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Anticancer drugs are effective against tumors that depend on the
molecular target of the drug. Known targets of cytotoxic anticancer
drugs are involved in cell proliferation; drugs acting on such targets
are ineffective against nonproliferating tumor cells, survival of
which leads to eventual therapy failure. Function-based genomic
screening identified the coatomer protein complex ζ1 (COPZ1) gene
as essential for different tumor cell types but not for normal cells.
COPZ1 encodes a subunit of coatomer protein complex 1 (COPI)
involved in intracellular traffic and autophagy. The knockdown of
COPZ1, but not of COPZ2 encoding isoform coatomer protein com-
plex ζ2, caused Golgi apparatus collapse, blocked autophagy, and
induced apoptosis in both proliferating and nondividing tumor
cells. In contrast, inhibition of normal cell growth required simulta-
neous knockdown of both COPZ1 and COPZ2. COPZ2 (but not
COPZ1) was down-regulated in the majority of tumor cell lines
and in clinical samples of different cancer types. Reexpression of
COPZ2 protected tumor cells from killing by COPZ1 knockdown,
indicating that tumor cell dependence on COPZ1 is the result of
COPZ2 silencing. COPZ2 displays no tumor-suppressive activities,
but it harbors microRNA 152, which is silenced in tumor cells con-
currently with COPZ2 and acts as a tumor suppressor in vitro and
in vivo. Silencing of microRNA 152 in different cancers and the
ensuing down-regulation of its host gene COPZ2 offer a therapeutic
opportunity for proliferation-independent selective killing of tu-
mor cells by COPZ1-targeting agents.

cancer targets | genetic suppressor elements

Developing drugs against tumor-specific molecular targets is
a primary goal of current cancer pharmacology. Target-

specific agents are effective against tumors that depend on the
function of the gene targeted by the drug, e.g., trastuzumab in
breast cancers that overexpress human epidermal growth factor
receptor 2 (1), gefitinib in tumors with EGFR mutations (2), and
all-trans retinoic acid in acute promyeolocytic leukemia, a disease
that involves a translocation of retinoic acid receptor α (3). Tumor
dependence on a gene that is necessary for tumors but not for
normal cells has been termed “oncogene addiction” (4), but there
are genes that are required selectively by tumor cells but cannot be
classified as oncogenes (5). Most existing anticancer drugs act
either on DNA or on protein targets involved in cell proliferation.
Such drugs kill proliferating tumor cells but are ineffective against
the nondividing tumor cell population, which includes growth-
arrested cells that secrete various tumor-promoting factors (6),
dormant cells capable of eventual reentry into cell cycle (7), and
resting tumor stem cells (8). Proliferating and nondividing tumor
cells, however, share common genetic and epigenetic changes,
and some of the tumor-specific targets in proliferating cells also
may be required for the survival of nondividing tumor cells. With
an increase in the number of proteins targeted by drugs in the
preclinical pipeline and the improvement in methods for target-
based de novo drug design (9), identification of additional cate-

gories of tumor-specific targets can guide the development of new
classes of anticancer agents.
Genes playing essential roles in tumor cells can be revealed

through the selection of phenotypically active transdominant ge-
netic inhibitors, gene-derived DNA sequences that block the
function of their cognate gene. These sequences include antisense
cDNAs (10), genetic suppressor elements (GSEs, short cDNA
fragments that express dominant negative protein fragments or
antisense RNA segments) (5, 11, 12), and shRNAs that inhibit
gene expression throughRNA interference (13–16). In the present
article, we report the identification, through GSE selection, of a
tumor-specific gene target, inhibition of which kills both pro-
liferating and nondividing tumor cells. This gene, coatomer pro-
tein complex ζ1 (COPZ1), encodes one of two isoforms of the ζ
subunit of coatomer protein complex 1 (COPI), a secretory vesicle
coat protein complex involved in Golgi apparatus and endoplas-
mic reticulum traffic, endosome maturation, and autophagy (17,
18). We show that tumor cell dependence on COPZ1 is caused by
the widespread down-regulation of its isoform coatomer protein
complex ζ2 (COPZ2) in different types of cancer, as a corollary of
the silencing of a tumor-suppressive microRNA (miR), miR-152,
encoded within the COPZ2 gene.

Results
Selection of Growth-Inhibitory GSEs. A GSE library comprising
cDNA fragments of the human transcriptome (average length 135
bp) was prepared from a mixture of normalized (reduced-
redundance) cDNA preparations of 18 cell lines derived from
different types of cancer and leukemia (SI Methods). The GSE
library was cloned into a tetracycline/doxycycline-inducible len-
tiviral vector. As recipients for the selection of growth-inhibitory
GSEs, we used four tumor cell lines: MDA-MB-231 (breast
cancer), PC3(prostate cancer), T24 (bladder carcinoma), and
HT1080 (fibrosarcoma), as well as human telomerase reverse
transcriptase (hTERT)-immortalized BJ normal foreskin fibro-
blasts (BJ-hTERT). To enable doxycycline-inducible GSE ex-
pression, the cell lines were modified by the introduction of tTR-
KRAB, a tetracycline/doxycycline-sensitive repressor. Cells
transduced with the GSE library were subjected to selection for
doxycycline-dependent resistance to BrdU suicide, a procedure
that selects for cells carrying growth-inhibitory GSEs (5, 16). The
library-derived cDNA fragments were amplified by PCR from
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genomic DNA of the unselected and BrdU-selected cells. PCR
products were analyzed by high-throughput sequencing. The
cDNA fragment sequences were matched to their cognate genes
and compared in the unselected and BrdU-selected cells to
identify genes that give rise to putative GSEs enriched by BrdU
suicide selection. Genes targeted by the enriched sequences then
were tested for their role in cell proliferation by testing the effects
on cell growth of synthetic siRNAs targeting the same genes. The
complete results of this analysis will be presented elsewhere.

COPZ1 Knockdown Causes Golgi Apparatus Collapse, Inhibition of
Autophagy, and Tumor-Specific Cell Death Independent of Cell
Proliferation. Among the genes enriched by growth-inhibitory
GSE selection, we investigated in greater detail COPZ1, which
encodes the ζ1 subunit of the coatomer protein complex COPI.
COPZ1 was targeted by seven antisense-oriented and one sense-
oriented putative GSEs, which were enriched by BrdU selection
in all four tumor cell lines but not in immortalized normal BJ-
hTERT fibroblasts. We investigated the role of COPZ1 and other
COPI subunits in the growth of normal and tumor cells by
transfection with different siRNAs that target the genes for these
subunits, reducing their RNA levels by >90% (Fig. S1A). Fig. 1 A
and B shows that the knockdown of COPZ1 by siRNAs obtained
from different sources inhibited the growth of PC3 prostate car-
cinoma cells, as did the knockdown of another COPI component,
COPA. However, no growth inhibition resulted from the knock-
down of COPZ2, which encodes ζ2, the isoform of COPZ1 gene
product. In contrast to PC3, the growth of immortalized normal
BJ-hTERT fibroblasts (Fig. 1C andD) or normal human prostate
epithelial cells (Fig. 1E) was not inhibited by the knockdown of
COPZ1 or COPZ2 alone. However, normal cell proliferation was
inhibited by simultaneous knockdown of COPZ1 and COPZ2 or
by COPA knockdown (Fig. 1 C–E). The siRNA growth-inhibition
assays were extended to the other COPI subunit genes (four
siRNAs per gene, all fromQiagen), and a panel of tumor cell lines

including PC3, HT1080, MDA-MB-231, T24, HeLa, and in vitro-
transformed BJ-ELR fibroblasts (19). COPZ1-targeting siRNAs
inhibited the growth of all six transformed cell lines but not of BJ-
hTERT, whereas none of siRNAs targeting the other COPI
proteins exhibited tumor selectivity (Fig. S1B). Hence, COPZ1 is
required for cell growth in a wide spectrum of tumor cell lines but
not in normal cells.
The knockdown of other COPI proteins was reported to arrest

cellular traffic, cause a collapse of endoplasmic reticulum and
Golgi apparatus (20), and inhibit the maturation of the auto-
phagosome, an essential step in autophagy (18). To determine if
COPZ1 knockdown has the same effects, we transfected COPZ1,
COPZ2, COPA, and control siRNAs into PC3 cells expressing
LC3, an autophagosomemarker fused withGFP (GFP-LC3) (21).
The knockdown effects were analyzed 72 h later by fluorescence
microscopy based on GFP-LC3 localization and on immunoflu-
orescence staining for aGolgi apparatus marker, GM130. COPZ1
and COPA, but not control or COPZ2, siRNAs caused frag-
mentation and disappearance of GM130+ Golgi structures (Fig.
2A). Knockdown of COPA and COPZ1 (but not of COPZ2) also
resulted in the accumulation of GFP-LC3+ puncta (Fig. 2A) and
of a 43-kD phosphatidilethanolamine-conjugated form of GFP-
LC3 (Fig. 2B), indicative of autophagosome accumulation and
inhibition of autophagic flux (22). The same effects were observed
in normal BJ-hTERT fibroblasts upon the knockdown of COPZ1
and COPZ2 together (but not alone) and upon COPA knock-
down (Fig. S2).
Both Golgi apparatus disruption that leads to endoplasmic re-

ticulum stress (23) and the interference with autophagy can be
cytotoxic (24, 25). We have analyzed the ability of COPZ1 and
COPA siRNAs to induce cell death and apoptosis. This analysis
was conducted by flow cytometric assays for membrane perme-
ability, as defined by the uptake of the fluorescent dye propidium
iodide (PI) and by TUNEL staining for apoptotic cells. Trans-
fection with COPZ1 or COPA siRNA into PC3 cells increased the

Fig. 1. Effects of COPZ1, COPZ2, and COPA knockdown on
tumor and normal cells. (A) siRNAs targeting COPA, COPZ1,
COPZ2, or no human genes (siCont), obtained from Dhar-
macon (DH) or Qiagen (Q), were transfected into PC3 cells
at the indicated concentrations. Cell numbers were de-
termined 4 d posttransfection by flow cytometry (in three
independent transfections) and are expressed as mean ±
SD. (B) Experiment similar to A carried out with lower
siRNA concentrations, demonstrating dose-dependent in-
hibition, and including a combination of COPZ1 and COPZ2
siRNAs. Cell numbers were measured 8 d posttransfection
(in three independent transfections) and are expressed as
mean ± SD. (C) Effects of the siRNAs in A on the pro-
liferation of BJ-HTERT cells. Cell numbers were measured
7 d posttransfection (in triplicate) and are expressed as
mean ± SD. (D) Effects of COPA, COPZ1, and COPZ2 siRNAs
and a combination of COPZ1 and COPZ2 siRNAs (all at 5-
nM concentrations) on the proliferation of BJ-HTERT cells.
Cell numbers were measured 7 d posttransfection (six
replicates) and are expressed as mean ± SD. (E) Effects of
COPA, COPZ1, and COPZ2 siRNAs and a combination of
COPZ1 and COPZ2 siRNAs (at the same concentrations as in
B on the proliferation of normal human prostate epithelial
cells (HPEC). Cell numbers were measured 8 d post-
transfection (in triplicate) and are expressed as mean ± SD.
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number of membrane-permeable (PI+) (Fig. 2C) and apoptotic
(TUNEL+) cells (Fig. 2D) relative to cells transfected with control
siRNA. Time-lapse video microscopy showed that cells trans-
fected with COPZ1 siRNA undergo apoptosis (shrinking and
blebbing) either directly or after first rounding up and remaining
rounded for 10–20 h (Movie S1). Although cell rounding followed
by apoptosis superficially resembles mitotic catastrophe (26),
DAPI staining did not show chromatin condensation in the
rounded cells, indicating that these cells were not in mitosis.
Hence COPZ1 knockdown produces the phenotypic effects
expected from COPI inhibition, and these effects—inhibition of
autophagy and the disruption of Golgi apparatus—lead to apo-
ptotic cell death upon COPZ1 knockdown.
Because the COPI complex affects processes distinct from cell-

cycle progression, we asked if COPZ1 knockdown would affect
nondividing tumor cells that are resistant to agents targeting cell
proliferation. For this analysis, we used HT1080 p21-9, a de-
rivative of HT1080 fibrosarcoma cells expressing the cell-cycle
inhibitor protein p21 (CDKN1A) from a promoter inducible by
isopropyl β-D-1-thiogalactopyranoside (IPTG) (27). HT1080 p21-
9 cells were transfected with control siRNA and siRNAs targeting
COPZ1, COPA, or CDC2 (CDK1), an essential mediator of cell-
cycle progression (28). The transfected cells were plated in the
absence or in the presence of IPTG that induces p21 expression
and cell-cycle arrest within 12–16 h. CDC2 siRNA decreased the
number of proliferating cells but had almost no effect on the
growth-arrested cells. In contrast, the knockdown of COPZ1 or
COPA strongly decreased the numbers of both proliferating and
growth-arrested cells (Fig. 2E). Hence, inhibition of COPI kills
both dividing and nondividing tumor cells.

COPZ1 Dependence of Tumor Cells Results from COPZ2 Down-
Regulation in Cancers. To understand why COPZ1 is the only
COPI subunit that is selectively required by tumor cells, we used
quantitative RT-PCR (qRT-PCR) to measure mRNA levels of
different COPI component proteins in four tumor cell lines and
BJ-hTERT (Fig. 3A), in a series of isogenic BJ fibroblast lines that
includes normal immortalized BJ-EN, partially transformed BJ-
ELB, and fully transformed BJ-ELR (19) (Fig. 3B), and in two
samples of normal melanocytes and fourmelanoma cell lines (Fig.
3C). COPA, COPB1, COPB2, and COPZ1 were expressed at
comparable levels in all the cell lines. Strikingly, the expression of
COPZ2 was almost undetectable in all the tumor cell lines and
was strongly decreased in BJ-ELB and BJ-ELR cells relative to
BJ-hTERT cells. We analyzed the expression of COPZ1, COPZ2,
and several other COPI subunits in a panel of normal human
tissues (Table S1) and expanded the analysis of COPZ2 and
COPZ1 mRNA expression to additional tumor and leukemia cell
lines (Table S2). COPZ1 expression was relatively uniform among
the normal and tumor tissues. COPZ2 showed comparable ex-
pression levels among normal tissues (with the lowest levels ob-
served in the thymus, spleen, and ovary) (Table S1), but COPZ2
levels were drastically decreased in 10 tumor cell lines; the only
tumor line that maintained COPZ2 expression (Table S2) was
a relatively benignWM 793 melanoma (29). We also analyzed the
data on COPZ1 and COPZ2 gene expression in microarray
studies included in the Gene Expression Omnibus (GEO) data-
base, comparing normal, benign, and malignant tissues of differ-
ent cancers. COPZ1 expression showed no significant tumor-
specific changes, but in several studies COPZ2 expression was
decreased significantly in association with carcinogenesis or tu-
mor progression. In particular, COPZ2 was strongly down-regu-
lated in superficial bladder carcinoma relative to normal
urothelium (Fig. 4A), in metastatic prostate cancer relative to
primary cancers and benign prostatic tissues (Fig. 4B, two stud-
ies), in colorectal adenoma relative to normal mucosa (Fig. 4C),
and in malignant melanoma relative to benign nevi or normal
melanocytes (Fig. 4D). Hence, COPZ2 down-regulation is a
broad and general event in different forms of cancer.
If COPZ1 and COPZ2 isoforms can substitute for each other,

COPI complexes should remain functional if either COPZ1 or
COPZ2 is expressed. Indeed, the knockdownofCOPZ1orCOPZ2
alone had no effect on normal BJ-hTERT or human prostate ep-

ithelial cells that express both genes, but simultaneous knockdown
of COPZ1 and COPZ2 drastically inhibited the growth of these
cells, causing Golgi apparatus collapse and inhibition of autophagy
(Fig. 1 C–E and Fig. S2). To determine whether tumor cell sensi-
tivity to COPZ1 knockdown results from the loss of COPZ2 in
tumor cells, we asked if reexpression of COPZ2 in PC3 cells would
protect them from killing by COPZ1 siRNA. FLAG-tagged
COPZ1 and COPZ2 proteins were introduced into PC3 cells by
lentiviral transduction, leading to very high expression levels (Fig.
5A). COPZ1 or COPZ2 overexpression had no effect on PC3 cell
growth in culture or on the size range of tumors formed by PC3
xenografts in nude mice (Fig. 5B). Transduction with COPZ1 or
COPZ2 also had no effect on in vitro growth of HeLa and MDA-

Fig. 2. Effects of COPZ1 knockdown on Golgi apparatus, autophagosomes,
and cell death. (A) PC3 cells expressing the autophagosome marker GFP-LC3
were transfected with control siRNA or siRNAs targeting COPA, COPZ1, or
COPZ2 and were analyzed by fluorescence microscopy for GFP fluorescence
(green), indirect immunofluorescence staining for Golgi marker GM130 (red),
and nuclear DNA staining with DAPI 72 h posttransfection with the indicated
siRNAs. (Scale bars: 10 μM.) (B) GFP-LC3 electrophoretic mobility of the cells in
A analyzed by immunoblotting with anti-GFP antibody. (C) Changes in the
number of membrane-permeable (PI+) PC-3 cells upon transfection with
control siRNA or siRNAs targeting COPA or COPZ1, as determined by flow
cytometry (mean ± SD, triplicate measurements). (D) Changes in the number
of apoptotic (TUNEL+) PC-3 cells upon transfection with control siRNA or
siRNAs targeting COPA or COPZ1, as determined by flow cytometry (mean ±
SD, triplicate measurements). (E) Effects of COPZ1, COPA, and CDC2 siRNAs
on cell number of proliferating and growth-arrested HT1080 cells. HT1080
p21-9 cells with IPTG-inducible expression of the cell-cycle inhibitor p21 were
transfected with the indicated siRNAs. Transfected cells were pIated in the
absence (proliferating) or in the presence (arrested) of 50 μM IPTG, in tripli-
cate; cell numbers were determined 5 d later. Data are shown as mean ± SD.
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MB-231 cell lines. Fig. 5C shows the effects of COPA siRNA,
COPZ1 siRNA, and COPZ2 siRNA on PC3 cells transduced with
the insert-free vector or with the vectors expressing COPZ1 or
COPZ2. COPZ2 siRNA did not inhibit cell growth, whereas
COPA siRNA inhibited the proliferation of all three cell pop-
ulations. COPZ1 siRNA inhibited the proliferation of cells trans-
duced with the insert-free vector, but overexpression of either
COPZ1 or COPZ2 rendered cells resistant to COPZ1 knockdown
(Fig. 5C). These results demonstrate that tumor cell dependence
on COPZ1 is a consequence of tumor-specific COPZ2 silencing.

COPZ2 Down-Regulation in Cancers Is Associated with the Silencing of
a Tumor-Suppressive miRNA Encoded Within COPZ2. Although the
widespread COPZ2 silencing in tumor cells suggests tumor-
suppressive activity, high-level COPZ2 expression had no detri-
mental effect on tumor cell growth in vitro or in vivo, as described
above, indicating that COPZ2 is not a tumor suppressor. How-

ever, the first intron of the COPZ2 gene encodes the precursor of
an miRNA, miR-152 (30). miR-152 was reported to be down-
regulated in several types of cancer (31–34) and to display certain
tumor-suppressive activities (33, 35). We measured miR-152 ex-
pression in different tumor cell lines and found that miR-152, like
COPZ2, was down-regulated in all the lines except WM 793 (the
only tumor line that expressed COPZ2) (Table S2). We analyzed
the effects of miR-152 on tumor cell lines by transfection with two
different miR-152 precursors. miR-152 inhibited the growth of
HeLa and MDA-MB-231 cells but not PC3 cells (Fig. 6A). Stable
miR-152 expression in PC3 cells from a lentiviral vector also failed
to inhibit cell growth in culture, but PC3 cells overexpressing miR-
152 showed significantly decreased xenograft tumor growth in
nude mice relative to PC3 cells transduced with a control vector
(Fig. 6B). Hence, miR-152 displays both expression changes and
biological activities indicative of a broad-spectrum tumor sup-
pressor, and COPZ2 down-regulation in cancers leads to con-
current silencing of its host gene COPZ2, with the ensuing tumor
cell dependence on COPZ1.

Discussion
The search for tumor-selective molecular targets often involves
the concept of “oncogene addiction” (4), in which a tumor-
specific target is expected to have oncogenic activity. In the
present study, we identified COPZ1 as a promising target, which is
required by different tumor cell types but is not essential for
normal cells. COPZ1, however, has no known oncogenic activity,
and its overexpression does not affect tumor cell growth in vitro or
in vivo. Instead, the tumor cell requirement for COPZ1 is the
result of the silencing of its isoform COPZ2, which we found to be
broadly down-regulated in different cancers, in vitro and in vivo.
Our results demonstrate that COPZ1 can substitute functionally
for the lack of COPZ2 in tumor cells. This substitution, however,
makes COPI function and survival of tumor cells dependent on
COPZ1, whereas COPZ2 expression in normal cells allows them
to maintain the COPI function and to survive upon COPZ1 in-

Fig. 3. Down-regulation of the COPZ2 gene in transformed cell lines. (A)
qRT-PCR analysis of expression of the indicated COPI subunit genes in tumor
cell lines and BJ-hTERT fibroblasts. Expression is presented relative to BJ-
hTERT; data are shown as mean ± SD. (B) qRT-PCR analysis of expression of
the indicated COPI subunit genes in immortalized normal BJ-EN fibroblasts
and their partially transformed (BJ-ELB) and fully transformed (BJ-ELR)
derivatives. Expression is presented relative to BJ-EN. (C) qRT-PCR analysis of
expression of the indicated COPI subunit genes in two normal melanocyte
preparations (NMP) and four melanoma cell lines. Expression is presented
relative to NMP 241.

Fig. 4. COPZ2 expression in normal, benign, and malignant tissues of dif-
ferent tumor types (microarray data from GEO database). P values (student’s
t test) are indicated for significant differences between the groups. (A)
Bladder cancer study (43): normal urothelium (NU) and superficial tumors
(ST). (B) Two prostate cancer studies (44, 45): normal prostate (NP), primary
tumors (PT), and metastatic tumors (MT). (C) Colon cancer study (46): normal
mucosa (NM) and adenocarcinomas (A). (D) Melanoma study (47): normal
melanocytes (NMel), benign nevi (BN), and metastatic melanoma (MM).
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hibition. We suggest a term “isoform addiction” to designate this
type of tumor-cell dependence on a specific protein isoform.
AlthoughCOPZ2 is down-regulated selectively in tumor cells, its

overexpression did not inhibit tumor cell growth either in ;vitro or
in vivo. COPZ2 down-regulation in cancers, despite its lack of tu-
mor-suppressive activities, can be explained fully as a consequence
of the selection of cells that have silenced the tumor-suppressive
miR-152harboredwithin theCOPZ2gene.ManymiRNAs located
within protein-coding genes are linked transcriptionally to the ex-
pression of their host genes, because miRNAs and their host genes
typically use the same promoter. In the case of miR-152, which is
encoded within the first intron of COPZ2, its expression in normal
tissues correlates with that of COPZ2 (36), and we show that miR-
152 and COPZ2 are silenced coordinately in different tumor cell
types. As regulators of gene expression, miRNAs play a key role in
cancer, with some miRNAs displaying oncogenic and others tu-
mor-suppressive activities (37). miR-152 on chromosome 17 was
shown previously to be down-regulated in clinical samples of
breast cancer (31), endometrial serous adenocarcinoma (where
decreased expression of miR-152 was a statistically independent
risk factor for overall survival) (32), cholangiocarcinoma (33), and
gastric and colorectal cancers, where low expression of miR-152

was correlated with increased tumor size and advanced primary
tumor stage (34). Furthermore, ectopic expression of miR-152 in
cholangiocarcinoma cells decreased cell proliferation (33), and
miR-152 overexpression in a placental human choriocarcinoma
cell line sensitized the cells to lysis by natural killer cells (35). We
found that miR-152 was silenced in >90% of tumor cell lines de-
rived from different types of cancer and that miR-152 over-
expression inhibited the growth of HeLa cervical carcinoma and
MDA-MB-231 breast carcinoma in vitro and of PC3 prostate
carcinoma in vivo. The molecular mechanism for this very broad
tumor-suppressive activity of miR-152 remains to be investigated.
Regardless of this mechanism, however, our finding that miR-152
down-regulation in tumor cells is associated with concurrent si-
lencing of its host gene COPZ2, with the ensuing tumor cell de-
pendence on COPZ1, potentially can be exploited for cancer
therapy.
COPZ1 seems an appealing cancer target, which can be

inhibited either by RNA-targeting agents (such as siRNA) or by
small-molecule inhibitors that would affect ζ1 encoded by COPZ1
preferentially to ζ2, the COPZ2 gene product. The recently
reported solution of the structure of the ζ subunit of COPI (38)
may be useful for structure-based design of small-molecule
COPZ1 inhibitors. siRNA or small-molecule inhibitors of COPZ1
are expected to be effective against a wide spectrum of cancers in
which COPZ2 has been down-regulated. On the other hand,
COPZ2 expression in normal tissues suggests that such tissues
should not be sensitive to COPZ1 inhibition, as evidenced in our
study by the resistance of BJ-hTERT fibroblasts and normal
prostate epithelial cells to COPZ1 knockdown. The possibility of
achieving an acceptable therapeutic index with COPI-targeting
drugs, even those not selective for COPZ1, is suggested by the
reports that Brefeldin A, a natural compound that interferes with
COPI recruitment to Golgi apparatus (23), showed antitumor
efficacy not only in vitro but also in vivo (39). COPZ1-selective
inhibitors could be as effective as Brefeldin A, with lower systemic
toxicity, especially with the use of selective delivery vehicles, such
as targeted nanoparticles or liposomes.
A special appeal of targeting COPZ1 in cancer therapy (and

potentially other COPI components, using tumor-specific delivery
vehicles) stems from our finding that Golgi apparatus collapse and
inhibition of autophagy, which result from COPZ1 or COPA
knockdown, cause cell death not only in proliferating but also in
growth-arrested tumor cells. Nondividing tumor cells are resistant
to agents targeting the process of cell proliferation, as do most of
the existing anticancer drugs. The independence of cell death in-
duced by COPI inhibition from cell-cycle progression is indicated
further by the observation that cells transfected with COPZ1
siRNA die through apoptosis, without undergoing abnormal mi-
tosis (mitotic catastrophe), the common cause of death in cells
treated with conventional anticancer drugs (26, 40). Chemother-
apy-resistant nondividing tumor cells include the damaged/sen-
escent cell population that secretes mitogenic, antiapoptotic,
angiogenic, and proteolytic factors (6), as well as resting tumor
stem cells (8) and dormant cells that can survive for years before

Fig. 5. Relationship between COPZ1 and COPZ2 expression and siRNA
sensitivity. (A) Immunoblotting of COPZ1 and COPZ2 proteins in PC3 cells
transduced with control lentivirus or with lentiviral vectors expressing FLAG-
tagged COPZ1 or COPZ2 and probed with FLAG, COPZ1, and COPZ2 anti-
bodies. (B) In vivo growth of PC3 xenograft tumors transduced with a control
lentiviral vector or with vectors expressing COPZ1 or COPZ2. Data shown are
tumor weights (mean ± SD) at the end of the experiment (41 d post-
inoculation). (C) Effects of the indicated siRNAs on the proliferation of PC3
cells transduced with control siRNA (siCont) or vectors expressing COPA,
COPZ1, or COPZ2 (six replicates). Cell numbers were measured 4 d post-
transfection and are expressed as mean ± SD.

Fig. 6. EffectsofmiR-152 in tumorcells. (A) Effectsof transfectionwithmiR-152precursors fromDharmacon (DH)orAmbion (AM)andmiRNAmimicnegative control
(Dharmacon) on the proliferation of MDA-MB-231, HeLa, and PC3 cells (in triplicate). Cell numbers were measured 7 d posttransfection and are expressed relative
to cells transfectedwith negative control. Data are shownasmean± SD. (B) In vivogrowth of PC3 xenograft tumors transducedwitha control lentiviral vector orwith
a vector expressing miR-152 precursor. (Upper) Tumor weights (mean ± SD) at the end of the experiment (42 d postinoculation). (Lower) Photographs of tumors.
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reentering the cell cycle (7). The failure to destroy resting and
dormant tumor cells is a general cause of tumor relapse after the
initial remission. COPI-targeting therapy potentially could bypass
this problem, with a greater likelihood of achieving the cure.

Methods
Poly(A)+ RNA, extracted from a mixture of 18 cancer and leukemia cell lines,
was used to prepare normalized cDNA through duplex-specific nuclease
normalization (41), as described in SI Methods. Normalized cDNA fragments
were cloned into a lentiviral vector inducible by tetracycline/doxycycline,
yielding a GSE library of ∼2.6 × 108 clones, with an average insert length of
135 bp. The recipient cell lines were transduced first with a lentiviral vector
expressing tTR-KRAB (42) and then with the GSE library. Twenty-five percent
of the transduced cells were used for DNA extraction immediately, and the
rest were subjected to selection for doxycycline-dependent resistance to
BrdU suicide (16), followed by DNA extraction. Library-derived cDNA inserts
were amplified by PCR from genomic DNA using vector specific primers and
subjected to 454 massive parallel sequencing. BLAST analysis was used to
identify genes giving rise to cDNA fragments enriched by GSE selection.

siRNA assays for all the genes were first conducted using siRNAs from
Qiagen (four siRNAs per gene) (Table S3); subsequent assays incorporated
additional siRNAs from Dharmacon (SI Methods). miR-152 precursors were
from Dharmacon and Ambion. siRNA targeting no known genes (Qiagen)
was used as a control. Cell numbers were determined 4–8 d after trans-

fection by flow cytometry or by staining cellular DNA with Hoechst 33342.
Full-length COPZ1 and COPZ2 cDNAs (Open Biosystems) were cloned into
a lentiviral vector, pLenti6-bsd-FLAG, constructed in our laboratory, which
adds a FLAG tag at the C terminus. Retroviral vector expressing GFP-LC3 (21)
was obtained from Addgene. Lentiviral vector expressing miR-152 precursor
was from SBI Bioscience. The recipient cell populations transduced with
these and the corresponding insert-free control vectors were selected with
blasticidin or puromycin before analysis.

Gene and miRNA expression were analyzed by qRT-PCR (primers listed in
Table S4) and, in some cases, by immunoblotting (SI Methods). Flow cyto-
metric assays were used to measure membrane permeability by PI uptake
and for TUNEL assays for apoptosis. Fluorescence microscopy was used for
chromatin staining with DAPI, GFP-LC3 expression, and immunofluorescence
analysis of GM130. Time-lapse phase-contrast microscopy was used for video
analysis of cell death induced by COPI knockdown.

In vivo PC3 xenograft assays were conducted in male NCR nude mice. Mice
were inoculated s.c. with 106 cells of each tested PC3 derivative (five mice per
group). Tumor size was measured every 4 d using calipers; tumors were
excised and weighed at the end of the study.
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