ratios and 25th and 75th quartiles are caiculated for all combinations of 96 normai samples, before (raw log 2 ratios; fane A)
and after compensations {/ane B) for dissimilar PCR conditions (N = ¢5Cz). The calculations were also done after using the five best-fit references (lane C). B, genomic
DNA from a glioma cell line U261 was analyzed for copy number alterations with or without compensations for different experimental conditions using different
compensation algorithms. The raw log 2 ratios in the chromosomal order show widely fluctuated baselines (1; SD = 0.365), which are greatly reduced after
compensation of experimental conditions and using the best-fit single (2; SD = 0.222) and multipie references (3; SD = 0.118). Regions of homozygous and hemizygous
deletion are indicated by small and large arrows. The SD value is further decreased {SD = 0.114) when the second round compensation procedures are applied

by specifying a region of diploid alleles (4, red bar). With this approach, diploid regions as well as other regions showing varying ploidy states are correctly assigned to
their real ploidy. For proper comparison, SD values are calculated for the SNPs within the diploid range (red bar). C, SD values were also calculated and

plotted for 33 tumors samples compared with a representative normal sample (sample 101) before (Jane A) and after compensations using a single best-fit reference
(lane B), after analysis with the average of the five best-fit references (lane C). The regression curves for compensations were determined using all autosomal SNPs
{lanes A-C) or exclusively using those within a diploid region arbitrarily selected by visual inspections of the copy number output from previous steps (lane D).
After a series of compensations and optimization of references, the average of log 2 ratios of every set of consecutive five (lane E) or ten {lane F) SNPs in the genetic
order was taken o further reduce persisting background noises (local mean analysis; see Materials and Methods). SD values calculated using a paired normal
reference with no local averages are also provided (/ane G).
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every combination of two arrays from 96 normal individuals (see
Materials and Methods). This resulted in a considerable difference
in SD values among different combinations of samples (Fig. 14
(left) and Supplementary Fig. 1). We hypothesized that different
PCR kinetics among experiments could be the origin of these
highly variable SD values and that adjusting for these experi-
mental variables may allow for more accurate comparisons
(Supplementary Methods). It should be noted from the block-like
structures of the SD graph that the behavior of SD values is
largely determined by the group of experiments deone together,
rather than the individual experiments.

To assess the dependence of the log 2 ratios of signals on PCR
kinetics, we plotted log 2 ratios against several variables that
may affect PCR reactions in different experiments, including
length of PCR fragments and GC content (Fig. 1B). By
compensating for the effects of these variables using two-step
quadratic regressions, the log 2 ratios almost completely offset
the dependencies of log 2 ratios on these variables and the SD
value between the given two experiments is reduced from 0.88 to
040 (Fig. 1B and C). In fact, these compensation procedures
dramatically improve the distribution of SD values among 96
normal samples, enabling comparisons across different samples
or groups of experiments (Fig. 14, right). SNPs located on
fragments shorter than 500 bp, which account for 2.9% of total

tive SNPs (blue curves) are appended. Heterozygous SNP calls are marked

SNPs, tend to be resistant to these compensations and were
precluded from the analyses altogether.

Optimization of reference selection. Although correcting for
the fragment length and GC content dramatically reduces SD values,
there was stili considerable variation among different samples.
Therefore, we explored the effects of using different reference sets.
The type of reference set used largely depends on the following: (a)
cases where tumor and normal DNA are available from the same
patient (paired normal samples) and (&) cases where only the test or
tumor sample is available. Use of a paired normal sample coupled
with compensation for variability across experimental conditions
generally gives lower SD values. However, the benefit of having a
paired normal sample for a reference tends to be diminished when
test and reference samples are processed separately (data not
shown). The case when a paired normal sample for a reference is
unavailable is more complicated. Although the array that shows the
lowest SD value for the test sample is a candidate for the reference,
we investigated choosing the average of multiple samples with the
lowest SD values or best-fit samples as a reference.

To determine the effect of averaging multiple references on SD
values, data from 96 normal samples were compared with the
averages of varying numbers of the best-fit references, and 5D values
were calculated for each comparison (Fig. 1D). As the number of
samples increases to five, the SD value gradually decreases to <0.15
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for most normal samples and then reaches a plateau, suggesting that
taking an average of at least five best-fit samples is sufficient to
optimize the comparison (Fig. 24).

A direct comparison of the copy number estimation using a
paired normal reference and best-fit reference was also evaluated
for a small cell carcinoma cell line (CRL-5929). The results using a
paired normal reference show a slightly lower SD value (0.141
versus 0.177) and smaller fluctuations of baselines than with the
best-fit multiple references (Supplementary Fig. 24). However, copy
number inference from the hidden Markov model (see Materials
and Methods) analysis and local averaging gives an equivalent
result (Supplementary Fig. 2B). This suggests that the multiple
best-fit references are an excellent substitute in cases where a
constitutional paired normal reference is not available.

Validation of new algorithm using normal and tumor
samples. We evaluated the performance of this new algorithm
by analyzing a variety of samples. Figure 2B shows a representative
analysis of a glioma specimen, showing the dramatic reduction of
baseline fluctuations or SD values when using this algorithm
relative to raw log 2 ratios. The raw data (Fig. 2B-1) has an SD of
0.365, which is reduced to 0.222 after applying a single best-fit
reference (Fig. 28-2). A further improvement was seen when using
multiple best-fit references, SD = 0.118 (Fig. 2B-3). Regions of
homozygous and hemizygous deletion are indicated by small and
large arrows, respectively. As tumor samples frequently exhibit
complex chromosome abnormalities with extensive genetic
imbalances (22), analysis of tumor specimens requires additional
considerations in selection of references. SD values may be

disproportionately inflated or overwhelmed by the effect of genetic
abnormalities when all autosomal signals are included in the
calculation of SD values. To circumvent this problem and to
calculate proper SD values for reference selection, we adopted a
two-step approach. We first made a tentative estimation of the
copy number changes by using all autosomal signals and predicted
the regions that are diploid by reference to other independent
information (FISH, PCR, or results in the literature). In the second
step, one of these diploid regions was used for normalization and
for calculation of SD values to identify the best-fit references. This
final step further improved the SD value, 0.114 (Fig. 2B-4).
Reductions of SD values in different tumor samples are
summarized in Fig. 2C. The SD values from 33 tumor samples
were calculated from raw data, as well as using the new algorithm
with five best-fit references. The distribution of SD values is clearly
decreased using the new algorithm. Figure 2C also illustrates the
results using limited regional SNPs, local averaging of five or ten
consecutive SNPs, and using a paired normal reference. After all
corrections and optimizations of best-fit reference samples, a local
mean procedure was applied which results in lower SD values
relative to the paired normal reference sample, where no local mean
was used. All of these analyses resulted in a dramatic reduction in
the SD values relative to the raw data, which enables genome-wide
copy number detection with a high degree of accuracy (Fig. 3).
Sensitivity of copy number analysis using improved
algorithm. We evaluated the sensitivity of our copy number
detection algorithm by calculating mean log 2 ratios for those
regions having known copy number alterations. The observed

Sample* Change Length (kb)T Cytoband SNPs involved Genes involved Confirmation®
CRL-5929 Deletion 5.5-76 5q13.1 4 PIK3R1 PCR (ID1)
Gain 2,253-2,652 8ql2.2-8q12.3 146 ASPH, GGH, others FISH (RP11-234F8)
Gain 1,347-1,475 8q24.21 83 MYC FISH (RP11-145G10)
Gain 1,662-1,771 11ql4 113 ME3, SYTL2, others FISH (RP11-90K17)
Gain 566-627 12p13.33 23 CACNAIC, DCPIB, others
Gain 825-919 12p13.32 37 CCND2, PARP11
Gain 2,720-2,780 12p13.31 31 LAG3, GAPD, others FISH (RP11-166G2)
Gain 693-888 12p12.1 39 SLCO1, IAPP, others
Gain 1,925-2,090 12p11 115 PTHLH, MRPS35, others FISH (RP11-74)4)
Gain 609-648 14ql11.2 48 CCNBI1IP1 FISH (RP11-98N22)
Gain 1,770-1,918 14q11.2 93 SALL2, METTL3, others FISH (RP11-70F9)
Deletion 0.9-29 15q23 3 — PCR (ID2)
CRL5872 Gain 8,763-10,224 1g21.2-1q22 92 BCL9, IL6R, others FISH (RP11-711L20)
Gain 1,703-2,814 5p15.33 41 IRX4, NDUFS6 FISH (RP11-20B3)
Gain 1,183-2,113 8pl11.22-8p11.21 43 INDO, ADAM2 FISH (RP11-262123)
Deletion 54-131 9p23 9 — PCR (ID4)
Deletion 316-404 9p23 16 —
Deletion 391-556 9p22.3 14 CER1, FREMI
Deletion  1,498-1,684 9p22.2 42 SH3GL2
Deletion  1,237-1,457 9p21.3 44 IFNA, CDKN2A, others PCR (ID5)
NOTE: Homozygous deletions (n = 0) and high grade gains (r > 4) were identified using a hidden Markov model.
*All samples are compared with paired normal references to distinguish between tumor-specific copy number alterations and copy number
polymorphisms.
tMinimal size range is the distance of both ends of consecutive SNPs that meet the criteria. Maximal size range is the distance of the SNPs that flank the
deleted or amplified regions. Based on UCSC Build 16 (hg16) assembly (http://genome.ucsc.edu/cgi-bin/hgGateway).
+The probe names used in FISH analysis and the primer set IDs used in PCR analysis are shown in parentheses. See Supplementary Tables 1 and 2 for
details.

Cancer Res 2005;65: (14) July 15, 2005

6076

www.aacrjournals.org



Copy Number Detection Using Oligonucleotide Arrays

A
BAC-CGH

log2-ratio

Figure 4. A, comparison of BAC array

(top), CNAT {middle}, and CNAG
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mean log 2 ratio for X chromosomes between 48 males and 48
females was —0.49 (SD = 0.035), which is about half of the expected
value (= —1) for the single copy difference (Supplementary Fig. 3).
Similarly, the observed mean log 2 ratio for known trisomy in CRL-
5926 in chromosome 20° was 0.36, compared with the expected
value of 0.585. These discrepancies are thought to result from
nonspecific background hybridization, which could not be
measured and subtracted before taking log 2 ratios, although the
background factors can be theoretically estimated and used for
performing copy number inference using a hidden Markov model

¢ hitp://www.path.cam.ac.uk/ ~ pawefish/LungCel{LineDescriptions/NCI-H217Lhtml

(Supplementary Method). Because the SD value of log 2 ratios for
baseline diploid SNPs is 0.18 * 0.03 with best-fit references or
lower with a paired normal reference, the estimated S/N ratio is
~2.0 (for trisomy) or more (for monosomy) in most cases.
Estimation of the resolution is directly proportional to the
distribution of SNP markers. We determined the size of genomic
alterations in CRL-5929 and CRI.-5872 cell lines (Table 1). Deletions
of less than 500 kb at 14q11.2 (T-cell receptor «) and less than 393 kb
at 7q34 (T-cell receptor ) were observed in the immature T-cell line
HPB-ALL; these were caused by a T-cell receptor rearrangement
(23). The genomic regions comprising these deletions contain
approximately 20 and 10 SNPs, respectively, from the Affymetrix
GeneChip Mapping 100K arrays. As the number of SNP markers
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