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PURPOSE. To evaluate the potential of proteasome inhibitors, a
novel class of antitumor agents, for the treatment of retinoblas-
toma. The proteasome inhibitor bortezomib (PS-341, Velcade;
Millennium Pharmaceuticals, Cambridge, MA), approved by
the US Food and Drug Administration for the treatment of
multiple myeloma, is being studied for the treatment of several
other malignancies. Among other effects, it inactivates the
transcription factor nuclear factor-�B (NF-�B) by blocking the
degradation of its inhibitor, I�B. NF-�B, which is constitutively
active in human retinoblastoma cells and promotes their sur-
vival, represents a therapeutic target for patients with this
malignancy.

METHODS. The authors evaluated the effect of bortezomib on
the retinoblastoma cell lines Y79 and WERI-Rb1 in vitro using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, flow cytometry with propidium iodide, gene
expression profiling, RT-PCR, and immunoblotting.

RESULTS. Bortezomib induced caspase-dependent apoptosis in
both retinoblastoma cell lines at clinically achievable concen-
trations. Bortezomib upregulated heat-shock proteins, other
stress-response proteins, proapoptotic molecules, cell-cycle
regulators, transcription factors, cytokines, and several protea-
some subunits and solute carrier proteins, whereas it down-
regulated antiapoptotic and adhesion molecules. Bortezomib
also induced cleavage of caspases, Bid and poly(ADP-ribose)
polymerase (PARP), and sensitized retinoblastoma cells to
doxorubicin.

CONCLUSIONS. Bortezomib induces a stress response and triggers
caspase-dependent apoptosis in human retinoblastoma cells at
clinically achievable concentrations. This study provides insight
into the molecular mechanism(s) of the antitumor activity of
bortezomib and a basis for future preclinical studies leading to
clinical trials of bortezomib, alone or in combination with con-
ventional chemotherapy, to improve patient outcomes in
retinoblastoma. (Invest Ophthalmol Vis Sci. 2007;48:4706–4719)
DOI:10.1167/iovs.06-1147

The 26S proteasome is a large adenosine triphosphate
(ATP)-dependent multimeric complex that degrades intra-

cellular proteins targeted for proteolysis by the process of
ubiquitination.1–4 Protein ubiquitination followed by protea-
some-mediated degradation is a major pathway for protein
turnover, but it also plays an important role in intracellular
signaling through modulation of the levels of intracellular sig-
naling mediators, such as the inhibitor of nuclear factor-�B
(NF-�B) I�B,5 p53,6–8 and c-Jun N-terminal kinase (JNK).9 Pro-
teasome inhibitors constitute a novel class of antitumor agents
with preclinical evidence of activity against hematologic ma-
lignancies and solid tumors.10,11 Specifically, bortezomib, a
boronic acid dipeptide with selective activity as a proteasome
inhibitor, has demonstrated clinical efficacy in patients with
multiple myeloma12 and is approved by the US Food and Drug
Administration (FDA) for that indication.13 It is under evalua-
tion for its activity in a variety of other hematologic and solid
malignancies.14–18

An important effect of proteasome inhibition on cell biol-
ogy is the abrogation of proteasomal degradation of the NF-�B
inhibitor I�B. Proteasome inhibitors induce cytoplasmic accu-
mulation of I�B, which then blocks the nuclear translocation
and transcriptional activity of NF-�B. Other NF-�B–indepen-
dent effects of bortezomib on myeloma cells include the sta-
bilization of p53 protein and the upregulation of p53 mRNA,
the stabilization of c-myc,19 and the phosphorylation and acti-
vation of c-Jun.19 These effects may contribute to the proapop-
totic impact of bortezomib in various different types of cancer
cells in vitro and, possibly, in vivo.19,20 It appears that cancer
cells are more sensitive than healthy cells to proteasome inhi-
bition, possibly because of their chaotic cell cycles and their
genetic instability. Moreover, bortezomib sensitizes malignant
cells to cytotoxic chemotherapeutic agents by downregulation
of the NF-�B–dependent expression of several inhibitors of
apoptosis such as A1, cellular inhibitor of apoptosis protein-2
(cIAP2), and X-linked inhibitor of apoptosis protein (XIAP).21

Retinoblastoma is the most common intraocular malignancy
of childhood. Human retinoblastoma cells exhibit constitutive
transcriptional activity of NF-�B, which is necessary for their
survival.22 Therefore, therapeutic strategies targeting NF-�B
could be beneficial in the clinical management of retinoblas-
toma. In this study, we evaluated the in vitro effect of bort-
ezomib on the retinoblastoma cells lines WERI-Rb1 and Y79.
We found that both retinoblastoma cell lines were sensitive to
bortezomib and underwent caspase-dependent apoptosis.
These studies therefore provide the framework for the use of
proteasome inhibitor–based therapies in the treatment of ag-
gressive retinoblastomas.

MATERIALS AND METHODS

Cell Lines
The human retinoblastoma cell lines Y79 and WERI-Rb1 were pur-
chased from the American Type Culture Collection (Manassas, VA) and
grown in Dulbecco modified Eagle medium (DMEM; BioWhittaker,
Walkersville, MD) with 100 U/mL penicillin, 100 �g/mL streptomycin,
and 10% fetal calf serum (FCS; Invitrogen, Carlsbad, CA).
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Reagents

Bortezomib (PS-341, Velcade, pyrazylCONH(CHPhe)CONH(CHisobu-
tyl)B(OH)2; Millennium Pharmaceuticals, Cambridge, MA) was dis-
solved in dimethyl sulfoxide (DMSO) and stored at �20°C until use.
Bortezomib was diluted in culture medium immediately before use.
Bortezomib and control media contained less than 0.0005% DMSO.
The pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp(OMe)-flu-
oromethylketone (ZVAD-FMK) was purchased from Calbiochem (La
Jolla, CA) and was used at 20 �M; 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and doxorubicin were from Sigma
Chemical (St. Louis, MO).

Cell survival was examined using the MTT colorimetric assay19 and
propidium iodide staining,23 as previously described. Immunoblotting
analysis was performed as previously described.23 Antibodies used
were mouse monoclonal antibodies for Bcl-2 (clone C-2), Bax (clone
2D2), and tubulin (clone B-7); polyclonal antibodies for caspases-3 and
-9 (Santa Cruz Biotechnology, Santa Cruz, CA); monoclonal antibody
for p53 (clone BP53–12) and polyclonal antibodies for inhibitor of
caspase-activated DNAse (ICAD)/DNA fragmentation factor (DFF45),
phospho-c-Jun and total c-Jun (Upstate Biotechnology, Lake Placid,
NY); monoclonal antibody for Noxa (clone 114C307.1; Alexis Bio-
chemicals, San Diego, CA); monoclonal antibody for poly(ADP-ribose)
polymerase (PARP) (clone C-2 to C-10; Biomol, Plymouth Meeting, PA);
monoclonal antibody for p21 (clone DF10) and Bcl-xL (clone 2H12;
Calbiochem); and polyclonal antiserum against phospho-I�B (Ser32),
total I�B, p27, Bid, XIAP, p53-upregulated modulator of apoptosis
(PUMA), and caspase-12 (Cell Signaling, Beverly, MA).

Global Gene Expression Profiling of
Bortezomib-Treated Cells

Total RNA was extracted and purified with the RNeasy kit (Qiagen, San
Diego, CA). Five micrograms of total RNA was used in the first-strand
cDNA synthesis with T7-d(T)24 primer (GGCCAGTGAATTGTAATAC-
GACTCACTATAGGGAGGCGG-(dT)24) and Superscript II (Invitrogen).
Second-strand cDNA synthesis was carried out at 16°C by adding
Escherichia coli DNA ligase, E. coli DNA polymerase I, and RNase H to
the reaction, followed by T4 DNA polymerase to blunt the ends of
newly synthesized cDNA. cDNA was purified through phenol/chloro-
form and ethanol precipitation. The purified cDNA was incubated at
37°C for 5 hours in an in vitro transcription reaction to produce cRNA
labeled with biotin (BioArray High Yield RNA Transcript Labeling Kit;
Enzo Diagnostics, Farmingdale, NY).

Affymetrix Chip Hybridization

cRNA (20 �g) was fragmented by incubation in buffer containing 200
mM Tris-acetate (pH 8.1), 500 mM KOAc, and 150 mM MgOAc at 94°C
for 35 minutes. The hybridization cocktail containing 15 �g adjusted
fragmented cRNA mixed with eukaryotic hybridization controls (con-
trol cRNA and oligonucleotide B2) was hybridized with a pre-equili-
brated human chip (U133 2.0 Plus; Affymetrix Inc., Santa Clara, CA) at
45°C for 16 hours. After the hybridization cocktails were removed, the
chips were washed in a fluidic station with low-stringency buffer (6�
standard saline phosphate with EDTA, 0.01% Tween 20, and 0.005%
antifoam) for 10 cycles (2 mixes/cyc) and high-stringency buffer (100
mM N-morpholino-ethanesulfonic acid [MES]), 0.1 M NaCl, and 0.01%
Tween 20) for four cycles (15 mixes/cyc) and stained with streptavidin
phycoerythrin. This process was followed by incubation with normal
goat IgG and biotinylated mouse anti-streptavidin antibody and restain-
ing with streptavidin phycoerythrin. The chips were scanned (HP
ChipScanner; Affymetrix Inc.) to detect hybridization signals.

Data Analysis

Scanned image output files were visually examined for major chip
defects and hybridization artifacts and then were analyzed with mi-
croarray analysis software (GeneChip Microarray Analysis Suite 5.0;
Affymetrix). The image from each gene chip was scaled such that the

average intensity value for all arrays was adjusted to a target intensity
of 150. Expression analysis files created by the software were exported
as flat text files to a spreadsheet (Excel; Microsoft, Redmond, WA) for
further analysis. Data analysis identified signals with at least a twofold
difference between bortezomib-treated samples and respective con-
trols. These results were screened for P � 0.0025, Student’s t-test, to
identify induced or repressed transcripts. Information and annotations
for all genes were retrieved using the NetAffx website (www.
affymetrix.com/analysis/index.affx) and UnChip (unchip.org:8080/
bio/unchip; Alberto Riva, Atul Butte, and Isaac Kohane; Children’s
Hospital, Boston), as previously reported,19 and were added to the data
file. Annotated data were sorted according to functional relationships.

Validation of Expression Array Results by RT-PCR

Confirmation of the microarray results was performed for selected
genes, chosen based on putative function, by RT-PCR. Primers for 80-
to 130-bp PCR targets were designed with primer analysis software
(Oligo 6.69; Molecular Biology Insights, Cascade, CO; Table 1). Y79
cells treated with bortezomib for 0, 2, 4, 8, 16, and 24 hours were
harvested, and RNA was extracted with reagent (TRIzol-LS; Invitro-
gen), according to manufacturer’s instructions. RNA was further
cleaned with an additional DNAse I digestion step using a commercial
kit (RNeasy Micro kit; Qiagen), according to manufacturer’s instruc-
tions. Reverse transcription was performed for equal RNA amounts (1
�g, as measured by UV spectrophotometry) with random hexamers
and reagent (Superscript II; Invitrogen) with a final step of RNase H
digestion (all reagents from Invitrogen). PCR amplification of the re-
sultant cDNAs was performed with PCR beads (Ready-to-Go; Amer-
sham), with final concentrations of 2 mM for MgCl2 and 150 to 200 nM
each primer, for 45 cycles at annealing temperatures, depending on
each primer set (60°C-68°C). The housekeeping gene was hypoxan-
thine guanine phosphoribosyltransferase 1 (HPRT1). Protocols were
standardized for optimal annealing temperatures, amplification thresh-
olds, and specificity of melting curves with SYBR Green I in a DNA
engine (Opticon; MJ Research, Waltham, MA) with the version 2.01
software (Opticon; MJ Research). PCR products were visualized by
electrophoresis on 2% agarose gels.

Statistical Analysis

To evaluate the differences across various experimental conditions in
the viability experiments with bortezomib, one-way analysis of vari-
ance was performed, and post hoc tests (Duncan and Dunnett T3 tests)
were used to evaluate differences between individual pairs of experi-
mental conditions. IC50 was calculated with the help of statistical
analysis software (Statistica; StatSoft, Tulsa, OK). In all analyses, P �
0.05 was considered statistically significant.

RESULTS

Effect of the Proteasome Inhibitor Bortezomib
on Survival of Retinoblastoma Cells

We treated the retinoblastoma cell lines Y79 and WERI-Rb1 in
vitro with bortezomib (0–100 nM) for 24 hours and evaluated
their viability using the MTT assay. These cell lines were sen-
sitive to bortezomib-induced cell death and had IC50 values of
10 and 4.4 nM, respectively (calculated by MTT; Fig. 1A).
Concentrations were well within those achieved clinically in
patients treated with bortezomib.18 Bortezomib-treated cells
exhibited a prominent sub-G1 peak on propidium iodide anal-
ysis, indicating induction of apoptosis (Figs. 1B, 1C).

Effect of Bortezomib on the NF-�B Inhibitor I�B

We next investigated the effect of proteasome inhibition on
cellular levels of the NF-�B inhibitor I�B levels in retinoblas-
toma cells. We found that bortezomib treatment resulted in the
accumulation of phosphorylated and total I�B levels (Fig. 2).
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Transcriptional Profile of Bortezomib-Treated
Retinoblastoma Cells

To define molecular pathways regulating proteasome inhibitor-
induced apoptosis, we characterized the gene expression pro-
files of Y79 and WERI-Rb1 cells treated with bortezomib (25
nM for 2–24 hours) and compared the profiles with those of
vehicle-treated controls harvested at the same time point using
the human gene chip (U133 2.0 Plus; Affymetrix). Analyses of
these gene expression profiles showed that bortezomib in-
duced distinct patterns of coordinated changes in a range of
transcripts, including the downregulation of growth and anti-
apoptotic transcripts, the induction of members of proapop-
totic and stress cascades, the upregulation of components of
the proteasome/ubiquitin pathway, and an especially potent
upregulation of heat-shock protein (HSP) transcripts. Lists of
known genes whose transcripts demonstrated the most prom-
inent changes on treatment with bortezomib are presented in
Tables 2 and 3. For validation, selected transcripts were studied
by RT-PCR (Fig. 3).

Effect of Bortezomib Treatment on p53, p21, and
p27 Expression

We investigated further the mechanism of bortezomib-in-
duced apoptosis. Subsequent experiments were performed
in both retinoblastoma cell lines and yielded similar results
(representative results are shown). We evaluated the protein
levels of p53, a proteasome substrate,6 – 8 p21, and p27 in
bortezomib-treated retinoblastoma cells. We found that bort-
ezomib potently increased the protein levels of p53, p21,
and p27 (Fig. 4). This pathway may contribute to the anti-
growth and proapoptotic effects of bortezomib on retino-
blastoma cells.

Effect of Bortezomib Treatment on c-Jun
Phosphorylation

Treatment with bortezomib resulted in the upregulation of
c-Jun mRNA (Tables 2 and 3), c-Jun protein, and phospho-c-Jun
(Fig. 4) levels.

Role of Caspases in Bortezomib-Induced
Apoptosis in Retinoblastoma Cells

We then investigated the role of caspases in bortezomib-in-
duced apoptosis of retinoblastoma cells. Bortezomib induced
the cleavage of caspases during apoptosis in retinoblastoma
cells (Fig. 5A). Cleavage of the caspase substrate PARP was also
detected on bortezomib-treated cells, confirming the enzy-
matic activation of caspases (Fig. 5A). Pretreatment of retino-
blastoma cells with the pan-caspase inhibitor ZVAD-FMK (20
�M) starting 1 hour before treatment with bortezomib had a
strong attenuating effect on bortezomib-induced apoptosis
(Figs. 5B–D). Overall, our data support a role for the caspase
cascade as a mediator of bortezomib-induced apoptosis in
retinoblastoma cells.

Involvement of Bcl-2 Family Members in
Bortezomib-Induced Apoptosis of
Retinoblastoma Cells

We then studied the expression of several members of the
Bcl-2 family of apoptosis modulators. We detected the cleavage
of Bid, which is a proapoptotic member of the family, and the
upregulation of Noxa and PUMA, in agreement with our mi-
croarray data (Fig. 6A). These data suggest an implication of
Bcl-2 family members in bortezomib-induced apoptosis of ret-
inoblastoma cells.

TABLE 1. RT-PCR Primers for Transcripts Selected for Validation

Gene Primer Sequence (5�–3�)

Amplicon
Length

(bp)

Annealing
Temperature

(°C)

ATF3 F TGTCCATCACAAAAGCCGAGGTAGC 107 60
R CTCCTTCTTCTTGTTTCGGCACT

ATF5 F CCCCCTGGCTCCCTATGAGGTCCTT 120 68
R GCTGTGAAATCAACTCGCTCAGTCA

JUN F GCCAGAGCCCTGTTGC 102 60
R GAAGGTCGTTTCCATCTTTGC

Noxa F GGGAAGAAGGCGCGCAAGAACG 118 68
R GTTTCTGCCGGAAGTTCAGTTTGTC

p21/CIP1/WAF1 F GTCACTGTCTTGTACCCTTGTG 129 60
R CGGCGTTTGGAGTGGTAGAAA

p27/KIP1 F AAGCGACCTGCAACCGACGATTCTT 100 60
R GCTCCACAGAACCGGCATTT

GADD45B F GGGGTGTACGAGTCGGCCAAGTTGA 106 60
R GGATTTGCAGGGCGATGTCA

GADD45G F CGAGTCAGCCAAAGTCTTGAACGTG 121 60
R GAAAGCCTGGATCAGCGTAAA

GADD153 F TGTCTTCAGATGAAAATGGGGGTAC 95 60
R CAGAGAAGCAGGGTCAAGAGT

HSP70B F GTGGGGGCACCTTCGATGTGT 118 60
R TGGTTCACGAGCCGGTTGT

Hsp105 F CCCCGTCAGTCATATCATTTGG 81 60
R TGTTTGCATGAGTGATTTGCTG

Survivin F GCCCAGTGTTTCTTCTGCTTCAAGG 105 60
R ACAGAAAGGAAAGCGCAACC

HPRT1 F TGGACAGGACTGAACGTCTTG 111 60
R CCAGCAGGTCAGCAAAGAATTTA

F, forward primer; R, reverse primer.
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Effect of Bortezomib Treatment on Heat Shock
Protein Expression

Treatment of retinoblastoma cells with bortezomib resulted in
the potent upregulation of HSP70 mRNA (as shown earlier) and
protein (Fig. 6B) and the less prominent upregulation of
HSP90.

Effect of Bortezomib Treatment on Doxorubicin-
Induced Apoptosis in Retinoblastoma Cells

We studied the effect of bortezomib on the response of reti-
noblastoma cells to the chemotherapeutic drug doxorubicin,
which is frequently used for the treatment of retinoblastoma.
We found that bortezomib enhanced the proapoptotic effect of
doxorubicin (Fig. 7).

DISCUSSION

In the present study, we investigated the impact of the protea-
some inhibitor bortezomib on retinoblastoma cell lines and
found that it induces caspase-dependent apoptosis at concen-

trations well below the trough levels of bortezomib observed
in pharmacokinetic studies in humans18 and significantly lower
than those necessary to kill cells from solid tumors (colon,
ovary, prostate). These findings support the use of proteasome
inhibitor-based therapies in the treatment of aggressive retino-
blastomas.

Proteasome inhibitors represent a novel class of antineo-
plastic agents that target several signaling pathways simulta-
neously: they block the degradation and lead to the accumula-
tion of I�B,5 which prevents the activation of transcription
factor NF-�B5,19; they stabilize the proapoptotic p53 pro-
tein6–8; and they induce the activation of the JNK/jun path-
way,19 reactive oxygen species (ROS) production and resultant
mitochondrial injury,24 and the caspase pathway.19 Bort-
ezomib, a potent proteasome inhibitor that shows no signifi-
cant inhibitory activity against other enzymatic systems, has
demonstrated clinical activity in patients with relapsed refrac-
tory multiple myeloma12 and has been approved by US FDA for
this indication.13 Phase 1 studies in pediatric patients with
refractory solid tumors and hematologic malignancies have
demonstrated that bortezomib is well tolerated in children.
The recommended phase 2 dose of bortezomib for children
with solid tumors is 1.2 mg/m2 per dose, and for children with
leukemia it is 1.3 mg/m2 per dose, administered as an intrave-
nous bolus twice weekly for 2 weeks followed by a 1-week
break.25,26

As do multiple myeloma cells, retinoblastoma cells exhibit
high baseline NF-�B activity, which is necessary for their sur-
vival.22 In the present study, bortezomib-induced inhibition of
I�B degradation by the proteasome resulted in I�B accumula-
tion, which would bind NF-�B and sequester it in the cyto-
plasm, preventing its translocation to the nucleus and sensitiz-
ing the cell to apoptosis. The proteasome inhibitor MG132 has
also been shown to stabilize p53 and I�B and to act synergis-
tically with sodium butyrate in inducing apoptosis of Y79
cells.27

To better characterize the effects of bortezomib on retino-
blastoma cells and to delineate its signaling pathways, we
studied the expression profile of bortezomib-treated retinoblas-
toma cells using microarray analysis. We found that bortezomib
treatment results in a specific coordinated pattern of transcrip-
tional events consistent with its proapoptotic effects—the
downregulation of transcripts involved in key growth/survival
signaling pathways and the upregulation of transcripts impli-
cated in proapoptotic and stress pathways. Other gene families
that were modulated were those of the HSP-ubiquitin-protea-
some pathway and solute carrier/transport proteins. This tran-
scriptional profile of the bortezomib-treated retinoblastoma
cells was remarkably similar between the two retinoblastoma

FIGURE 2. Bortezomib treatment of retinoblastoma cells results in
accumulation of the NF-�B inhibitor I�B. WERI-Rb1 cells were treated
with bortezomib (25 nM) for 0 to 8 hours. Total cell lysates were
assayed by immunoblotting for the presence of phosphorylated and
total I�B. Tubulin is shown as a loading control. Bortezomib induced
the accumulation of phosphorylated and total I�B.

FIGURE 1. Induction of apoptosis in retinoblastoma cells by protea-
some inhibition. (A) Dose-response curves of retinoblastoma cells
treated with bortezomib for 24 hours. WERI-Rb1 (f) and Y79 (F) cells
were treated with bortezomib for 24 hours in serum-free medium. Cell
survival was quantified using the MTT assay, and values were ex-
pressed as percentages over those of vehicle-treated controls. All ex-
periments were repeated at least three times, and each experimental
condition was repeated at least in quadruplicate wells in each exper-
iment. Data reported are mean � SD of representative experiments. (B,
C) The cell cycle profile of bortezomib-treated Y79 cells was evaluated
by propidium iodide (PI) analysis and flow cytometry. Y79 cells were
treated with bortezomib (25 nM for 24 hours in serum-free medium) or
vehicle, and their cell cycle profile was compared with that of control
cells (treated with an equal volume of DMSO). Although vehicle-
treated cells (B) exhibited a standard profile of distribution in the
various phases of the cell cycle (G0/G1, S, and G2/M), the cell cycle
profile of bortezomib-treated cells (C) was hallmarked by the detection
of a prominent peak in the sub-G1 region, suggesting significant bort-
ezomib-induced apoptosis.
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TABLE 2. Transcriptional Profiles of Bortezomib-Treated WERI-Rb1 Cells by Oligonucleotide Microarray Analysis

Gene Name Accession No. 2 h 4 h 8 h 16 h 24 h

Adhesion
Intercellular adhesion molecule 2 NM 000873 �1.04 1.35 1.54 2.07 3.05
Cell membrane glycoprotein (adhesion regulating molecule 1

[ADRM1]) NM 007002 1.17 1.72 2.9 3.43 2.89
Neural cell adhesion molecule 1 AA126505 1.12 �1.22 �1.47 �3.09 �4.31

Apoptosis
TSSC3 AF001294 �1.06 1.46 2.66 35.1 36
Clusterin (complement lysis inhibitor, SP-40,40, sulfated glycoprotein 2) M25915 �1.01 �1.06 11 24.2 21.3
Serine/threonine kinase 17a AW194730 1.09 1.33 3.43 7.02 5.96
Harakiri, Bcl-2 interacting protein NM 003806 1.18 1.2 2.42 6.87 4.79
Phosphatidylserine receptor AK021780 1.15 1.45 1.88 3.64 3.34
Phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) AI857639 �1 1.59 2.03 2.25 2.32
BH3 interacting domain death agonist (Bid) NM 001196 �1.02 1.01 �1.06 �1.28 2.03
Bcl-2 binding component 3 (PUMA) AF332558 1.11 1.22 2.53 3.1 1.01
Baculoviral IAP repeat-containing 5 (survivin) AA648913 1.04 �1.25 �1.99 �2.44 �2.42

Cell cycle
S100 calcium binding protein A2 NM 005978 1.14 �1.08 �1.02 4.37 8.08
Pelota homolog NM 015946 1.3 2.1 2.36 3 3.49
Cyclin-dependent kinase inhibitor 1A (p21, Cip1) NM 000389 1.11 1.43 2.41 2.41 1.46
Transcription factor Dp-1 NM 007111 �1.14 �1.12 �1.68 �4.65 �4.91
Putative c-Myc responsive NM 006443 1.09 �1.41 �2.82 �10.6 �9.15

Cytoskeleton
Neurofilament 3 (150-kDa medium) NM 005382 1.1 1.41 2.68 5.32 6.91
Vimentin AI922599 �1.06 1.11 1.13 4.84 6.42
Stathmin-like 4 NM 030795 �1.07 �1.29 1.31 5.38 5.67
Lamin A/C NM 005572 1.18 1.28 2.01 3.47 2.84
Filamin A, alpha (actin-binding protein 280) NM 001456 1.13 1.32 2.35 2.19 1.56
Microtubule-associated protein 1A AW296788 1.21 3.23 3.19 2.51 1.16

Differentiation
msh homeobox homolog 1 NM 002448 �1.13 �1.04 1.74 9.47 9.5
Doublecortex; lissencephaly, X-linked (doublecortin) NM 000555 �1.05 �1.28 �2.77 �7.46 �10.1

DNA/RNA metabolism and function
Splicing factor, arginine/serine-rich 10 (transformer 2 homolog,

Drosophila) U87836 �1.24 1.31 2.38 3.95 5.21
BRF2, subunit of RNA polymerase III transcription initiation factor,

BRF1-like AF298153 1.74 3.32 4.41 4.67 4.99
U6 snRNA-associated Sm-like protein AA112507 �1.07 �1.08 �2.88 �5.63 �3.8
H1 histone family, member 2 BC002649 1.05 �1.21 �4.88 �5.03 �4.53
Endonuclease G NM 004435 1 �1.31 �3.68 �5.7 �5.34
Polymerase (DNA directed), delta 2, regulatory subunit (50 kDa) NM 006230 �1.03 �1.11 �1.99 �5.66 �6.09

Extracellular matrix
Nidogen (enactin) NM 002508 �1.09 1.2 1.38 5.35 7.27
Collagen, type 1, alpha 1 K01228 1.05 �1.03 1.04 5.6 6.43
Tuftelin 1 NM 020127 1.24 1.02 1.71 4.66 4.5
Collagen, type XVIII, alpha 1 NM 030582 1.04 1.01 1.18 2.1 3.48
Collagen, type III, alpha 1 AU144167 1.56 1.5 1.25 2.62 2.71

Heat shock protein
Heat shock 70-kDa protein 1A NM 005345 �1.14 1.14 2.44 50.3 82.5
Heat shock 70-kDa protein 1B NM 005346 �1.08 �1.03 2.99 54.9 81.8
Heat shock 70-kDa protein 6 (HSP70B�) NM 002155 1.06 �1.02 26.8 67.9 69.2
Crystallin, alpha B AF007162 �1.06 �1.02 1.66 13.3 40.2
Serine (or cysteine) proteinase inhibitor, clade H (heat shock protein

47), member 1 NM 004353 1.13 1.02 6.99 13.5 21.3
DnaJ (Hsp40) homolog, subfamily B, member 1 BG537255 1.09 2.35 9.83 11.4 14.2
Protein kinase H11 AF133207 �1.01 1.43 3.45 12.9 12.1
Heat shock 27-kDa protein 1 NM 001540 1 �1.07 3.72 5.76 9.32
Heat shock 105 kDa NM 006644 1.06 1.67 4.99 5.61 8.12
Heat shock protein (hsp110 family) NM 014278 �1.36 1 2.29 3.92 7.68
DnaJ (Hsp40) homolog, subfamily B, member 6 AF080569 �1.29 1.01 2.32 5.99 6.73
DnaJ (Hsp40) homolog, subfamily B, member 4 BG252490 �1.01 1.08 2.75 2.88 4.4

Metabolism
Spermidine/spermine N1-acetyltransferase NM 002970 1.13 1.1 3.7 10.4 8.25
Uridine phosphorylase NM 003364 1.13 1.04 1.95 4.65 6.29
Carnitine palmitoyltransferase I BF001714 1.07 �1.13 1.14 2.88 5.79
NADP-dependent malic enzyme, malate oxidoreductase AL049699 �1.4 1.41 4.81 5.33 4.94
Carbonic anhydrase II M36532 �1.15 1.19 1.74 4.87 4.75
6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 NM 004566 �1.04 1.21 1.28 5.76 4.45
Malic enzyme 1, NADP(�)-dependent, cytosolic NM 002395 �1.23 1.25 4.33 5.62 4.28
Biliverdin reductase B (flavin reductase (NADPH)) NM 000713 �1.01 1.53 5.82 5.6 4.2
Cytochrome c oxidase assembly protein COX15 BC002382 1.91 1.58 1.29 4.92 3.95
Heme oxygenase (decycling) 1 NM 002133 �1.17 1.26 2.53 3.99 3.83
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TABLE 2 (continued). Transcriptional Profiles of Bortezomib-Treated WERI-Rb1 Cells by Oligonucleotide Microarray Analysis

Gene Name Accession No. 2 h 4 h 8 h 16 h 24 h

Glutathione peroxidase 3 (plasma) NM 002084 1.02 1.69 3.7 2.82 3.37
Cystathionase (cystathionine gamma-lyase) NM 001902 1.02 1.88 6.29 3.63 3.05
Galactosidase, alpha NM 000169 1.19 1.4 2.67 3.32 3.04
Asparagine synthetase NM 001673 1.11 1.56 4.8 2.63 �1.22
ATP synthase, H� transporting, mitochondrial F0 complex, subunit

c (subunit 9), isoform 1 AL080089 1.05 �1.3 �3.37 �6.19 �4.88
Metastasis

Glycoprotein (transmembrane) nmb NM 002510 �1.16 �1.03 �1.03 7.78 11.6
Putative transmembrane protein NM 012342 �1.13 �1.04 1.73 8.69 7.78

Neuronal function
Synaptosomal-associated protein, 23 kDa BC003686 �1.04 �1.13 2.32 5.07 10.2
Purkinje cell protein 4 NM 006198 1.04 �1.33 1.67 4.22 5.82
Activity-regulated cytoskeleton-associated protein AF193421 �1.03 1.04 �1.22 6.46 5.37
Arylalkylamine N-acetyltransferase NM 001088 1.05 �1.33 �3.85 �7.76 �6.58

Protein synthesis and folding
Mitochondrial ribosomal protein L18 NM 014161 �1.09 �1.01 2.54 4.67 6.46
Eukaryotic translation initiation factor 2-alpha kinase 3 NM 004836 1.06 �1.21 3.58 3.94 3.88
Peptidylprolyl isomerase D (cyclophilin D) NM 005038 1.03 1.27 2.16 2.21 2.49
Cysteinyl-tRNA synthetase NM 001751 1.02 1.29 2.49 2.4 1.27

Signaling
Ras-related associated with diabetes NM 004165 1.05 �1.15 2.82 27.4 24.1
Diphtheria toxin receptor (heparin-binding epidermal growth factor-

like growth factor) NM 001945 1.07 1.06 1.76 13.9 15.3
Adrenomedullin NM 001124 1.14 1.25 2.06 19.2 14.3
Phosphoprotein regulated by mitogenic pathways NM 025195 1.08 �1.14 1.86 11.4 8.48
Neuropeptide Y receptor Y1 NM 000909 �1.01 �1.24 1.68 5.06 7.41
Serum/glucocorticoid regulated kinase NM 005627 �1.04 �1.33 1.43 8.09 7.23
Serum-inducible kinase NM 006622 �1.15 �1.2 2.16 8.44 6.92
Dual-specificity phosphatase 6 BC003143 �1.13 �1.09 3.41 8.13 6.51
Dual-specificity phosphatase 4 NM 001394 �1.13 1.15 1.65 6.33 6.44
Dual-specificity phosphatase 1 NM 004417 1.16 1.51 3.65 8.66 6.12
Ras-induced senescence 1 BF062629 �1.06 �1.07 1.31 4.78 5.85
Vascular endothelial growth factor AF022375 1.2 2.08 4.81 8.25 5.67
CD14 antigen NM 000591 1.02 1.16 1.53 7.56 5.65
Interleukin 15 NM 000585 �1.18 �1.07 2.63 4.89 5.6
Phospholipase A2, group IVC (cytosolic, calcium-independent) AF065214 �1.04 �1.02 1.18 5.63 5.59
Ephrin-B2 BF001670 1.04 �1.12 1.35 5.75 5.56
Dual-specificity phosphatase 8 NM 004420 1.08 1.05 3.69 11.3 5.42
CXCR4 AJ224869 1.06 �1.11 1.91 6.39 5.22
Stanniocalcin 2 AI435828 1.01 2.47 11.6 6.44 4.92
Ephrin-A1 NM 004428 1.12 1.18 1.06 7.53 4.73
EphA4 NM 004438 1.08 �1.26 1.44 3.82 4.47
Brain-derived neurotrophic factor NM 001709 1.24 1.16 1.63 3.59 4.47
Calmodulin 1 (phosphorylase kinase, delta) M27319 1.06 �1.08 1.38 3.32 4.41
Dual-specificity phosphatase 2 NM 004418 1.14 1.41 2.05 10.9 3.88
Tumor necrosis factor (ligand) superfamily, member 9 NM 003811 1.44 3.3 3.25 4.89 3.86
GAP-associated tyrosine phosphoprotein p62 (Sam68) AW592227 1.12 1.18 1.75 4.73 3.82
Insulin receptor substrate 2 BF700086 1.21 1.18 2 4.72 3.65
PI-3 kinase-related kinase SMG-1 BG256504 1.02 1.17 1.53 2.34 2.93
Phosphoprotein C8FW NM 021158 1.33 2.35 8.71 8.38 2.89
Dual-specificity phosphatase 5 U16996 �1 1.03 1.23 4.34 2.64
Mitogen-activated protein kinase kinase 3 NM 002756 1.04 1.21 1.13 3.03 2.18
GABA(A) receptors associated protein-like 3 AF180519 1.22 1.92 3.26 3.03 2.05
Tumor necrosis factor receptor superfamily, member 1A NM 001065 1.06 1.62 2.04 2.01 1.53
PDZ-binding kinase; T-cell originated protein kinase NM 018492 �1.03 �1.2 �2.1 �4.52 �4.6
Pleckstrin homology-like domain, family A, member 1 (TDAG51) AA576961 �1.16 �1.08 �2.75 �5.64 �4.81
Guanine nucleotide binding protein (G protein), beta polypeptide 3 NM 002075 1.04 �1.1 �2.8 �8.57 �11.6
RAB26, member RAS oncogene family NM 014353 1.21 �1.39 �5.87 �16.7 �17.3

Stress response
Bcl-2-associated athanogene 3 NM 004281 �1.24 1.64 7.57 17.8 27.7
Growth arrest and DNA-damage-inducible, beta NM 015675 �1.06 1.03 2.54 28.2 18.1
Protein phosphatase 1, regulatory (inhibitor) subunit 15A (GADD34) U83981 1.13 1.79 2.03 7.66 7.79
Growth arrest and DNA damage inducible, gamma NM 006705 1.34 1.4 1.23 2.61 2.84
Growth arrest and DNA damage inducible, alpha NM 001924 1.02 1.43 1.77 3.09 2.35
HIF-1-responsive RTP801 NM 019058 1.5 5.24 5.13 3.21 1.91
Homocysteine-inducible, endoplasmic reticulum stress-inducible,

ubiquitin-like domain member 1 AF217990 1.2 1.81 2.65 2.74 1.71
Transcription factors

Inhibitor of DNA binding 2, dominant negative helix-loop-helix
protein NM 002166 �1.01 �1.2 1.54 12.3 17.9
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cell lines and was similar to other types of malignancies, such
as multiple myeloma, we have treated with bortezomib.19

More specifically, we found that bortezomib targets tran-
scripts with prominent roles in cell growth and apoptosis
signaling. Specifically, bortezomib upregulated the proapop-
totic Bcl-2 family members Noxa (also known as PMA-induced
protein 1 [PMAIP1] and implicated in mediating apoptosis
induced by cellular stress, DNA damage, and p53 activation,
resulting in the activation of caspase-928), PUMA, and harakiri
and serine/threonine protein kinase 17A (STK17A, also known
as DAP kinase-related apoptosis-inducing protein kinase 1),
which induces apoptosis.29,30 Moreover, bortezomib sup-

pressed the transcript for the inhibitor of apoptosis survivin.
This transcriptional profile could contribute to the induction of
apoptosis by bortezomib.

Furthermore, bortezomib potently triggered the transcrip-
tion of genes related to ubiquitin-proteasome function (such as
several proteasome subunits) and molecular chaperones of the
HSP family (HSP70, HSP27, HSP40, HSP47). It is possible that
these changes represent a stress response because bortezomib-
treated tumor cells unsuccessfully attempt to compensate for
the loss of proteasome activity by synthesizing new protea-
somes (to restore proteasome activity) and new chaperones (to
keep proteins in the correct conformation and lessen the need

TABLE 2 (continued). Transcriptional Profiles of Bortezomib-Treated WERI-Rb1 Cells by Oligonucleotide Microarray Analysis

Gene Name Accession No. 2 h 4 h 8 h 16 h 24 h

c-fos BC004490 �1 1.1 2.57 16.6 10.7
Endothelial PAS domain protein 1 (HIF-2a) AF052094 �1.06 1.14 1.47 9.53 9.99
Kruppel-like factor 5 (intestinal) AF132818 �1.13 �1.24 1.86 7.39 8.56
POU domain, class 3, transcription factor 1 NM 002699 1.04 �1.15 1.26 6.99 7.81
MafB NM 005461 1.06 �1.03 1.05 9.35 7.45
Activating transcription factor 3 NM 001674 1.22 2.2 11.6 14.7 7.35
Zinc finger protein 277 AK027128 1.14 1.13 4.12 9.52 6.65
c-fosB NM 006732 1.07 1.1 1.49 11.5 6.45
CCAAT/enhancer binding protein (C/EBP), delta NM 005195 �1.02 �1.24 1.35 4.67 6.35
Distal-less homeobox 2 NM 004405 1.08 �1.09 1.23 6.51 5.8
Regulator of G-protein signaling 2 (RGS2) NM 002923 1.06 1.23 1.57 4.14 5.52
Transcription factor 8 NM 030751 �1.1 �1.02 1.28 6.08 5.42
Early growth response 4 NM 001965 1.06 1.14 1.14 11.6 5.38
MafG NM 002359 1.57 2.73 4.81 6.54 5.29
Kruppel-like factor 4 (gut) NM 004235 �1.09 �1.07 1.39 5.9 5.19
Nuclear receptor subfamily 4, group A, member 2 AI935096 �1.09 �1.01 1.55 5.2 5.05
CCAAT/enhancer binding protein (C/EBP), beta AL564683 1.41 2.95 6.96 8.3 4.91
cAMP-responsive element modulator NM 001881 �1.06 1.27 2.54 4.8 4.15
Achaete-scute complex-like 1 (Drosophila) BC002341 1.39 1.22 1.6 4.17 3.22
ets variant gene 5 (ets-related molecule) BF060791 1.01 1.02 1.9 3.68 3.12
c-jun BG491844 1.1 1.46 3.59 3.8 2.93
HIF1-beta AF001307 1.66 1.42 1.45 3.3 2.49
Early growth response 1 NM 001964 1.03 1.02 1.51 4.26 2.23
DNA-damage-inducible transcript 3 (GADD153) BC003637 1.36 2.31 3.71 3.59 2.21
X-box binding protein 1 (XBP-1) NM 005080 1.16 2.09 3.15 1.44 1.65

Transporters
Solute carrier family 7, (cationic amino acid transporter, y� system)

member 11 AB040875 1.08 3.91 32.4 21.4 9
Solute carrier family 5 (inositol transporters), member 3 AI867198 1.33 1.27 3.86 5.64 5.63
Solute carrier family 7 (cationic amino acid transporter, y� system),

member 5 AB018009 1 1.78 5.73 4.65 3.7
Chloride intracellular channel 1 AF034607 1.37 1.61 2.26 3.94 3.6
Solute carrier family 1 (glial high-affinity glutamate transporter),

member 3 NM 004172 1.02 �1.01 1.75 3.25 3.24
Nuclear RNA export factor 1 BC004904 1.13 1.06 1.39 2.64 3.14
Solute carrier family 3 (activators of dibasic and neutral amino acid

transport), member 2 NM 002394 1.09 1.77 2.61 2.87 2.89
Solute carrier family 1 (neutral amino acid transporter), member 5 AF105230 1.05 1.33 2.95 2.08 1.17
Solute carrier family 25 (mitochondrial carrier; dicarboxylate

transporter), member 10 NM 012140 �1.03 �1.19 �1.73 �5.06 �4.89
Retinol binding protein 3, interstitial J03912 �1.07 �1.22 �3.08 �5.92 �5.82
Cholinergic receptor, nicotinic, alpha polypeptide 1 (muscle) NM 000079 �1.03 �1.18 �1.86 �5.69 �7.83

Ubiquitin/proteasome pathway
Sequestosome 1 NM 003900 1.27 2.83 4.81 4.65 4.67
Similar to ubiquitin binding protein NM 019116 �1.06 1.48 2.19 3.27 3.76
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 12 AI446530 1.03 1.5 2.59 3.04 2.73
26S proteasome-associated pad1 homolog NM 005805 1.06 1.7 2.53 2.81 2.49
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 13 NM 002817 1.13 1.45 2.38 2.53 2.23
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 11 BF432873 1.08 1.8 1.97 2.57 2.04
Proteasome (prosome, macropain) 26S subunit, ATPase, 1 NM 002802 1.14 1.45 2 2.1 1.98
Proteasome (prosome, macropain) 26S subunit, ATPase, 6 NM 002806 1.2 1.56 2.26 2.15 1.95
Proteasome (prosome, macropain) subunit, alpha type, 5 NM 002790 1.1 1.61 2.2 1.73 1.93
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 7 NM 002811 1.22 1.61 2.02 1.96 1.89

Shows selected known genes whose transcripts demonstrated the most prominent change on treatment of WERI-Rb1 cells with bortezomib
(25 nM for 2, 4, 8, 16, and 24 hours). Numbers represent fold change in expression compared with vehicle-treated controls harvested at the same
time point.
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TABLE 3. Transcriptional Profiles of Bortezomib-Treated Y79 Cells by Oligonucleotide Microarray Analysis

Gene Name Accession No. 2 h 4 h 8 h 16 h 24 h

Adhesion
Cell membrane glycoprotein (adhesion regulating molecule 1

[ADRM1]) NM 007002 1.19 1.33 2.07 2.29 2.71
Intercellular adhesion molecule 2 NM 000873 1.03 1 1.75 2.6 1.71
Neural cell adhesion molecule 1 AA126505 1.09 1.27 �1.46 �4.8 �2.14

Apoptosis
TSSC3 AF001294 1.15 1.02 1.74 4.18 13.7
Clusterin AI982754 1.2 �1.42 3.72 4.48 13.5
Serine/threonine kinase 17a AW194730 1.17 1.11 2.75 1.93 3.99
Harakiri, Bcl-2 interacting protein NM 003806 1.17 1.09 1.8 2.2 3.16
Bcl-2 binding component 3 (PUMA) AF332558 �1.12 1.17 1.88 1.95 2.92
Phosphatidylserine receptor AA351360 1.05 1.1 1.54 1.57 2.69
Phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) NM 021127 1.16 1.2 2.99 3.01 2.46
Tumor necrosis factor receptor superfamily, member 10b (TRAIL-R2) AF016266 �1.07 �1.1 1.29 1.93 2.12
Caspase 3, apoptosis-related cysteine protease NM 004346 �1.01 �1.12 1.09 1.63 2.11
BH3 interacting domain death agonist (Bid) NM 001196 1 �1.18 �1 4.03 1.16
Baculoviral IAP repeat-containing 5 (survivin) AB028869 �1.15 �1.24 �1.65 �2.39 �3.11

Cell cycle
Pregnancy-induced growth inhibitor NM 013370 �1.02 1.28 2.73 2.78 5.61
Pelota homolog NM 015946 1.23 1.97 2.65 2.59 3.89
Retinoblastoma binding protein 2 NM 005056 1.01 �1.68 2.02 1.35 2.86
Cyclin-dependent kinase inhibitor IC (p57, Kip2) R78668 1.03 �1.06 �1.42 �1.03 2.29
Cyclin G2 L49506 �1.04 �2.03 �1.7 �2.58 �2
Cyclin-dependent kinase inhibitor 3 (CDK2-associated dual-specificity

phosphatase) AF213033 �1.05 �1.32 �1.48 �3.09 �2.02
Cyclin B2 NM 004701 �1.1 �1.2 �1.67 �1.35 �2.46
Putative c-Myc-responsive AF040105 �1.05 �1.01 �1.63 �1.26 �2.64
Cyclin A2 NM 001237 �1.28 �1.11 �1.61 �1.32 �2.79
Serine/threonine kinase 12 (Aurora kinase B) AB011446 1.07 �1.06 �1.76 �2.66 �3.93

Cytoskeleton
Stathmin-like 4 NM 030795 1.08 1.07 1.27 1.07 4.5
Syndecan binding protein (syntenin) NM 005625 �1.02 1.03 1.91 �1.18 3.5
Microtubule-associated protein 1A AW296788 1.17 3.18 3.34 2.25 3.3
Neurofilament 3 (150-kDa medium) NM 005382 1.09 1.42 1.8 1.17 3.11

Differentiation
msh homeobox homolog 1 NM 002448 1.14 �1.33 1.68 1.72 4.14
Cellular retinoic acid binding protein 1 NM 004378 1.24 �1.05 �1.53 �4.09 �2.68
Doublecortex; lissencephaly, X-linked (doublecortin) NM 000555 1.05 �1.17 �1.96 �2.15 �5.98

DNA/RNA metabolism and function
BRF2, subunit of RNA polymerase III transcription initiation factor,

BRF1-like NM 018310 1.4 2.49 2.71 3.37 3.61
Eukaryotic translation initiation factor 2-alpha kinase 3 NM 004836 1.05 �1.15 1.61 1.42 2.67
Transcription termination factor, RNA polymerase 1 AI632304 �1.02 �1.18 1.42 2.12 2.28
Eukaryotic translation initiation factor 5 NM 001969 �1.01 �1.31 2.24 2.65 2.22
Splicing factor, arginine/serine-rich 10 (transformer 2 homolog,

Drosophila) U87836 1 �1.34 2.38 2.89 2.08
Eukaryotic translation initiation factor 3, subunit 1 (alpha, 35 kDa) AL031313 1.15 �1.27 2.43 2.43 1.74
H1 histone family, member 2 BC002649 1.14 �1.02 �1.65 �4.45 �1.84
Polymerase (RNA) II (DNA directed) polypeptide L (7.6 kDa) BC005903 1.13 �1.11 �1.81 �4.76 �2.36
Topoisomerase (DNA) II alpha (170 kDa) AL561834 1.09 �1.23 �1.36 �2.52 �3.42
Endonuclease G NM 004435 1.02 �1.26 �2.1 �1.81 �3.84
X-ray repair complementing defective repair in Chinese hamster cells 4 BC005259 �1.05 �1.11 �2.31 �1.22 �4.02

Extracellular matrix
Tuftelin 1 NM 020127 1.07 1.01 1.35 1.02 4.1
Collagen, type 1, alpha 1 K01228 1.01 1.13 �1.18 �3.83 3.33
Procollagen-proline, 2-oxoglutarate 4-dioxygenase (proline 4-

hydroxylase), alpha polypeptide II NM 004199 1.05 �1.09 1.66 1.82 3.19
Heat shock proteins

Heat shock 70-kDa protein 1A NM 005345 �1 1.15 12 12.2 40.4
Heat shock 70-kDa protein 6 (HSP70B�) NM 002155 1.02 1.18 6.37 23.9 28.6
Heat shock 70-kDa protein 1B NM 005346 �1.05 1.43 7.98 9.87 19.6
Protein kinase HI 1 (heat shock 27-kDa protein 8) AF133207 1.03 1.03 3.62 4.18 9.52
Crystallin, alpha B AF007162 �1.03 �1.08 1.17 2.91 9.45
Serine (or cysteine) proteinase inhibitor, clade H (heat shock protein

47), member 1 NM 004353 �1.04 1.08 3.44 7.28 8.98
Heat shock 27-kDa protein 1 NM 001540 1.09 �1.01 3.2 6.07 7.83
DnaJ (Hsp40) homolog, subfamily B, member 1 BG537255 1.14 1.17 5.63 5.52 7.67
Heat shock 105 kDa BG403660 1.01 1.11 4.23 6.93 5.65
Heat shock protein (hsp110 family) NM 014278 1.1 �1.21 2.02 1.93 2.77
DnaJ (Hsp40) homolog, subfamily B, member 6 AF080569 �1.13 �1.17 1.96 1.98 2.59
DnaJ (Hsp40) homolog, subfamily B, member 2 NM 006736 1.3 1.19 1.37 1.31 2.2
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TABLE 3 (continued). Transcriptional Profiles of Bortezomib-Treated Y79 Cells by Oligonucleotide Microarray Analysis

Gene Name Accession No. 2 h 4 h 8 h 16 h 24 h

Metabolism
Heme oxygenase (decycling) I NM 002133 �1.15 1.4 2.27 1.57 4.44
Spermidine/spermine N1-acetyltransferase BE971383 1.19 �1.22 1.49 1.75 4.43
NAD(P)H dehydrogenase, quinone 2 NM 000904 1.18 1.03 3.17 1.19 4.41
Uridine phosphorylase NM 003364 1.31 �1.03 2.53 6.31 4.3
Galactosidase, alpha NM 000169 1.12 1.22 2.85 1.75 4.17
Cytochrome c oxidase assembly protein COX15 BC002382 �1.19 1.98 �1.68 2.21 3.86
Biliverdin reductase B (flavin reductase [NADPH]) NM 000713 1.19 1.01 3.16 �2.29 3.66
ATPase, class I, type 8B, member 1 BG252666 �1.18 1.33 1.46 1.91 3.6
Carbonyl reductase 3 NM 001236 �1.01 �1.19 1.38 2.63 3.56
Glutamate-cysteine ligase, modifier subunit NM 002061 �1.26 1.85 1.97 2.32 3.36
Glutathione peroxidase 3 (plasma) AW149846 �1 1.26 2.14 1.28 3.17
NAD(P)H dehydrogenase, quinone 1 BC000906 1.02 1.06 1.8 5.85 2.71
Cystathionase (cystathionine gamma-lyase) NM 001902 1.06 1.18 5 2.11 2.06
Asparagine synthetase NM 001673 1.04 1.07 2.21 2.53 1.84
ATP synthase, H� transporting, mitochondrial F0 complex, subunit

c (subunit 9) isoform 3 NM 001689 �1.07 �1.11 �1.51 �2.39 �1.48
Amylo-1,6-glucosidase, 4-alpha-glucanotransferase NM 000645 1.05 �1.31 �1.24 �2.73 �3.71
Retinol binding protein 3, interstitial J03912 1.21 �1.21 �2.42 �1.35 �5.64

Signaling
Dual-specificity phosphatase 4 BC002671 1.17 �1.32 1.31 5.82 7.85
Ras-related associated with diabetes NM 004165 1.53 �1.33 2.6 7.68 7.81
Adrenomedullin NM 001124 1.12 1.09 1.39 2.36 6.15
Ephrin-B2 U16797 1.38 �1.35 1.25 �1.46 4.27
Tumor necrosis factor (ligand) superfamily, member 9 NM 003811 1.38 2.33 2.6 1.91 4.21
Dual-specificity phosphatase 1 NM 004417 1.29 1.2 1.71 3.05 3.98
GABA(A) receptor-associated protein-like 3 AF180519 �1.19 1.57 2.13 2.5 3.9
CXCR4 AJ224869 1.29 �1.1 1.6 �1.05 3.56
Lymphoid blast crisis oncogene NM 006738 �1.33 1.79 �1.71 2.11 3.53
GTP binding protein overexpressed in skeletal muscle NM 005261 1.4 �1.16 1.01 �1.2 3.5
Dual-specificity phosphatase 8 NM 004420 1.23 �1.12 1.69 2.14 3.37
Serum-inducible kinase NM 006622 1.11 �1.32 1.53 2.08 3.23
Stanniocalcin 2 AI435828 1.14 1.71 3.98 3.15 3.2
GABA(A) receptor-associated protein-like 1 AF087847 �1.52 1.49 2.62 3.01 3.17
Serum/glucocorticoid-regulated kinase NM 005627 1.04 �1.41 �1.1 �1.64 3
PI-3 kinase-related kinase SMG-1 BG256504 1.07 1.33 1.37 2.33 2.94
Insulin receptor substrate 2 BF700086 1 1.29 1.46 2.33 2.7
Mitogen-activated protein kinase kinase 3 AA780381 1.18 1.09 1.1 1.09 2.58
EphA2 NM 004431 1.02 �1.04 1.17 2.04 2.49
Transducer of ERBB2, 2 D64109 1.24 �1.91 1.3 1.29 2.49
Vascular endothelial growth factor H95344 1.14 1.28 2.21 2.36 2.33
Ras-induced senescence 1 BF062629 �1.02 1.06 �1.29 1.13 2.33
Ras association (RalGDS/AF-6) domain family 2 NM 014737 �1.2 1.17 �1.66 �1.1 2.26
TDAG51/IPL homolog 1 (TIH1) NM 012396 1.16 1.01 1.23 3.8 2.14
Inhibin, beta E BC005161 1.19 1.44 3.82 6.85 1.83
Phospholipase A2-activating protein AF145020 1.02 1.44 2.29 2.85 1.81
Neurturin AL161995 1.09 �1.4 �1.34 �3.42 �1.77
Mitogen-activated protein kinase kinase 6 NM 002758 1.15 �1.07 �1.86 �4.22 �1.89
Stromal cell derived factor receptor 1 NM 017455 �1.1 �1.06 �1.2 �2.84 �1.94
Serine/threonine kinase 15 NM 003600 �1.24 �1.26 �1.52 �1.12 �2.45
Serine/threonine kinase 6 NM 003158 �1.3 �1.21 �1.4 �1.03 �2.55
Downregulated in ovarian cancer 1 NM 014890 �1.13 �1.5 �1.84 �2.73 �2.86
PDZ-binding kinase; T-cell originated protein kinase NM 018492 1.04 �1.37 �1.42 �2.14 �2.87
Ca2�-promoted Ras inactivator AB011110 �1.03 1.15 �1.87 �2.24 �3.31
Phosphatidylinositol glycan, class F NM 002643 1.03 �1.18 �1.16 �3.7 �3.31
S-phase kinase-associated protein 2 (p45) BC001441 1.02 �1.22 �1.14 1.01 �3.63
Somatostatin receptor 2 AF184174 1.02 �1.26 �2.28 �2.32 �3.89
Neurotrophic tyrosine kinase, receptor, type 1 NM 002529 1.18 �1.07 �1.46 �3.19 �4.41
RAB26, member RAS oncogene family AI690165 1.17 �1.13 �2.85 �3.76 �4.73
Guanine nucleotide binding protein (G protein), beta polypeptide 3 NM 002075 �1.04 �1.02 �2.14 �1.36 �4.83
Cdc42 guanine exchange factor (GEF) 9 NM 015185 �1.08 �1.04 �1.76 �2.88 �6.32
Guanine nucleotide binding protein (G protein), gamma transducing

activity polypeptide 1 NM 021955 1.05 �1.59 �2.01 �1.04 �10.7
Stress response

Bcl-2-associated athanogene 3 (BAG3) NM 004281 1.18 1.14 5.37 2.67 11.5
Growth arrest and DNA damage inducible, beta AF078077 1.07 �1.18 1.24 2.85 5.69
Protein phosphatase 1, regulatory (inhibitor) subunit 15A (GADD34) U83981 1.45 1.63 2.16 4.11 5.34
Growth arrest and DNA damage inducible, alpha (GADD45A) NM 001924 1.17 1.4 1.76 2.56 3.45
Homocysteine-inducible, endoplasmic reticulum stress-inducible,

ubiquitin-like domain member 1 AF217990 1.15 1.26 2.34 2.45 2.32
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for proteasomal degradation). HSPs are induced in response to
various stress stimuli, such as heat shock, oxidative free radi-
cals, metal ions, and toxins. The human HSP70 or HSPA mul-
tigene family comprises several highly conserved 70-kDa pro-
teins required for cancer cell growth and survival.31 The
HSP70–1 (HSPA1A) and HSP70–2 (HSPA1B) coding sequences
differ by 8 bp that do not alter the derived amino acid sequence
and are not interrupted by introns.32 HSP70 binds to the
3-prime untranslated region of mRNAs for cytokines and pro-
tooncogenes and protects them from degradation, thus exert-
ing an antiapoptotic function.33 Another transcript upregu-
lated by bortezomib was the transcript for Bcl-2–associated
athanogene (BAG)-3, a stress-inducible protein that interacts

with the heat shock proteins 70, regulates chaperone protein
activities, and promotes cell survival by enhancing the anti-
apoptotic effect of Bcl-2.34

We detected increased Jun and Fos mRNA and increased
total and phospho-Jun protein levels in bortezomib-treated
retinoblastoma cells, suggesting an involvement of the JNK
(stress-activated protein kinase [SAPK])/AP-1 pathway in the
stress response to NF-�B inhibition. Also found to be induced
by bortezomib in our study were other stress pathway media-
tors, such as growth arrest- and DNA damage-inducible gene
alpha (GADD45A, a stress-induced nuclear protein involved in
growth arrest and DNA repair35) and DNA damage-inducible
transcript 3, also known as growth arrest- and DNA damage-

TABLE 3 (continued). Transcriptional Profiles of Bortezomib-Treated Y79 Cells by Oligonucleotide Microarray Analysis

Gene Name Accession No. 2 h 4 h 8 h 16 h 24 h

HIF-1 responsive RTP801 NM 019058 1.27 2.11 3.69 3.59 2.19
Growth arrest and DNA damage inducible, gamma (GADD45G) NM 006705 1.23 1.18 1.75 2.78 1.88

Transcription factors
Zinc finger protein 277 AK027128 1.05 �1.32 2.84 4.89 16.2
Activating transcription factor 3 NM 001674 1.5 1.4 6 6.06 10.3
MafF AL021977 1.56 1.78 4.17 9.41 8.19
Inhibitor of DNA-binding 2, dominant-negative helix-loop-helix

protein AI819238 1.5 �1.01 1.08 3.63 8.05
Kruppel-like factor 5 (intestinal) AF132818 1.05 1.01 1.39 2.9 6.69
c-jun NM 002228 1.78 �1.22 4.89 4.39 6.37
Kruppel-like factor 4 (gut) BF514079 1.3 �1.05 1.44 4.24 6.32
c-fos BC004490 1.64 1.23 1.88 2.89 5.8
Regulator of G-protein signaling 2, 24 kDa NM 002923 1.23 1.14 1.8 2.25 4.79
DNA damage inducible transcript 3 (GADD153) BC003637 1.16 1.77 2.96 3.91 4.08
Activating transcription factor 5 BC005174 1.26 1.08 1.91 6.34 3.97
Kruppel-like factor 2 (lung) NM 016270 1.24 �1.05 �1.1 2.43 3.97
CCAAT/enhancer binding protein (C/EBP), beta AL564683 1.11 1.54 3.31 2.45 3.75
ets variant gene 5 (ets-related molecule) NM 004454 �1.01 1.23 1.97 2.4 3.68
POU domain, class 3, transcription factor 1 NM 002699 1.19 �1.33 1.02 1.11 3.56
Endothelial PAS domain protein 1 (HIF-2a) AF052094 1.06 �1.02 1.1 �2.99 3.55
MafG NM 002359 1.05 2.84 2.08 4.56 3.4
c-fosB NM 006732 1.27 1.14 1.03 1.94 2.54
X-box binding protein 1 (XBP-1) NM 005080 1.1 1.35 2.63 2.39 1.69
CCAAT/enhancer binding protein (C/EBP), gamma NM 001806 1.09 �1.09 2.32 2.8 1.21
c-myc binding protein D50692 �1.05 �1.24 �1.44 �2.6 �1.79
Thyroid hormone receptor interactor 7 AF274949 �1.03 �1.08 �1.73 �2.53 �1.98
POU domain, class 4, transcription factor 2 NM 004575 �1.04 �1.51 �1.66 �2.19 �3.05
Retinoid X receptor, gamma NM 006917 1.04 �1.03 �2.08 �1.48 �3.63

Transporters
Solute carrier family 7, (cationic amino acid transporter, y� system)

member 11 AB040875 �1.23 1.73 9.06 11.2 7.39
Chloride intracellular channel 1 AF034607 1.05 1.28 2.31 2.25 5.35
Solute carrier family 5 (inositol transporters), member 3 AI867198 1.07 1.1 1.61 1.89 3.29
Solute carrier family 3 (activators of dibasic and neutral amino acid

transport), member 2 NM 002394 1.1 1.15 2.32 3.09 3.21
Solute carrier family 1 (glial high affinity glutamate transporter),

member 3 NM 004172 1.12 1.01 1.44 2.12 3.15
Multidrug resistance-associated protein 5 AF146074 �1.1 1.1 1.49 2.05 2.87
Solute carrier family 4, sodium bicarbonate cotransporter, member 7 NM 003615 �1.23 �1.5 1.69 1.77 2.47
Solute carrier family 7 (cationic amino acid transporter, y� system),

member 5 AB018009 1.05 1.24 2.32 1.9 1.8
Lectin, mannose-binding, 1 NM 005570 �1.14 �1.38 �1.09 �1.93 �2.13
Neuronal pentraxin I NM 002522 �1 �1.06 �2.21 �1.02 �2.78

Ubiquitin/proteasome pathway
Sequestosome 1 NM 003900 1.02 1.23 2.05 3.17 3.34
26S proteasome-associated padI homolog NM 005805 1.02 1.12 1.82 2.12 2.12
Proteasome (prosome, macropain) 26S subunit, ATPase, 4 NM 006503 1.12 1.21 1.79 1.96 2.09
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 13 NM 002817 1.49 �1.04 2.02 1.28 2.03
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 11 AF001212 �1.02 1.26 1.83 2.36 1.98
Ubiquitin carrier protein NM 014501 �1.02 �1.17 �1.45 �2.17 �1.6
Ubiquitin-conjugating enzyme E2C NM 007019 �1.06 �1.03 �1.55 �1.69 �2.3

Shows selected known genes whose transcripts demonstrated the most prominent change on treatment of Y79 cells with bortezomib (25 nM
for 2, 4, 8, 16, and 24 hours). Numbers represent fold change in expression compared with vehicle-treated controls harvested at the same time
point.
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inducible gene (GADD153), a member of the CAAT/enhancer
binding protein (C/EBP) family of transcription factors capable
of triggering growth arrest and apoptosis.36 The latter is
known to be induced by AP-1,37 hypoxia,38 proteasome inhi-
bition,39 and endoplasmic reticulum (ER) stress.40 Because ER
is the site of synthesis and folding of secretory proteins, ER
dysfunction affects protein folding, leading to high load of
misshapen proteins that must be degraded through the ubiq-
uitin–proteasome pathway. Conversely, the inhibition of pro-
teasome activity results in ER stress. When ER function is
severely impaired, GADD153 plays a key role in triggering
apoptosis,40 together with the JNK/Jun pathway and caspase-
12,41 which were also found to be activated by bortezomib in
our study. In addition, two other members of the C/EBP family,
C/EBP� and C/EBP�, were induced by bortezomib in our
study.

Another transcription factor modulated by bortezomib in
our model was activating transcription factor 3 (ATF3), a mem-
ber of the mammalian activation transcription factor/cAMP
responsive element-binding (CREB) protein family of transcrip-
tion factors and an immediate early response gene induced in
cells exposed to a variety of stress stimuli, including ER stress42

and proteasome inhibition.39,43 ATF3 frequently functions as a
complex with GADD153.42 ATF3 plays a critical role in accel-
erating caspase activation and apoptosis in response to chemo-

therapeutic and noxious agents.44–47 ATF3 induces another
stress response gene, growth arrest and DNA damage inducible
gene GADD34 (also known as protein phosphatase 1 regula-
tory [inhibitor] subunit 15A (PPP1R15A)),48 which was also
upregulated by bortezomib in our study.

Finally, other prominent bortezomib-induced expression
pattern changes involved extracellular matrix and adhesionFIGURE 3. Changes in gene expression induced by bortezomib in

retinoblastoma cells, as documented by RT-PCR and agarose gel elec-
trophoresis. Modulation of expression of genes related to stress re-
sponse, growth inhibition, and apoptosis induction in bortezomib-
treated Y79 cells (25 nM for 2, 4, 8, 16, and 24 hours). Expression
changes observed for these selected genes with RT-PCR were in agree-
ment with the expression profiling results. The housekeeping gene
was hypoxanthine guanine phosphoribosyltransferase 1 (HPRT1).

FIGURE 4. Bortezomib increases the levels of p53, p21, p27, and Jun
proteins in retinoblastoma cells. WERI-Rb1 cells were treated with
bortezomib (25 nM) for 0 to 16 hours. Total cell lysates were assayed
by immunoblotting for the presence of p53 and p21. Bortezomib
increased the expression of p53, p21, and p27 proteins and the
presence of phosphorylated and total c-Jun. Tubulin is shown as a
loading control.

FIGURE 5. Functional involvement of caspases in apoptosis induced
by proteasome inhibition. (A) WERI-Rb1 cells were treated with bort-
ezomib (25 nM) for 0 to 16 hours. Total cell lysates were assayed by
immunoblotting for caspase levels. Bortezomib (25 nM) induced the
cleavage of caspase-9, caspase-3, and caspase-12. The caspase substrate
PARP was also found to be cleaved. (B–D) The cell cycle profile of
bortezomib-treated Y79 cells was evaluated by propidium iodide (PI)
analysis and flow cytometry. The pan-caspase inhibitor ZVAD-FMK
attenuated bortezomib-induced apoptosis in Y79 cells, as demon-
strated by PI staining. (B) DMSO control. (C) Bortezomib (25 nM for 24
hours). (D) 25 nM for 24 hours � ZVAD-FMK (20 �M).
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molecules, solute carriers, and transport proteins. Bortezomib
increased p53, p21, and p27 protein levels in retinoblastoma
cells. p53 is an additional proteasome substrate, and protea-
some inhibition stabilizes p53 protein levels.7,8 The p21 gene
is a transcriptional target of p53, and the p21 protein is also
degraded by the proteasome,49 thus suggesting two possible
mechanisms for the upregulation of p21 protein levels (tran-
scriptional and posttranslational). These findings may support
a p53/p21-mediated signaling pathway for growth arrest and
apoptosis induced by proteasome inhibitors.7 It should be
pointed out, however, that proteasome inhibitors are effective
in inducing apoptosis even in tumor cells that lack functional
p53.

Bortezomib induced caspase-dependent apoptosis in ret-
inoblastoma cells. Cleavage of caspases-9, -3, and -12 was
found (retinoblastoma cells do not express caspase-8 be-
cause of epigenetic gene silencing by overmethylation50),
and caspase inhibition protected retinoblastoma cells from
bortezomib-induced apoptosis, thus confirming the role of
the caspase cascade in our model. Finally, bortezomib sen-
sitized retinoblastoma cells to sublethal concentrations of

conventional DNA-damaging chemotherapeutic agents, such
as doxorubicin, in agreement with similar results in other
malignancies.20,21 A synergistic interaction has also been
reported for the combination of the chemotherapeutic
agent camptothecin with the proteasome inhibitor MG132
in Y79 cells.51 These findings suggest that bortezomib may
be incorporated in chemotherapy protocols and used as a
chemosensitizer. This approach is under investigation in
other malignancies, and a recent phase 1 trial of bortezomib
combined with liposomal doxorubicin in patients with ad-
vanced hematologic malignancies showed that the combina-
tion was safely administered and had enhanced antitumor
activity.52

In summary, we have characterized the molecular signa-
ture of bortezomib treatment in two retinoblastoma cell
lines and defined apoptotic pathways triggered by this novel
anticancer agent. Our study shows that bortezomib sup-
presses proliferation and cell survival pathways, activates
apoptotic and stress pathways, and stimulates transcription
of components of the proteasome/ubiquitin and HSP path-
ways in retinoblastoma cell lines in vitro. Given that the two
studied retinoblastoma cell lines have been grown for sev-
eral years in tissue culture, it may be that they have accu-
mulated additional genetic or epigenetic events and no
longer fully recapitulate retinoblastoma pathophysiology.
Therefore, additional work in animal models is necessary
before clinical trials are initiated in pediatric patients with
retinoblastoma.
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