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The unfolded protein response (UPR) is activated in response to hypoxia-induced stress such as in the tumor microenvironment.
This study examined the role of CREB3L1 (cyclic AMP [cAMP]-responsive element-binding protein 3-like protein 1), a member
of the UPR, in breast cancer development and metastasis. Initial experiments identified the loss of CREB3L1 expression in meta-
static breast cancer cell lines compared to low-metastasis or nonmetastatic cell lines. When metastatic cells were transfected with
CREB3L1, they demonstrated reduced invasion and migration in vitro, as well as a significantly decreased ability to survive un-
der nonadherent or hypoxic conditions. Interestingly, in an in vivo rat mammary tumor model, not only did CREB3L1-express-
ing cells fail to form metastases compared to CREB3L1 null cells but regression of the primary tumors was seen in 70% of the
animals as a result of impaired angiogenesis. Microarray and chromatin immunoprecipitation with microarray technology
(ChIP on Chip) analyses identified changes in the expression of many genes involved in cancer development and metastasis, in-
cluding a decrease in those involved in angiogenesis. These data suggest that CREB3L1 plays an important role in suppressing
tumorigenesis and that loss of expression is required for the development of a metastatic phenotype.

Homeostasis within the endoplasmic reticulum (ER) is essen-
tial for correct protein folding (1). Exposure of the ER to

stresses such as glucose or nutrient depletion, expression of mu-
tant or misfolded proteins, changes in calcium homeostasis, or
hypoxia leads to the accumulation of unfolded proteins (2). In an
attempt to compensate for this, the ER activates the unfolded pro-
tein response (UPR) (3–5). The UPR increases the folding capac-
ity of the ER, reduces the translation of new proteins, and in-
creases the degradation of misfolded proteins. If all else fails, the
UPR signals for apoptosis. There are 3 major effector proteins of
the UPR, inositol requiring 1 (IRE1), PKR-like ER kinase (PERK),
and activating transcription factor 6 (ATF6) (6). Under nonstress
conditions, all of these proteins are held in an inactive state in the
ER membrane through binding to the chaperone GRP78/BIP1
(7–9). As unfolded proteins begin to accumulate in the ER, GRP78
detaches from these effectors in order to bind hydrophobic re-
gions on the unfolded proteins, preventing their further transit
and secretion. The unfolded proteins are then ubiquitinated and
either refolded or degraded by the proteasome (6, 10). Once re-
leased from GRP78, IRE1, PERK, and ATF6 function to increase
transcription of ER chaperones and members of the UPR. Pro-
teins downstream of all 3 UPR receptor pathways have been iden-
tified as having proapoptotic roles; however, the point at which
the “apoptotic switch” is activated is not known (11, 12).

A new member of the UPR, termed OASIS, was recently iden-
tified in mice (13). It is a transcription factor containing a basic
region-leucine zipper (b/Zip) motif as well as a transmembrane
sequence and is activated through regulated intramembrane pro-
teolysis. Following activation of the UPR, OASIS is trafficked from
the ER to the Golgi compartment, where it is cleaved to an active
form. It then translocates into the nucleus and binds specifically to
the cyclic AMP (cAMP) response element (CRE) consensus se-
quence and to ER stress response elements (ERSE) I and II, via its
b/Zip domain (14). This transcriptional activation results in ex-
pression of many genes, including ER chaperones, such as GRP78,
and OASIS itself (15).

A number of studies have suggested a role for the UPR in the

development of cancer, more specifically, in regulating the bal-
ance between the senescence, proliferation, and apoptosis of can-
cer cells in the tumor microenvironment (16, 17). For example,
XBP1 is a transcription factor activated downstream of IRE1, and
small interfering RNA (siRNA)-mediated knockdown of XBP1 in
cancer cells results in failure of the cells to form tumors in mice
(18). Bi et al. showed that tumors derived from PERK-positive
transformed cells grew much more rapidly than PERK-negative
tumors in nude mice (19). Finally, several groups have shown that
blocking the UPR makes tumor cells more sensitive to chemother-
apy, both in vitro and in vivo (20). These data suggest that the UPR
is essential for survival of cancer cells in the tumor microenviron-
ment, possibly acting by increasing resistance to some of the
stresses encountered in the microenvironment. Recently, our lab-
oratory has identified the human and rat homologue to OASIS
called CREB3L1 (CRE-binding protein 3-like protein 1) as a key
protein expressed in nonmetastatic human and rat breast cancer
cells whose expression is lost in metastatic cells.

In this report, we identify a clear relationship between loss of
CREB3L1 expression and the development of a metastatic pheno-
type, providing strong evidence that CREB3L1 is a metastasis sup-
pressor.

MATERIALS AND METHODS
Cell culture. Our laboratory has established a rat mammary tumor model
where highly (LN4D6) and poorly (CAbD5) metastatic subpopulations
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have been derived from the R3230Ac rat mammary adenocarcinoma
(21). Stable LN4D6�pUB6-HA3CREB3L1 (LN4D6 CREB3L1) and
LN4D6�pUB6-HA3 vector-only (LN4D6 vector) transfected cell lines
were generated. The CREB3L1 sequence inserted into the vector was the
complete coding sequence (amino acids 1 to 520 [NP_001005562.1]) with
the addition of EcoRI and BamHI restriction sites for insertion. The same
transfectants were generated with the human MDA-MB-435 cell line
(ATCC HTB-129) using pcDNA 3.1(�) vector (amino acids 1 to 519
[NM_052854.3]). There have been conflicting reports in the literature
about the origins of the MDA-MB-435 cells. Gene profiling of the MDA-
MB-435 cells has suggested that it is of melanocytic rather than breast
epithelial origin and is actually the M14 melanoma cell line (22, 23).
However, it has also been suggested that, as the MDA-MB-435 cells secrete
milk proteins (24) and have been shown to have two X chromosomes
whereas the M14 cell line was derived from a man, they are in fact from a
mammary origin (25). Knockdown of CREB3L1 in the CAbD5 cells was
achieved using lentiviral small hairpin RNA (shRNA), according to the
manufacturer’s instructions (Santa Cruz Biotechnologies Inc.). Briefly,
1 � 105 infectious units of virus of CREB3L1 shRNA (sc-72995-V) or
scrambled control shRNA (sc-108080) lentiviral particles were used to
infect CAbD5 cells using 5 �g/ml Polybrene (sc-134220) prior to selection
of stable clones in 50 �g/ml puromycin dihydrochloride (sc-108071).
Knockdown was assessed using real-time PCR and Western blot analysis.
LN4D6, MDA-MB-435, EA.hy926 (ATCC CRL-2922), and CAbD5 cells
were maintained in complete RPMI 1640 (10% fetal bovine serum [FBS])
at 37°C with 5% CO2. The LN4D6 and MDA-MB-435 transfected cell
lines were maintained in complete RPMI 1640 with 5 �g/ml blasticidin for
selection at 37°C with 5% CO2. Hs578Bst (ATCC HTB-125), ZR-75-30
(ATCC CRL-1504), CAMA-1 (ATCC HTB-21), MDA-MB-361 (ATCC
HTB-27), BT-20 (ATCC HTB-19), MDA-MB-157 (ATCC HTB-19),
MDA-MB-435 (ATCC HTB-129), and HCC 1428 (ATCC CRL-2327)
were obtained from the American Type Culture Collection and were
maintained according to the supplier’s instructions. All cell lines were
routinely checked and negative for mycoplasma using a MycoSensor
QPCR assay kit (Agilent Technologies).

Western blot analysis. Western blot analyses were performed to de-
termine the expression of hemagglutinin (HA)-CREB3L1 in the trans-
fected cells as previously described (26). The quality of the available anti-
bodies for CREB3L1 was deemed to be inadequate (many cross-reacting
bands on Western blots), so we transfected the cells with human HA3-
tagged CREB3L1, as described above, and probed for HA (Santa Cruz) (5
�g/ml), CREB3L1 (a gift from J. Ye, University of Texas [UT] Southwest-
ern Medical Center), or GRP78 (Santa Cruz) (400 ng/ml) using either 25
�g or 75 �g of protein. Blots were also probed for GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) (Santa Cruz) (5 �g/ml) as a loading
control. Infrared 680-nm and 800-nm dye-tagged secondary antibodies
(Odyssey) (200 ng/ml) were used, and proteins were visualized using a
LiCOR Odyssey infrared imager.

Cell-based assays. All cell lines were assayed for their ability to migrate
and invade through an 8-�m-pore-size filter membrane toward medium
containing 10% FBS or conditioned medium. Conditioned media were
obtained from flasks of different cell types that had been growing in com-
plete medium for 24 h. Negative controls were migrated toward 0.5%
FBS-containing medium as previously described (27). Cells were serum
starved for 24 h in RPMI 1640 containing 0.5% FBS prior to migration or
invasion. Invasion assays were performed similarly with the exception
that the filters were coated with 1 mg/ml Growth Factor Reduced Matrigel
(BD Biosciences) and incubated for 24 h instead of 8 h. Data are expressed
as numbers of migrated cells per field (10�).

Proliferation of cells was assessed using a Vybrant MTT [3-(4,5-di-
methyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] cell prolifer-
ation assay kit (Invitrogen) according to the manufacturer’s instructions.
Briefly, 5 � 103 cells were plated in the wells of a 96-well plate in complete
medium for 48 h at 37°C prior to analysis with MTT.

All cell lines were assessed for their ability to adhere to constituents of
the extracellular matrix as previously described (28), with the wells of a
96-well plate coated with either 25 �g/ml fibronectin (Invitrogen) or 50
�g/ml rat tail collagen IV (Gibco).

Soft-agar assays were performed as previously described (29).
For wound-healing assays, cells were grown to confluence on 10-cm2

plates and 3 scratches were made using a 200-�l pipette tip. Media were
replaced with either complete or conditioned RPMI 1640, and the cells
were allowed to grow for 24 h, with photographs taken at specific time
points.

Hypoxia and apoptosis assays. Cells were plated at 1 � 105/well in
6-well plates and incubated for 24 h at 37°C with 5% CO2. The plates were
then transferred to a hypoxia chamber and incubated at 37°C under hy-
poxic conditions (1% oxygen, 5% carbon dioxide, and 94% nitrogen) for
24 h and then allowed to recover under normoxic conditions for 24 h.
Cells were resuspended at a concentration of 1 � 106 cells/ml in 200 �l of
annexin binding buffer (Invitrogen). Fluorescein isothiocyanate (FITC)-
conjugated annexin V (Invitrogen) was added at a concentration of 2
�g/ml. The cells were incubated for 15 min in the dark at 37°C. Following
incubation, an additional 300 �l of binding buffer was added to dilute the
annexin V. Immediately before analysis by flow cytometry, 12.5 �g/ml
propidium iodide (Invitrogen) was added to each sample. The cells were
then analyzed by flow cytometry using a Coulter XL flow cytometer.

Rat tumor model and immunohistochemistry. In vivo breast cancer
models were designed to assess the potential of the tumor cells to grow and
subsequently metastasize to the draining lymph node. Fischer F334 rats
(Charles River) were injected with wild-type LN4D6, LN4D6 pUB6
CREB3L1 transfected cells, or LN4D6 cells transfected with the empty
vector as previously described (30). All animals used in this study were cared
for and used in accordance with the guidelines of the Canadian Council on
Animal Care and the regulations of the University of Saskatchewan Animal
Care Committee (protocol number 20080071).
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FIG 1 CREB3L1 is lost in highly metastatic cell lines. (A and B) Western blot analysis of (full-length) CREB3L1 expression in metastatic LN4D6 and poorly
metastatic CAbD5 rat cell lines (A) and normal Hs578Bst, poorly metastatic ZR-75-30, CAMA-1, and MDA-MB-361, and highly metastatic BT-20, MDA-MB-
157, MDA-MB-435, and HCC1428 human breast cancer cell lines (B). Briefly, Western blot analysis was performed using 75 �g of cell lysates, which were
resolved by SDS-PAGE and immunoblotted with either anti-CREB3L1 or anti-GAPDH (loading control). The results are representative of 3 independent
experiments.
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Immunohistochemical staining to detect angiogenesis was performed us-
ing a peroxidase detection reagent pack (Thermo Scientific) according to the
manufacturer’s instructions. Briefly, 5-�m-thick sections were incubated
with a rat anti-CD34 primary antibody (R&D Systems) (10 �g/ml) overnight

at 4°C followed by incubation with a horseradish peroxidase (HRP)–rabbit
anti-goat secondary antibody (Invitrogen) (1:1,000) for 2 h at room temper-
ature before detection with DAB (3,3=-diaminobenzidine tetrahydrochlo-
ride) for 10 min. Stained vessels were counted as either small (�2-mm diam-
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FIG 2 Expression of CREB3L1 alters some of the tumorigenic properties of breast cancer cells. (A and B) LN4D6 and MDA-MB-435 cells were transfected with
HA-tagged full-length CREB3L1. Briefly, 75 �g (for CREB3L1) or 25 �g (for HA and GAPDH) of cell lysates was resolved by SDS-PAGE and immunoblotted with either
anti-CREB3L1 (A) or anti-HA (B) (HA-CREB3L1) in addition to anti-GAPDH as a loading control. (C to F) Determination of the metastatic properties of LN4D6 and
MDA-MB-435 cells left untransfected (�) or transfected with a vector control or CREB3L1 on the migration (C) and invasion (D) of cells after 8 and 48 h, respectively,
through an 8-�m-pore-size filter toward medium containing 10% FBS (�) or 0.5% FBS (�) and on the proliferation (E) and adhesion (F) of cells to fibronectin (filled
bars) or collagen (open bars). Abs, absorption. (G) Fraction of apoptotic cells (1 � 105 cells plated) under normoxic conditions (open bars) or after 24 h of hypoxia
followed by 24 h of growth under normoxic conditions (filled bars). (H) Numbers of colonies more than 32 cells in size formed in soft agar after 10 days (5 � 104 cells
plated). The data are the means � SE of the results of 3 independent experiments each with triplicate measurements. *, P � 0.01; **, P � 0.001.
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eter) or large (�2-mm diameter) in 9 random fields, and data were expressed
as numbers of stained vessels per field (20�).

All images were taken at �100 magnification on a Nikon Coolpix 990
camera using a Nikon Eclipse TE300 microscope, unless otherwise indi-
cated.

Microarray. Microarray analysis comparing LN4D6 wild-type cells
and LN4D6 CREB3L1 transfected cells was performed. Briefly, total RNA
was isolated from the cell lines using an RNeasy kit (Qiagen). RNA was
analyzed in triplicate by the London Genomics Centre, Ontario, Canada,
using the Rat 230 2.0 array. Data were analyzed by a qualified bioinforma-
tician at the London Genomics Centre, with only genes that had a 1.4-fold
increase or decrease in expression with a significance of P � 0.05 being
included in the final results.

Real-time PCR. Total RNA was isolated from cell lines and tumors
using an RNeasy kit (Qiagen), and cDNA was generated using oligo(dT)
primers with a Superscript II RNase reverse transcription system (Invit-
rogen). Real-time TaqMan PCR was performed according to Applied Bio-
systems protocols. All samples were loaded in triplicate wells, and fluores-
cence emission was detected by an ABI Prism 7000 sequence detection
system (Applied Biosystems). Primers and probes were purchased from
Applied Biosystems. All results were normalized to the expression of en-
dogenous glyceraldehyde-3-phosphate dehydrogenase mRNA and are ex-
pressed as relative increases or decreases in expression compared to con-
trols.

ChIP on Chip microarray. Initially, a chromatin immunoprecipita-
tion (ChIP) assay was performed using an EpiQuick chromatin immuno-
precipitation kit (Epigentek) and an HA-X (F-7) antibody (Santa Cruz).
All procedures were carried out according to the manufacturer’s specifi-
cations. The ChIP DNA was then amplified using a GenomePLex whole-
genome amplification 4 (WGA-4) kit (Sigma), according to the manufac-
turer’s specifications. The amplified DNA was then purified using a
QIAquick PCR purification kit (Qiagen). Samples were then sent to Roche
Nimblegen (Reykjavik, Iceland) for analysis using microarray technology
(Human ChIP 2.1 M Dlx Prom Arr Ser and Rat ChIP 385K Prom Set-2 Arr
Ser). CREB3L1 was considered bound only to genes with a false-discov-
ery-rate (FDR) value of �0.2, as the manufacturer recommended.

CAT activity. Chloramphenicol acetyltransferase (CAT) assays were
carried out to confirm selected ChIP on Chip data as previously described
(31). Promoter sequences were generated for PTGES (5=-GACTCGAGG
TCATTTGGGGTTAGGGGTGGTA and 3=-GAAGATCTGTCACACCG
GGACTGAGAGTGAG) and fgfbp1 (5=-GACTCGAGGTCACACACTCT
GGCTTTCCACACC and 3=-GAAGATCTGTCATCCAATGGCTTGAG
ACTGC) and inserted into the pCAT 3 basic vector using XhoI and BglII
restriction enzymes (New England BioLabs).

Statistical analyses. All results were expressed as means � standard
errors (SE) of the results from replicate samples. Unless otherwise stated,
the statistical significance of changes was assessed by the application of
either the Student t test or analysis of variance (ANOVA) using Microsoft
Excel 2007, depending on which was more applicable.

Microarray data accession number. Raw microarray data have been
deposited in the NCBI Gene Expression Omnibus under accession no.
GSE51857.

RESULTS

Our laboratory has established a rat mammary tumor model
where highly and poorly metastatic subpopulations, termed
R3230Ac-LN4 and R3230Ac-CAb, respectively, have been derived
from the same R3230Ac rat mammary adenocarcinoma (21, 30,
32). In the experiments described in this paper, clonal isolates of
these two cell populations, LN4D6 and CAbD5, were used. One
gene that was found to be highly differentially expressed was
CREB3L1, which was expressed in the poorly metastatic CAbD5
cell line but not expressed in the highly metastatic LN4D6 cell line
(Fig. 1A). In human breast cancer cell lines, the expression of
full-length CREB3L1 was also found in nonmetastatic or poorly

metastatic cell lines but lost from metastatic cell lines (Fig. 1B).
These results suggest that CREB3L1 expression is limited to cells
of low metastatic potential.

We examined the effects of (HA-tagged) ectopically expressed
CREB3L1 in the highly metastatic non-CREB3L1-expressing
LN4D6 and MDA-MB-435 cell lines. Following transfection,
CREB3L1 was expressed in the cells as 2 forms, the larger full-
length form and the smaller cleaved form (Fig. 2A and B). The
cleaved form, which is transcriptionally active, translocates to the
nucleus, influencing transcription. We have included MDA-MB-
435 cells in our analysis of CREB3L1 in breast cancer cell lines (see
Materials and Methods for the rationale).

Several cell-based assays were performed to determine the ef-
fects of CREB3L1 expression on the biological properties of the
LN4D6 and MDA-MB-435 cells. CREB3L1 expression signifi-
cantly reduced the migratory (Fig. 2C) and invasive (Fig. 2D)
properties of the cells but had no effect on the proliferation (Fig.
2E) or adhesion to fibronectin or collagen (Fig. 2F) of any of the

FIG 3 Expression of CREB3L1 prevents metastasis and results in tumor
regression. Growth of tumors in a footpad model of cancer growth and
metastasis in LN4D6 (A), LN4D6 vector control (B), and LN4D6 CREB3L1
(C) cells (1 � 106 cells) with 10 rats per cell line is shown. The results are
representative of 1 of 3 independent experiments each giving similar results.
Combined results from all 3 experiments are in Table 1. **, P � 0.001 (com-
pared to LN4D6 at 60 days).
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cell lines. When cells were grown under hypoxic conditions and
then allowed to recover for 24 h, the cells expressing CREB3L1
showed a significant increase in apoptosis compared to the corre-
sponding cells lacking CREB3L1 or vector controls, with no dif-

ference in apoptosis detected between the cell lines under nor-
moxic conditions (Fig. 2G). Soft-agar experiments demonstrated
a significantly decreased ability of the LN4D6 and MDA-MB-435
CREB3L1 transfected cells to form nonadherent colonies com-
pared to the corresponding parental and vector control cell lines
(Fig. 2H). These results indicate that cells lacking CREB3L1 ex-
pression are more migratory, invasive, and resistant to hypoxia-
induced apoptosis and exhibit anchorage-independent growth, all
properties associated with highly metastatic cells (33–35).

To evaluate the effects of CREB3L1 expression on primary tu-
mor growth and metastasis, we employed a rat mammary tumor
model of breast cancer metastasis. Rats (10/group for each cell
type for each of 3 independent experiments) were injected with
cells, including LN4D6 (Fig. 3A), LN4D6 vector (Fig. 3B), or

TABLE 1 Summary of the numbers of animals with primary (�0.5-cm3)
tumors and metastases from all 3 experiments

Culture

No. of animals (n 	 20 [10 per expt]):

With 0.5–1.0-cm3

primary tumor
With
metastases

LN4D6 29 26
LN4D6 � vector 28 24
LN4D6 � CREB3L1 9 0
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FIG 4 CREB3L1 expression inhibits angiogenesis in tumors. (A to C) Immunohistochemistry for CD34 expression on blood vessels in tumors removed at day
40 from the footpad of rats injected with LN4D6 (A), LN4D6 vector control (B), and LN4D6 CREB3L1 (C) cells (1 � 106 cells). (D) A negative staining control
assay was also performed on an LN4D6 vector section in which the primary antibody to CD34 was omitted. (E) The numbers of small vessels (�2 mm in
diameter) and large vessels (�2 mm) in each field were qualified. A total of 9 fields from 3 different tumors in each group were assessed, and the results are
expressed as vessels/field. The data are the means � SE of the results of 2 independent experiments. **, P � 0.001.
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LN4D6 CREB3L1 (Fig. 3C) cells. The majority of rats injected with
LN4D6 as well as LN4D6 vector cells developed large primary
tumors that metastasized to the popliteal lymph node (Fig. 3A and
B and Table 1). In contrast, none of the animals injected with
CREB3L1-expressing cells had metastases (Table 1), even among
the 30% of animals that produced primary tumors � 1 cm in
diameter. In addition, tumor regression was seen in 70% of the
animals injected with the CREB3L1-expressing cells, with tumors
reaching 0.4 to 0.7 cm in diameter before regression was observed
(Fig. 3C).

To determine if CREB3L1 expression had an impact on the
formation of new vasculature, the experiment was repeated and
tumors were removed at day 40 and stained for CD34, which is
expressed on the surface of endothelial cells lining blood vessels
(Fig. 4A to D). Tumors formed from cells expressing CREB3L1
had a significant (P � 0.001) reduction in the total number of
blood vessels compared to the LN4D6 and vector control cell re-
sults. In particular, there was a significant (P � 0.001) decrease in

the number of large (�2-mm-diameter) blood vessels in the
CREB3L1-expressing tumors but no difference in the number of
small (�2-mm-diameter) vessels (Fig. 4E). Altogether, these re-
sults strongly suggest that CREB3L1 plays a role in metastasis sup-
pression and may also be involved in the suppression of hypoxic
and/or angiogenic responses that allow large tumors to survive.

To determine the potential impact of factors secreted by
CREB3L1-expressing or -nonexpressing cells on neighboring
cells, conditioned media from cells expressing or lacking
CREB3L1 were added to endothelial cell migration and che-
motaxis assays. Media conditioned by the LN4D6- and MDA-
MB-435 CREB3L1-expressing cells showed a significantly reduced
migration of EA.hy926 cells in a wound-healing assay compared
to media conditioned by the corresponding cells transfected with
vector only and complete medium (Fig. 5A and B). Chemotaxis
assays of EA.hy926 cells across a membrane showed similar re-
sults, with the conditioned medium from cells expressing
CREB3L1 inducing less cell migration than medium from nonex-
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pressing cells (Fig. 5C). Together, these cell-based assays suggest
that CREB3L1-expressing cells have reduced metastatic cell prop-
erties and may exert some of these effects through altered expres-
sion of secreted factors that influence neighboring cells.

To determine the effect of CREB3L1 on gene expression, two
different approaches were taken. First, microarray analysis com-
paring LN4D6 CREB3L1 cells with LN4D6 cells was performed,
identifying significant differences in the expression of a large
number of genes (see Table S1 in the supplemental material).
Some of the most significant (�2-fold) changes were in genes that
influence tumor development and metastasis (Table 2). Selected
differential gene expression results were further verified by real-
time PCR analysis, as indicated (Table 2).

Second, ChIP on Chip promoter analysis was performed on
both LN4D6 and MDA-MB-435 cells expressing or lacking

CREB3L1, identifying genes with promoters that are specifi-
cally bound by CREB3L1 (see Table S2A and B in the supple-
mental material), potentially regulating their transcription.
Those genes that were identified in both cell lines in the ChIP
on Chip experiments as targets for CREB3L1 regulation were
compared with the genes whose expression was altered by
CREB3L1 in the microarray data for the LN4D6 cell line. Those
appearing in both lists were compiled (Table 3). Fragments of
the promoters of two of these genes, pleiotrophin (Ptn) and
FGFbp1, were used to confirm the ChIP on Chip data in CAT
assays, showing decreased activity of the promoters in the pres-
ence of CREB3L1 (Table 3). These results demonstrate that
CREB3L1 specifically associated with the promoter of these
genes and regulates, in most instances negatively, their expres-
sion. A number of these CREB3L1 targets have known func-

TABLE 2 CREB3L1 regulates the expression of a number of genes involved in angiogenesis, metastasis, apoptosis, and growth in cancera

Expression change
category and gene Process(es) Function

Fold
change in
expression

Real-time
fold change

Negative
Prostaglandin E

synthase
Angiogenesis Overexpressed in colorectal and lung cancer; associated with

disorganized vascular; deletion suppresses growth in
intestinal cancer

�66 �83

Anp32A Growth Apoptosis; reduction causes cells to differentiate and
decreases growth

�45 �50

Hdgfrp Growth Stimulates cell growth; downregulation inhibits lymphoma
proliferation

�21

Igfbp5 Metastasis/invasion Overexpression increases invasion and progression in glioma;
overexpression associated with poor outcome in breast
cancer

�19

FGFbp1 Angiogenesis Increases angiogenesis �19 �20
Hpgd Growth Downregulated in breast cancer; upregulation decreases

growth and ability to form tumors
�7.3

TGFbi Angiogenesis Increases angiogenesis � inhibits immune system �6.4
Fxyd3 Apoptosis Overexpressed in breast cancer; silencing decreases

proliferation � increases apoptosis
�5.1

Adrenomedullin Angiogenesis Increases vascular growth � protection for hypoxic apoptosis �5
Crystallin, alpha B Apoptosis Protects cancer cells from apoptosis; inhibition sensitizes cells

to apoptosis
�4.9

Aquaporin 1 Growth Overexpressed in breast cancer and adenocarcinomas;
induces proliferation � enhances anchorage-independent
growth

�3.8

MMP13 Metastasis/invasion Increased in many cancers; involved in invasion �3.6
Interleukin 13 receptor,

alpha 2
Growth/immune

response
Acts as a decoy receptor for IL-13 � IL-4, preventing

signaling; IL-13 � IL-4 suppress tumor growth
�2.6

CXCL10 Angiogenesis Angiostatic �2.1

Positive
JAM3 Invasion Enhances adhesion to ECM � invasion 3.8
Apelin Angiogenesis Angiogenic factor; associated with earlier onset of tumor

development
3.4 3.98

Angiopoietin 1 Angiogenesis Increases vascularization in early stages of cancer 3.2
Cebpd Growth Induces cell cycle arrest; reduced in advanced breast cancer;

possible tumor suppressor; STAT3 target gene and thus a
mediator of proapoptotic gene expression

3.1 3.3

Legumain Metastasis/invasion Novel asparaginyl endopeptidase; increases migration �
invasion in vitro � in vivo

2.2

Calcium-activated
chloride channel

Apoptosis Downregulated in breast cancer cells resistant to apoptosis;
overexpression in breast cancer reduces colony formation
and increases apoptosis

2.1

a Data represent the top 20 significant negative and positive gene expression changes (�2-fold) from microarray analyses of LN4D6 with CREB3L1 compared to LN4D6 cells, with
real-time expression validation for some of the genes. ECM, extracellular matrix; IL, interleukin.
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tions in cancer development, including cell growth, apoptosis,
angiogenesis, invasion, and metastasis.

Selected experiments performed in the LN4D6 and MDA-MB-
435 cell lines were confirmed by knockdown of CREB3L1 expres-
sion (approximately 91%) in the poorly metastatic CREB3L1-
expressing CAbD5 cells (Fig. 6A and B) to ensure that the effects
being seen on the biological properties of the cells could be attrib-
uted to CREB3L1 expression. Knockdown of endogenous
CREB3L1, but not a scrambled control, significantly increased the
migratory (Fig. 6C) and invasive (Fig. 6D) properties of the cells
but had no effect on the proliferation (Fig. 6E) or adhesion to
fibronectin or collagen (Fig. 6F) of the cells. Knockdown of
CREB3L1 expression also significantly increased the ability of the
CAbD5 cells to form nonadherent colonies in soft-agar assays
compared to the corresponding parental and scrambled control
cell lines (Fig. 6G). When cells were grown under hypoxic condi-
tions and then allowed to recover for 24 h, the knockdown of
CREB3L1 resulted in a significant decrease in apoptosis compared
to the corresponding cells expressing CREB3L1 (i.e., CAbD5) or
scrambled controls, with no difference in apoptosis detected be-
tween the cell lines under normoxic conditions (Fig. 6H). These
hypoxic conditions resulted in the induction of the UPR as dem-
onstrated through induction of GRP78 in all cell lines with regu-

lated intramembrane proteolysis of CREB3L1, when present, in
the CAbD5 and scrambled control (Fig. 6I). Medium conditioned
by the CAbD5 knockdown cells significantly stimulated the mi-
gration of EA.hy926 cells in a wound-healing assay at a level sim-
ilar to that seen with complete medium compared to medium
conditioned by the CAbD5 (CREB3L1-expressing) parental cells
(Fig. 6J). These knockdown data are consistent with the ectopic
studies showing that cancer cells lacking CREB3L1 have increased
migration, invasion, resistance to hypoxia-induced apoptosis, and
anchorage-independent growth, all properties associated with
highly metastatic cells.

DISCUSSION

CREB3L1 is a member of the UPR pathway that is activated in
response to cytotoxic conditions such as hypoxia (36, 37). The
UPR has been shown to be cytoprotective in many situations, but
prolonged activation leads to apoptosis (38). Numerous studies
have identified a role for the UPR in regulating cancer develop-
ment, both positively and negatively, but there is still a lack of
understanding as to the specific role the UPR plays (17, 39). For
example, increased expression of GRP78 is seen in breast and co-
lon cancer cell lines (40) and XBP1 has been shown to be vital for
cancer development (18).

TABLE 3 CREB3L1 specifically associates with the promoter of a number of genes involved in cancer, altering expressiona

Expression change
category and gene Process Function

Fold
change in
microarray

CAT
activity
fold change

Negative
Banp_predicted Tumor suppressor Negatively regulates p53 transcription; functions as a cell cycle regulator

and tumor suppressor
�37

FGFbp1 Angiogenesis Increases angiogenesis; elevated levels in many cancers �19 �11
Chrnb4 Unknown Unknown �18
Ptprf Metastasis Decreased in breast cancer, leading to prolonged activation of EGFR �3.1
Gsta4 Unknown Unknown �2.9
Pla2g2a Metastasis Prevents migration and invasion of cells in gastric cancer �2.4
Mxi1 Tumor suppressor Antagonizes c-myc activity; mutated in some prostate cancers �2.1
Rasl11b Tumor suppressor Ras-related GTPase; potential tumor suppressor �2.1
Ptn Angiogenesis Increases angiogenesis; elevated levels in many cancers �2 �3.1
Mt1a Unknown Unknown �1.8
Rhebl1 Tumor suppressor Involved in the activation of mTor pathway; potential tumor suppressor �1.8
Daf1 Apoptosis Complement-regulatory protein, protecting cells from apoptosis;

upregulated in colorectal cancer and associated with a poor prognosis
�1.6

Blnk Tumor suppressor Regulates activation of JAK/STAT5 pathway in pre-B cells; loss of
expression leads to development of pre-B cell leukemia

�1.6

Dlx1 Growth/metastasis Increased in ovarian cancer, promoting proliferation and migration �1.5
Phyh Unknown Unknown �1.5
Lrp1 Invasion Involved in the clearance of biological molecules from pericellular

environment; increases the invasion of cancer cells
�1.5

Gstt1 Protection Involved in inactivation of carcinogenic substances; polymorphisms
related to increased risk of many cancers

�1.5

Positive
Sparc Metastasis Regulates cell-matrix interactions, cellular proliferation and migration;

promotes metastasis
2.7

Gpc4 Unknown Unknown 1.7
Phf11 Unknown Unknown 1.6
Hmgcr Oncogene Potential oncogene with increased expression promoting proliferation

and transformation through Ras
1.6

a Genes that were present in both the ChIP on Chip data analysis of LN4D6 and MDA-MB-435 with CREB3L1 compared to LN4D6 and MDA-MB-435 cells and, importantly, were
also identified in the microarray analysis as having significant negative and positive gene expression changes are shown. The ability of CREB3L1 to regulate selected promoters was
confirmed using reporter constructs and CAT assays. EGFR, epidermal growth factor receptor.
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However, studies in mouse models of prostate cancer demon-
strated a decrease in the expression of UPR members in the pro-
gression from normal to high-grade prostatic intraepithelial neo-
plasia (39). So et al. hypothesized that, whereas upregulation of
the UPR members may protect some cancers by increasing protein

folding and prolonging survival, downregulation may prevent the
activation of apoptotic events, allowing tumor progression (41).
Our results support a model where loss of CREB3L1 expression
may contribute to or be required for cancer progression and a
metastatic phenotype, in a manner similar to that seen with the
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prostate models (39). This is consistent with recent findings that
suggest a tumor suppressor role for CREB3L1, with chromosome
fusion of the CREB3L1 gene resulting in the development of low-
grade fibromyxoid sarcoma, and a potential role for CREB3L1 in
preventing virus-induced tumorigenesis (42, 43).

This model for CREB3L1 function is supported by the rat stud-
ies in which cells expressing CREB3L1 initially formed primary
tumors that subsequently regressed in 70% of animals, with no
regression in the tumors derived from nonexpressing cells. Ex-
pression of CREB3L1 appears to limit not only the metastatic po-
tential of the cancer cells, as seen in the migration and invasion
assays, but also long-term survival. Sustained activation of the
UPR can ultimately lead to apoptosis, and prolonged CREB3L1
activation under these stressful conditions appears to favor apop-
tosis of the cells rather than survival, as seen in the hypoxia exper-
iments, making loss of CREB3L1 expression vital for tumor pro-
gression and cancer cell survival. This observation is in contrast to
the behavior of some other members of the UPR family, such as
ATF6 and XBP1, that have been shown to be critical for tumor
development, especially under hypoxic conditions (18, 40). This
highlights the need for further studies to more fully understand
the complex roles of the various UPR family members in posi-
tively and negatively influencing cancer development.

The formation of new vasculature is essential for the delivery of
oxygen and nutrients to a growing tumor (44, 45). Inhibition or
retardation of this process exposes the tumor cells to hypoxic con-
ditions that have been shown to prevent the growth of the tumor
and also in some cases to result in tumor regression (46, 47). A
number of studies have demonstrated that increased expression of
both FGFbp1 and pleiotrophin promotes increased angiogenesis
and tumor development (48, 49). We find that CREB3L1 specifi-
cally associated with the promoters of a number of genes, includ-
ing FGFbp1 and pleiotrophin, decreasing their expression
through its role as a transcription factor. This provides a possible
mechanism by which loss of CREB3L1 expression results in en-
hanced expression of FGFbp1 and pleiotrophin to positively reg-
ulate angiogenesis and facilitate the growth of tumors. In addition,
the decreased survival of CREB3L1-expressing cells under hypoxic
conditions and the reduced ability to stimulate endothelial cell
migration are two important factors that may influence the for-
mation and survival of tumors from CREB3L1-expressing cells.
This idea is supported by the findings indicating that the forma-
tion of new vasculature in tumors derived from CREB3L1-ex-
pressing cells was significantly impaired and is likely responsible
for the regression seen in these tumors. The numbers of small
vessels were similar for all of the tumors regardless of CREB3L1
expression and may explain why the tumors show an initial period
of growth. However, the significant reduction in the number of
large vessels in the tumors formed by CREB3L1-expressing cells
may impair the formation and sustainability of larger tumors.
These effects of CREB3L1 are quite novel, since previous studies
have demonstrated that several other members of the UPR, in-
cluding ATF6, increase the expression of VEGF-A and therefore
promote angiogenesis under hypoxic conditions (50).

Our results clearly show that CREB3L1 has an important role
in suppressing tumorigenesis. Through its role as a transcription
factor, CREB3L1 suppresses the expression of genes involved in
cancer cell survival and angiogenesis. Similar roles for CREB3L1
have been identified in other cell systems. The increase in protein
production seen during cancer development and progression is

mirrored in virus-infected cancer cells, where there is an excessive
load on the ER as a result of synthesis of viral; both that increase
and the viral protein synthesis can induce ER stress. CREB3L1 has
been shown to prevent the spread of the hepatitis C virus by lim-
iting the proliferation of virus-infected cells (43). In the case of the
virus-infected cells, CREB3L1 was cleaved and translocated to the
nucleus, where it activated the transcription of cell cycle inhibitors
blocking the proliferation of these cells. Knockdown of CREB3L1
allowed increased viral replication (43). In addition, the same
group demonstrated that CREB3L1 expression was required for
the activation of p21 by the chemotherapy agent doxorubicin,
preventing the proliferation of cancer cells. In cells lacking
CREB3L1, the effectiveness of doxorubicin was decreased (51). In
addition, CREB3L1 silencing through a chromosome fusion is
associated with low-grade fibromyxoid sarcoma (42). Taken to-
gether, these studies clearly demonstrate a protective role for
CREB3L1 in cells experiencing stressful or abnormal conditions
through the regulation of transcriptional targets and the cell cycle.

In conclusion, our data support a model whereby normal cells
express CREB3L1 and this represses the expression of genes for
cell growth, cell survival, angiogenesis, migration, and invasion.
Loss of CREB3L1 expression allows the expression of prosurvival
and proangiogenic genes, promoting a phenotype that favors sur-
vival of cancer cells and progression to a metastatic phenotype,
highlighting its importance as a tumor suppressor.
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