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Abstract
The overexpression of the colony-stimulating factor–1(CSF-1)
by epithelial ovarian cancer cells enhances invasiveness and
metastatic properties, contributing to the poor prognosis of
the patients. It has been suggested that CSF-1 3Vuntranslated
region containing AU-rich elements (ARE) could regulate CSF1 posttranscriptional expression and be responsible for its
aberrant abundance in such cancer cells. In this study, normal
(NOSE.1) and malignant (Hey) ovarian epithelial cells were
used to examine CSF-1 expression and regulation. CSF-1
overexpression in Hey cells was found to associate with
increased invasiveness, motility, urokinase activity, and
virulence of tumorigenicity, compared with NOSE.1 cells,
which expressed little CSF-1. CSF-1 ARE was further found to
serve as an mRNA decay element that correlates with downregulation of protein translation. Moreover, such downregulation was found more prominent in NOSE.1 than in
Hey cells, suggesting differences in posttranscriptional regulation. As a variety of trans-acting factors [AU-binding protein
(AUBP)] are known to modulate messenger stability through
binding to such elements, we examined the protein content of
both cell lines for their ability to bind the CSF-1 ARE. Our
results strongly suggested the abundance of such AUBP
activity in Hey cells. We isolated a 37-kDa AUBP, which was
identified as glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). To summarize, our study identified GAPDH as an
AUBP abundant in Hey cells, where it binds to CSF-1 ARE that
imparts mRNA decay. These data suggest that GAPDH binding
to CSF-1 ARE sequence prevents CSF-1 mRNA decay and
subsequent down-regulation of CSF-1 protein translation,
leading to CSF-1 overexpression and increased metastatic
properties seen in ovarian cancer. (Cancer Res 2005; 65(9): 3762-71)

Introduction
Epithelial ovarian cancers are usually characterized by an
advanced stage of tumor invasion into the lymphatic channels
and in widespread peritoneal metastases (1–3). Although progress
has been made in the diagnosis of this disease, there has been no
significant improvement in the 10-year survival of the patients and
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the molecular basis for epithelial ovarian cancer (EOC) remains
largely unknown.
Studies of invasive cancers showed high expression of many
proteins involved in the regulation of cell cycle and cell
differentiation such as growth factors, onco-proteins, lymphokines, and cytokines (3). One common feature of epithelial
cancers of breast, lung, pancreatic, endometrial, and ovarian
origin is the overexpression of the secreted form of macrophage
colony-stimulating factor, CSF-1 (4-kb mRNA isoform) and its
receptor, c-fms (3–6). The coexpression of CSF-1 and c-fms is
usually a sign of poor prognosis and can be used as a diagnostic
marker of the stage of tumor growth (7–9). The elevated levels in
the serum of CSF-1 indicate the progression or the recurrence of
the disease (10). Moreover, the increase of CSF-1 concentration in
both the serum and the ascites is usually correlated with a poor
outcome (11).
We have previously established that the ability of EOC cells to
invade extracellular matrix correlates with CSF-1 expression, and
that CSF-1–stimulated invasiveness of EOC is mediated through
urokinase-type plasminogen activator (uPA; ref. 12). Like CSF-1,
uPA has been found present in elevated levels in many cancers,
including those of breast and ovary where it is associated with poor
prognosis (13, 14). Because uPA gene expression is also modulated
by CSF-1 (15, 16), it was not surprising to observe that both factors
are overexpressed in ovarian cancer. The up-regulation of uPA and
uPA receptor (uPAR) is due in part to the stabilization of their
mRNAs through AU-rich elements (ARE) in their 3V untranslated
region (3VUTR; ref. 17). Therefore, it would be likely to observe the
same type of regulation in ovarian cancer for the CSF-1 messenger.
The human CSF-1 gene is differentially spliced (18, 19). It has been
proposed that the most abundant 4-kb CSF-1 transcript, which
encodes for the secreted CSF-1 form, contains instability determinants within the AREs of its 3VUTR exon 10, believed to be involved
in the posttranscriptional regulation of CSF-1 expression.
In the last decade, many studies have implicated AU-binding
proteins (AUBP) in either activating or blocking the rapid
degradation of ARE-containing messages of growth factors
(20, 21). One of the well-characterized AUBP is the RNA-binding
protein HuR (22). HuR is known to interact with the AREs of many
mRNA leading to their stabilization and to their rapid export from
the nucleus to the cytoplasm. Recently, it was observed that HuR
associates with both uPA and uPAR mRNA through their AREs
leading to their stabilization (17). HuR is ubiquitously expressed
and has been shown to play a key role in many processes such as
cell growth (23–27) and cell differentiation (28). These observations
suggest that a generic protein such as HuR could have functions
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that are normally attributed to cell-specific proteins. One
explanation for these results is that such protein-RNA interaction
could be differentially regulated in different cell types and under
different growth conditions. Therefore, it would not be surprising
that a protein that is ubiquitously expressed in tissues could play a
fundamental role in processes like cell cycle, differentiation, and
metastasis.
To delineate the molecular mechanisms linked to the metastatic
phenotype of EOC cells, we first established a cellular model in
which to study CSF-1 mRNA regulation. We used Hey epithelial
ovarian carcinoma cells that are highly invasive and overexpress
both uPA and CSF-1 and their normal counterparts, NOSE.1 cells,
which do not. We then studied the AU-rich sequences contained in
the 3VUTR exon 10 of CSF-1, which we showed as being mRNA
decay elements and potential targets for specific regulatory RNAbinding proteins. A 37-kDa protein was identified that bound to
that sequence in both cell lines with a much higher activity
observed in Hey cells, supporting our hypothesis that such a factor
could be responsible for increased CSF-1 protein translation with
subsequent increased virulence of tumorigenicity. This factor
turned out to be overexpressed in Hey cells and other ovarian
carcinoma cells such as Bixler, DK2NMA, and Bix3, and was
identified as glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry.

Materials and Methods
Cell culture. Both primary (Bixler, DK2NMA, and Bix3; ref. 29) and
established (Hey; ref. 30) human epithelial ovarian carcinoma cells were
maintained in DMEM/F12 Ham’s medium (Sigma, St. Louis, MO) containing
10% FCS (Life Technologies, Gaithersburg, MD), 100 units/mL penicillin/100
Ag/mL streptomycin (P/S; Life Technologies), 10 ng/mL insulin (Sigma), and
transferrin (Sigma). Normal human ovarian surface epithelial cell line
(NOSE.1), spontaneously immortalized cells from the ovary of a postmenopausal woman (gift of Dr. Andrew Berchuck, Duke University) were
cultured in M199 and MCDB1051 medium (v/v; Sigma) supplemented with
15% FCS and P/S. BT20 human breast carcinoma cells (American Type
Culture Collection, Manassas, VA) were grown in RPMI 1640 (Sigma) in the
presence of 10% FCS and P/S.
Immunohistochemical staining with anti-CSF-1 antibody. Hey and
NOSE.1 cells were serum starved for 48 hours (12, 31) before cytospin
preparation and the slides were processed as previously described (12).
Measurements for CSF-1 and urokinase activity. The amount of CSF-1
secreted in serum-starved medium was measured by sandwich ELISA as
previously described (31) and reported as pg CSF-1/mL. Urokinase activity
was measured as described (32) and reported as mPU F SE. Three
independent experiments were done.
Invasion and motility assays. Quantitative studies of degree of invasion
of NOSE.1 and Hey cells were carried out as previously described (31, 33).
Before the invasion assay, the cells were grown in 1% NuSerum (BD
Biosciences, San Diego, CA) for 24 hours to limit the presence of protease
inhibitors. The invasion assay was carried out in 1% NuSerum for the same
reason. The results were reported as mean percent invasion F SE.
Nonrandom motility studies towards the chemoattractant, fibronectin
(Sigma), were carried out as described (33). The results were reported as
mean percent motility F SE. At least three independent invasion and
motility experiments were done for calculation of SE.
Virulence of tumorigenicity studies. Tumor burden was measured
in vivo after inoculation of NOSE.1 or Hey cells (1  106 cells in 100 AL
serum-free medium) into the peritoneal cavity (which represents the
orthotopic location for ovarian cancer) of 6- to 8-week-old female NIH
athymic NCr-nu mice (six per condition). The mice were observed for
evidence of clinically apparent disease, at which time they were sacrificed.
The extent of macroscopic metastasis was assessed. In the absence of such

www.aacrjournals.org

clinical evidence, microscopic examination was done to search for
subclinical evidence of cells. The mice were sacrificed at 7 months after
cell inoculation. The studies were done in accordance with Yale University
IACUC protocol 07744.
Chloramphenicol acetyl transferase assays. For preparation of the
constructs, we used the p2518 chloramphenicol acetyl transferase (CAT)
reporter vector (Dr. Carl Baker, NIH, Bethesda, MD; ref. 34), which does
not contain AREs. We directionally cloned into the EcoRV and BglII sites
(within the poly-linker situated 3V to the CAT coding sequences) the
terminal 144 bp of CSF-1 exon 10 (nucleotides [nt] 3,829-3,972; obtained
by PCR from p3aCSF69, Genetics Institute, Cambridge MA; ref. 18), or the
large majority of exon 9 sequences (568 bp, nt 1,013-1,580; obtained by
PCR from pcCSF-17; Dr. Martha Ladner, Chiron Corp., Emeryville CA;
ref. 35). Stable transfections of NOSE.1 and Hey cells were carried out
according to standard procedures, using LipofectAMINE (Life Technologies) with the p2518 CAT reporter vector or the p2518 CSF-1 constructs
described above, and pWLneo (Stratagene, La Jolla, CA). Several colonies
expressing neomycin resistance were isolated and grown. CAT protein
expression in the cell extracts was quantified using a CAT ELISA protocol
(Roche, Indianapolis, IN). Results were reported as pg CAT/25 Ag total
protein.
RNA analyses. Total cellular RNA was extracted from NOSE.1 or Hey
cells using standard methods. The RNAs (20 Ag per well) were electrophoresed in a 1% agarose-formaldehyde gel, and transferred onto Gene
Screen Plus (New England Nuclear, Boston, MA). The Northern blots
were then hybridized with a 32P-labeled 1.8-kb fragment of the human CSF-1
coding region, purified from p3aCSFR1 (Genetics Institute; ref. 18) or a
32
P-labeled 780-bp fragment of the CAT coding region purified from pMSG
(Pharmacia, Piscataway, NJ). In actinomycin D chase experiments, 5 Ag/mL
actinomycin D (Sigma) was added to inhibit new transcription at time 0.
CAT mRNA was followed for 2 hours; cells were harvested at various
intervals after drug treatment, total RNA extracted, and CAT mRNA level
analyzed by Northern blot as described above. Graphs of relative CAT
mRNA were derived by densitometry and half-lives determined, with the
intensity normalized for each half-life to 100% at time 0.
Protein extraction. Cell lysates were prepared from adherent cells
collected with a cell scraper, harvested by gentle centrifugation, and
washed with cold PBS. Total extracts were prepared by incubating the cell
pellets directly in gentle lysis buffer [25 mmol/L HEPES (pH 7.9),
150 mmol/L KCL, 1 mmol/L EDTA, 10 mmol/L NaF, 0.1% NP40, 1 mmol/L
DTT, and 1 protease inhibitor cocktail; Calbiochem, La Jolla, CA], for 1
to 2 hours on ice followed by centrifugation for 5 minutes at 14,000 rpm.
In the case of S100 extract preparation, the cell pellets were washed in icecold buffer A [10 mmol/L triethanolamine (pH 7.9), 10 mmol/L KCl,
1.5 mmol/L MgCl2, 0.5 mmol/L DTT, and 1 protease inhibitor cocktail],
centrifuged at 4jC for 5 minutes at 1,200 rpm, resuspended in one cell
volume of buffer A, incubated on ice for 5 minutes, and centrifuged again.
The cells were lysed in two initial cell volumes of buffer A with 20 strokes
of a type B pestle in a Dounce homogenizer and the lysate was
centrifuged at 4jC for 10 minutes at 3,000 rpm. The supernatant
was mixed with 0.11 volume of buffer B [300 mmol/L HEPES (pH 7.9),
1.4 mol/L KCl, and 30 mmol/L MgCl2] and centrifuged in a TL100
centrifuge (Beckman, Fullerton, CA) for 15 minutes at 50,000 rpm. The
supernatant (soluble fraction, S100) and the pellet (membranes) were
separately stored. Protein concentrations were determined by the Bio-Rad
protein assay with bovine serum albumin as a standard. Because different
protein preparations were used (S100 for Hey cells and total protein
extracts for NOSE.1 cells), no quantitative comparison in protein activity
could be determined in Results.
Gel shift assays. The terminal 144-nt sequence of CSF-1 exon 10 was PCR
amplified using two overlapping oligonucleotides (5V-CCCGGGGTACCCCATTGGCTCACGCACTGTGAGATTTTGTTTTTATACTTGCAACTGGTGAATTATTTTTTATAAAGTC ATTTAAATATCTATTTA-3V and 5VCCTGCTCTAGAGCGTCAACGGCAGCTTGTGCACTTCTTTTATTATTAAATATATAAGCAGCTTCCTATCTTTTAAATAGATATTTAAATGACT-3V) and
subcloned into the KpnI and XbaI restriction sites of the PGEM-3Z
(Promega, Madison, WI) transcription vector (PGEM-3Z-WT). The mutated
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sequence was inserted into PGEM-3Z (PGEM-3Z-MT) according to the same
protocol using oligonucleotides that differed from the wild-type sequence
in most AU-rich stretches (5V-CCCGGGGTACCCCATTGGCTCACGCACTGTGAGCGGGGGGGGGGCTACTTGCAACTGGTGAATTCGGGGGGCTAAAGTCATTTAAATATCTCGGGC-3V and 5V-CCTGCTCTAGAGCGTCAAC
GGC AGCTTGTGC ACTTCTTTTATGC C CGATATAAGC AGCTTC CTATCTTTGCCCGTGATATTTAAATGACT-3V). PGEM-3Z-WT and PGEM-3ZMT constructs were linearized with HindIII endonuclease and processed
according to standard procedures. Synthesis and purification of high specific
activity 32P-radiolabeled RNA probes were done according to the
manufacturer’s protocol (Promega), using [a-32P] CTP (50 ACi at 10 ACi/AL
per reaction) and T7 RNA polymerase; 104 to 105 cpm (1 AL) were used per
gel shift sample (10 AL total volume) along with 8 Ag of protein sample from
Hey, NOSE.1, or BT20 cells, and cold riboprobe as a competitor (1,500) in
5 mmol/L HEPES, 40 mmol/L KCl, 2.5 mmol/L MgCl2, 3.8% glycerol,
0.5 Ag/AL yeast tRNA, 0.1 mmol/L DTT, 0.5 Ag/AL heparin, and 1.5 mmol/L
ATP. Protein samples were first premixed with cold riboprobe (when
applied) for 10 minutes at room temperature followed by addition of
radiolabeled riboprobe. The reaction was run for 15 minutes at 30jC, before
addition of RNA loading buffer (2 AL/10 AL, 50% glycerol, 1 mmol/L EDTA,
and 0.4% bromophenol blue). Free probes and protein-RNA shifts were
separated on a 6% acrylamide gel and autoradiographed.
In the depletion experiment, protein extracts were premixed with
different antibodies at 1:250 ratio: anti-GAPDH, (Santa Cruz Biotechnology,
Santa Cruz, CA), anti–poly(A)-binding protein (Dr. Gideon Dreyfuss,
University of Pennsylvania School of Medicine; ref. 36), anti-HUR or antihnRNPD (Dr. Joan Steitz, Yale University School of Medicine, New Haven,
CT; refs. 37, 38), nutated for 1 hour at room temperature, placed in presence
of 10 AL of protein A-Sepharose beads for another hour, and spun down
before the 5.5 AL of the supernatant were added to the radiolabeled
riboprobe for a gel shift assay. Human GAPDH was purchased from SigmaAldrich (St. Louis, MO).
Northwestern analysis. One hundred micrograms of protein were
loaded per lane on a 12% SDS-PAGE gel, electrophoresed, and transferred to
nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were either
stained with Ponceau red (Sigma), or blocked for 2 hours at room
temperature in PBS 1, 0.1% Tween 20, 5 mg/mL BSA, washed twice for
5 minutes each in binding buffer (5 mmol/L HEPES, 40 mmol/L KCl,
2.5 mmol/L MgCl2, 3.8% glycerol, 0.1 mmol/L DTT, and 0.5 Ag/mL heparin),
before incubation for 1 hour at 30jC in binding buffer containing 1 Ag/mL
of tRNA (Sigma) and 1.5  106 cpm/mL of 32P-labeled riboprobe described
in the above section. The membranes were finally washed twice for
5 minutes each in binding buffer and autoradiographed.
Immunoblot. Proteins were loaded on a 10 or a 12% SDS-PAGE gel,
electrophoresed, and transferred to Immobilon P membranes (Millipore,
Bedford, MA). Anti-HuR monoclonal antibody (Dr. Joan Steitz; ref. 37) was
used at dilution 1:30,000. As anti-GAPDH antibodies, we used either a
polyclonal antibody from Santa Cruz Biotechnology or a monoclonal
antibody from Abcam, Inc. (Cambridge, MA) at 1:10,000. Actin monoclonal
antibody (Lab Vision, Fremont, CA) was used at 1:400. Immunoblot
processing and chemiluminescence protein detection were done according
to the manufacturer’s instructions (ECL detection system, Amersham
Biosciences, Piscataway, NJ) using horseradish peroxidase–conjugated
secondary antibodies (Roche).
Chromatography analysis. A S100 fraction was prepared from 0.7  109
Hey cells, dialyzed against a binding buffer [10 mmol/L sodium phosphate
(pH 7.1), 40 mmol/L KCl, 2.5 mmol/L MgCl2, 3.8% glycerol, 0.5 mmol/L
DTT, 0.2 mmol/L phenylmethylsulfonyl fluoride, and 1 protease inhibitor
cocktail; Calbiochem] containing 0.2 mmol/L EDTA and loaded on a 5-mL
HiTrap Heparin HP column (Amersham Biosciences). The column was
washed with 3  10 mL of binding buffer and proteins were gradually
eluted with a series of 5-mL solutions made of binding buffer with
increased concentrations of KCl (0.2, 0.4, 0.6, 0.8, 1, and 2 mol/L). A total of
30  1 mL fractions were collected and subsequently dialyzed overnight at
4jC against the binding buffer containing 40 mmol/L KCl. The dialyzed
samples were then all tested in a gel shift experiment as described above
(5.5 AL per assay).
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Results
CSF-1 overexpression in malignant ovarian cancer cells
correlates with in vitro and in vivo phenotypes. We previously
showed that overexpression of CSF-1 confers invasive, metastatic
properties and thereby a poor prognosis in ovarian cancer
patients (9, 12). We investigated CSF-1 expression and regulation
in normal (NOSE.1) and malignant ovarian epithelial cells (Hey).
Expression of CSF-1 was first studied by immunohistochemical
staining of cytospins prepared from NOSE.1 and Hey cells
(Fig. 1A). Results confirmed a significant overexpression of CSF-1

Figure 1. CSF-1 expression and tumor phenotype correlation studies in normal
(NOSE.1) and malignant (Hey) ovarian epithelial cells. A, CSF-1
immunohistochemical staining of cytospins prepared from NOSE.1 or Hey cells.
Antibody specificity for CSF-1 was previously assessed as its signal is competed
by molar excess of a (4 kb encoded) CSF-1 antigen (12). Minimal cytoplasmic
staining for CSF-1 in NOSE.1 cells was observed, which contrasts with intense
cytoplasmic staining (brown ) in Hey cells. B, comparative analyses for CSF-1
secretion, invasion, cellular motility, and urokinase activity. a, levels of CSF-1
secreted in the conditioned media of NOSE.1 or Hey cells (pg CSF-1/mL). Hey
cells secrete 9.5 times more CSF-1 than NOSE.1 cells. b, degree of invasion of
NOSE.1 versus Hey ovarian cancer cells, through a human extracellular matrix
barrier (% invasion F SE). Hey cells proved 10-fold more invasive than NOSE.1
cells. c, results of nonrandom motility experiments performed towards fibronectin
(% F SE). Hey cells appeared twice more motile than NOSE.1 cells. d, urokinase
(uPA ) activity was measured from both cell lysates (mPU F SE). Results showed
a 7-fold uPA overexpression in Hey cells.
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in the metastatic Hey cell line. Secreted CSF-1 was subsequently
assayed by sandwich ELISA in the conditioned media of those
cells. Hey cells showed a 9.5-fold overexpression of secreted CSF-1
compared with NOSE.1 cells (Fig. 1B, a). Because CSF-1
expression and activity are usually correlated with the ability
for cells like macrophages to invade and for malignant cells to
metastasize, we studied the invasion and motility abilities of
these cells. The difference in CSF-1 expression closely paralleled
that obtained in an in vitro invasion assay comparing the two
cell lines (Fig. 1B, b). Furthermore, the degree of nonrandom
motility of Hey cells proved >2-fold greater than that of NOSE.1
cells (Fig. 1B, c). Because CSF-1 is also known to promote uPA
activity, we measured uPA activity in the cell lysates and
observed that it was 7-fold higher in Hey than in NOSE.1 cells
(Fig. 1B, d). Lastly, whereas the genesis of tumorigenicity is
complex and unlikely due to a single genetic event, we showed
that Hey cells exhibited virulent tumorigenicity with massive i.p.
spread of tumor and clinical deterioration of the majority of nude
mice in <30 days (data not shown), confirming previous reports
(29). In contrast, 100% of the mice implanted with NOSE.1 cells
exhibited complete absence of macroscopic or microscopic
tumorigenicity after 7 months of observation. All together, these
results suggest that NOSE.1 and Hey cells represent a valid model
with which to study CSF-1 regulation, as these studies correlate
with the findings of the clinical role of CSF-1 overexpression in
human ovarian cancers (9, 13, 31).
The terminal 144-nt of CSF-1 3Vuntranslated region serves
as an mRNA decay element. Regulation of the most abundant 4-kb
CSF-1 transcript has previously been investigated in human ovarian
carcinomas and evidence was obtained that AU-rich stretches in its

3V UTR exon 10 may be responsible for mRNA decay (18, 19).
Treatment with several different protein synthesis inhibitors
resulted in marked overexpression of CSF-1 transcript levels,
suggesting a potential role for labile proteins in the regulation of
CSF-1 expression (19). Due to alternative splicing, the exon 10
sequences comprise the 3V UTR of the most abundant transcript
(4-kB CSF-1); exon 9 sequences are not included. However, the
untranslated exon 9 sequences do comprise the 3V UTR of the
1.6-, 1.9-, and 2.3-kb minor CSF-1 transcripts. In contrast to exon
10, exon 9 CSF-1 (35) does not contain any recognizable AREs
(39, 40).
To study the possible role of the AU-rich exon 10 sequences in
mRNA stability, we proceeded to a series of CAT assays, focusing on
the terminal 144 nucleotides, as this region contains an abundance
of ARE (Fig. 2A; ref. 18). We first compared the effects of the exon
10 ARE and/or that of the entire exon 9 (non-AU–rich containing
control), cloned 3Vto the CAT gene to that of the vector control, on
CAT reporter expression, after stable transfection of NOSE.1 and
Hey cells. In Table 1, we described the results of CAT protein
expression in the cell lysates from pooled stably transfected clones
for each condition. The results were confirmed on individual clones
and also with transient transfections (data not shown). Interestingly, we found that in neither cell type does exon 9 down-regulate
CAT protein expression. In contrast, we observed a significant
down-regulation of the CAT protein expression by the exon 10 ARE
sequences, which suggested the presence of a strong negative
regulatory element in the sequence. The effect was particularly
prominent in NOSE.1 cells where CAT is down-regulated 8-fold
(104 F 3 to 13 F 0.5 pg CAT/25 Ag protein), against 2.1 fold in Hey
cells (42 F 9 to 19 F 5 pg CAT/25 Ag protein).

Figure 2. CSF-1 AU-rich 3VUTR in mRNA
stability. A, schematic representation of
the 4-kb CSF-1 mRNA, which consists of
a 145-nt long 5VUTR (gray ) followed by a
coding region of 1,662 nt (black stripes ),
and a 3VUTR of 2,200 nt (gray ) containing
AU-rich motifs (black ). Terminal 144-nt
sequence (text box ); AU stretches (bold )
and the consensus polyadenylation signal
(underlined ). B, effect of exon 10 AU-rich
sequences on CAT mRNA stability.
Actinomycin D chase experiments done
to measure CAT mRNA stability in Hey
ovarian cancer cells stably transfected
with the CAT vector, or the CAT constructs
containing the non–AU-rich containing
exon 9 or the CSF-1 exon 10 sequences
cloned 3Vto CAT. The relative differences
in CAT mRNA half-lives (minutes) are of
2.1-fold between exon 10 CAT and CAT
vector and 5.8-fold between exon 10 CAT
and exon 9 CAT. C, Northern blot
analysis of total RNA from NOSE.1 cells,
or those stably transfected with the CAT
vector, or either of the CAT constructs,
for endogenous CSF-1 expression. The
probe used contains CSF-1coding region
sequences only and none of the 3VUTR.
The ethidium bromide stained gel reflects
the load of the RNA.
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Table 1. CAT assays in NOSE.1 or Hey stable transfectants
CAT construct

Vector alone
Exon 9
Exon 10

CAT protein expression*
NOSE.1

Hey

104 F 3
333 F 11
13 F 0.5

42 F 9
113 F 2.0
19 F 5

*Results reported in pg CAT/25 Ag total protein F SE.

To investigate further the mechanism for CAT protein downregulation by the exon 10 ARE, we did actinomycin D chase
experiments and determined CAT mRNA half-lives in the stably
transfected Hey cells described above (Fig. 2B). CAT mRNA half-life
was estimated at f270 minutes in the presence of exon 9
sequences, 110 minutes with the vector sequences, and 35 minutes
in the presence of the exon 10 ARE sequences, which clearly
showed their importance in mRNA decay. Importantly, the relative
differences in CAT mRNA half-lives seem to entirely account for
the differences observed in CAT protein expression in Hey cells
(Table 1).
Taken together, our data clearly showed that the 144-nt ARE is
responsible for CAT mRNA decay, leading to CAT protein downregulation in both Hey and NOSE.1 cells. Because the biological
effect of such 3VUTR sequences is thought to be regulated by RNA
protein binding, we postulated that there could be trans-acting
factors expressed in Hey cells, which mitigate the negative
regulatory effect of the AU-rich exon 10 sequence, and may be
present at lower levels or absent from NOSE.1 cells, explaining a
greater RNA instability in those cells.
To verify this hypothesis and to understand the possible
implications of the exon 10 ARE on CSF-1 mRNA posttranscriptional regulation, we studied the trans-effect of exon 10 ARE
sequences on endogenous CSF-1 mRNA level, in both NOSE.1 and
Hey stable transfectants. In NOSE.1 cells (Fig. 2C), we observed an
8-fold decrease in the level of CSF-1 mRNA when the 144-nt ARE
was expressed in trans, compared with the vector alone control.
Similar findings were observed in the Hey ovarian cancer stable
transfectants, but to a lesser degree, with only a 2-fold decrease
(data not shown). Because there is no discernable effect of
control CAT sequences on CSF-1 compared with untransfected
cells, we thought to attribute the reduction in CSF-1 mRNA
observed to excess 144-nt ARE sequences. Interestingly, this transeffect on CSF-1 mRNA level is very similar to that observed on
CAT expression in cells expressing ARE sequences in cis, with
greater degree of RNA instability/down-regulation in NOSE.1 cells.
Our data are consistent with our postulate that RNA-binding
proteins specific for the 144-nt ARE could exist, in larger amount
in Hey ovarian cancer cells than in NOSE.1 cells, and that possible
excess exon 10 ARE could compete for CSF-1 mRNA protein
binding, leading to a more unstable CSF-1 mRNA, especially in
cells of normal ovarian epithelium.
CSF-1 ARE/RNA–binding proteins are more abundant in
Hey carcinoma cells than in normal ovarian epithelial cells. To
assess the presence of potential CSF-1 mRNA-binding proteins in
ovarian epithelial carcinoma cells, gel shift RNA-protein binding

Cancer Res 2005; 65: (9). May 1, 2005

experiments were done using a riboprobe corresponding to the
terminal 144-nt AU-rich region described in Fig. 2A that we
tested in presence of protein extracts from Hey or NOSE.1 cells
(Fig. 3A). The results showed the existence of RNA-binding
proteins in the S100 fraction of Hey cells (left, lanes 2 and 3).
Their binding to the 32P-labeled riboprobe was significantly
reduced in the presence of excess cold riboprobe (lane 4). A
significantly less important shift occurred when we used NOSE.1
cell total extracts (right, lanes 2 and 3), suggesting the presence
of RNA-binding factors in NOSE.1 cells but either at a low
concentration or at a low activity. Furthermore, excess cold
riboprobe completely prevented protein binding in the NOSE.1
extract (right, lane 4). These data suggest the relative abundance
of protein factor(s) interacting specifically with the AU-rich
3VUTR of CSF-1 mRNA in ovarian carcinoma Hey cells.
A 37-kDa protein binds to the CSF-1 AU-rich exon 10 with
high affinity in Hey cells. To further characterize the RNAbinding factors, we did a Northwestern analysis with the same
protein extracts from Hey and NOSE.1 cells and the same exon
10 riboprobes used in the RNA gel shift studies. In Fig. 3B, 100 Ag
of protein extracts isolated from Hey cells (S100, lane 1), NOSE.1
cells (total protein, lane 2), and BT-20 cells, a breast carcinoma
cell line which does not express CSF-1 (ref. 41; total protein,
lane 3) were size fractionated on two identical 12% SDS-PAGE
gels, and transferred to nitrocellulose membranes. Protein
loading was assessed by Ponceau red staining (top). The
membranes were hybridized with the 32P-labeled wild-type
riboprobe (bottom left) or its mutant counterpart (bottom right).
Interestingly, hybridization to the wild-type RNA revealed two
major proteins in Hey cells: a 70-kDa protein common to all
three cell lines and a 37-kDa protein specific to Hey cells
(bottom left). The specificity of the interaction was confirmed
upon hybridization with the mutant riboprobe, because under
identical binding conditions, there was total absence of protein
interaction (bottom right).
One of the most common AU-rich RNA-binding proteins is
HuR, which has a molecular weight of 37 kDa. We therefore
checked our extracts for the presence of HuR by immunoblot
analysis with an anti-HuR monoclonal antibody (Fig. 3C).
Interestingly, HuR was equally detected in all three extracts,
suggesting that most likely our 37-kDa RNA-binding candidate
was not HuR. It then became critical to determine the identity
of this ovarian epithelial carcinoma factor.
Purification of a 37-kDa CSF-1 mRNA binding protein from
Hey cells. To identify our candidate protein, we adopted a
biochemical strategy to enrich the protein extract in RNA-binding
proteins. Because Hey cells could be grown in abundance, we were
able to prepare S100 extract from 0.7  109 cells. The extract was
dialyzed against the appropriate binding buffer and loaded on a
HiTrap Heparin HP column. After washes in the binding buffer, a
salt gradient elution (0.2-2 mol/L KCl) was applied. The various
fractions were individually dialyzed against the binding buffer and
examined in gel shift assays for binding to the CSF-1 ARE (Fig. 4A)
and in SDS-PAGE followed by silver staining (data not shown).
Figure 4A displays the binding activity throughout the salt
gradient ( fractions 1-30), including samples of S100, flow through
(F), and washes (W).
The most active fractions (4–10) were eluted with 0.2 and
0.4 mol/L KCl. When samples from the S100 extract, and fractions
representative of high activity ( fraction 4), medium activity
( fraction 9), and no activity ( fraction 23) were separated in 12%
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Figure 3. Evidence for relative abundance of CSF-1 3VUTR RNA-binding
proteins in epithelial ovarian cancer cells. A, gel shift RNA binding assays on a
cytoplasmic (S 100) fraction prepared from Hey cells and a total extract from
NOSE.1 cells, using a CSF-1 3VUTR riboprobe (144-nt sequence). Lane 1,
free probe; lane 2, 8 Ag of protein extract plus probe; lane 3, 8 Ag of protein
extract plus 3 probe; lane 4, 8 Ag of protein extract plus 1 probe in presence
of 1,500 cold probe. B, Northwestern RNA protein-binding assay on S 100
prepared from Hey cells and total extract from NOSE.1 and BT20 cells, using a
CSF-1 3VUTR riboprobe or its mutant counterpart. Membranes were either
Ponceau red stained (top ) or hybridized with the wild type or the mutant
riboprobe (bottom ). Relative migration of 37-, 50-, and 75-kDa molecular weights
(left). C, Western blot analysis of 37-kDa HuR in Hey (S 100), NOSE.1
(total extract), and BT20 (total extract) protein extracts, using a monoclonal
antihuman HuR antibody.

www.aacrjournals.org

SDS-PAGE gel that was stained with a solution of colloidal
blue (Sigma; Fig. 4B), we noticed in fractions 4 and 9 a very distinct
37-kDa band that was not visible in fraction 23 where the activity
was reduced to minimal. Finally, a Northwestern analysis was done
on active fractions 4 and 5 using the radiolabeled CSF-1 ARE
riboprobe (Fig. 4C). The results confirmed in both fractions very
strong binding to a 37-kDa protein and to another protein of
70 kDa, already identified in Fig. 3 but not specific to ovarian
cancer cells. At that point, a Western blot analysis of the same
samples was done using anti-HuR and anti-hnRNPD antibodies and
confirmed that the 37-kDa band was neither HuR nor hnRNPD
(data not shown). Although both proteins were detected in large
quantities in S100 and fraction 9, they were considerably reduced in
fraction 4.
We therefore decided to take advantage of the apparent purity of
the protein shown in Fig. 4B, to cut the 37-kDa band from the gel
and to determine its identity by MALDI-MS (Keck Laboratory, Yale
University). To our surprise, the analysis resulted in the positive
identification of the protein GAPDH.
GAPDH binds specifically to CSF-1 exon 10 ARE and is
overexpressed in EOC cells but not in normal ovarian or
breast cancer epithelial cells. To characterize the specificity of
this binding activity, human GAPDH purified from erythrocytes
was examined for its binding ability to the exon 10 ARE
sequences in a gel shift experiment (Fig. 5A). Addition of GAPDH
to the radiolabeled riboprobe resulted in a gel shift (lane 3)
comparable with that observed upon addition of Hey S100 extract
(lane 2). To confirm that result, we proceeded with a series of gel
shift experiments involving Hey S100 extract previously treated
with antibodies specific to GAPDH and other known RNA-binding
proteins (Fig. 5B). Interestingly, we were able to show that
depleting GAPDH from the S100 extract prevented the usual gel
shift to occur (lane 2), whereas depleting poly(A)-binding protein,
HuR or hnRNPD did not; the extracts retained their full ability to
shift (lanes 3, 4, and 5, respectively). Finally, by Western blot
analysis, we looked at the relative abundance of GAPDH in a few
epithelial cell lines (100 Ag of proteins were loaded on a 12% SDSPAGE; Fig. 5C) and noted that the protein seemed more abundant
in ovarian malignant cells, Hey (S100, lane 1) than in a breast
malignant line, BT20 (total extract, lane 3) or in normal epithelial
ovarian cells, NOSE.1 (total extract, lane 2), despite the differences between S100 and total extract discussed in Materials and
Methods. We then verified this finding by analyzing three other
epithelial ovarian carcinoma cell lines (16 Ag of proteins were
loaded on a 10% SDS-PAGE; Fig. 5D) and found that GAPDH was
overexpressed in Bixler, DK2NMA, and Bix3 cells (total extracts,
lanes 2-4) compared with control NOSE.1 cells (total extract,
lane 1). These last results suggested a potential correlation
between the up-regulation of GAPDH and the increased binding
activity to CSF-1 mRNA in ovarian cancer cells. Ultimately, this
could explain the increased stability of CSF-1 mRNA leading to
increased CSF-1 translation and metastasis in ovarian epithelial
cancers.

Discussion
The goal of this study was to investigate CSF-1 mRNA regulation
in relation with CSF-1 overexpression in highly invasive human
EOC cells. In this paper, we report the identification of a 37-kDa
protein purified from ovarian carcinoma Hey cells that binds to the
AU-rich 3VUTR of CSF-1 mRNA as GAPDH. We show that this ARE
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Figure 4. Purification of a 37-kDa RNA binding protein from
Hey cells. A, cytoplasmic extract prepared from Hey cells
was separated on a HiTrap Heparin column and RNA-binding
activity was followed in individual salt-eluted fractions by
gel shift assays using a CSF-1 3VUTR riboprobe. Salt
concentrations ranged from 0.2 to 2 mol/L; most active fractions
(gray bar; 4–10). Fp, free probe; S 100 , Hey cytoplasmic extract;
F1, first flow through; F2, second flow through
(S100 was loaded twice on the column); W, initial wash;
1-30, fraction numbers. B, colloidal blue staining of a 12%
SDS-PAGE where protein markers (M , Bio-Rad), and samples
from S100 extract, fractions 4, 9, and 23 were electrophoresed.
C, Northwestern analysis of active fractions 4 and 5 using
CSF-1 riboprobe.

region is a natural target for mRNA decay. In addition, we show a
differential mRNA regulation of CSF-1 in Hey cells where the AREbinding activity and the relative amount of GAPDH are more
abundant than in normal ovarian epithelial cells (NOSE.1), which
could explain the increased CSF1 protein found in Hey cells and
other ovarian carcinoma cells.
CSF-1 is best known as a hematopoetic cytokine controlling
the proliferation and invasive differentiation of the macrophage
and the monocytic progenitors (42). The effects of CSF-1 are
mediated by a high-affinity binding to a tyrosine kinase receptor
that is encoded by the c-fms proto-oncogene product. In our
laboratory, we focused on the role of the secreted 4-kb form of
CSF-1 and its receptor in human epithelial malignancies where
their abnormal expression and importance in tumor progression
have been documented (4). In benign ovarian neoplasms, CSF-1 is
occasionally expressed, whereas its expression increases considerably in invasive cancers. Here we developed a model in which
to study this difference of expression and its regulatory
mechanism. We found that as in tumors, CSF-1 is expressed at
a low level by normal ovarian surface epithelial cells (NOSE.1)
and at a higher level by Hey cells, derived from a xenograft of a
metastasis from papillary cystadenocarcinoma of the ovary
(Fig.1A and B, a).
We previously showed that CSF-1 expression strongly correlates
with invasion of ovarian cancer cells (12) and our results confirmed
that finding when comparing the two cell lines in a series of assays
for in vitro invasion and nonrandom motility (Fig. 1B, b-c). Such
augmented invasion also correlated with increased uPA activity in
Hey cells (Fig. 1B, d), supporting the established evidence for
invasion mediation by uPA in tumor progression (43). On binding

Cancer Res 2005; 65: (9). May 1, 2005

of its homodimeric ligand, the CSF-1 receptor (c-fms) dimerizes
and becomes phosphorylated on a number of tyrosine residues.
After the initiation of a signaling cascade that induces uPA gene
transcription, among others, the receptor is covalently cross-linked
and both ligand and receptor become internalized and degraded.
Interestingly, the maintenance of high level of uPA mRNA is also
dependent upon the continuous presence of CSF-1 in primary
macrophages (16, 44), which are also highly invasive cells. Thus,
CSF-1, c-fms and uPA collaborate very intimately in this tumor
function.
It is well established that the expression of many genes
involved in growth regulation, including proto-oncogenes (such as
c-fos, c-myc, and c-jun), growth factors, and their receptors (GMCSF and VEGF), cytokines (TNF), and cell cycle regulatory genes
(cyclin A, B1, D1, and p21), is mainly controlled by modulation of
their mRNA stability (40). This regulation is largely exerted
through the interaction of RNA-binding proteins with the ARE
contained in their 3’ UTR. The ARE in the 3Vuntranslated region
of unstable mRNAs mediate their rapid degradation; AUBPs have
been described that either stabilize or otherwise degrade ARE
mRNAs. In our case, we showed that CSF-1 mRNA contains
instability-determining AREs (Fig. 2A) in its 3VUTR, using CAT
assay experiments measuring CAT protein expression (Table 1)
and CAT mRNA half-lives (Fig. 2B). Moreover, we clearly observed
a differential down-regulation of CAT protein in ovarian
carcinoma Hey versus normal NOSE.1 cells (Table 1), suggesting
that CAT messenger is less susceptible to decay in Hey cells than
in NOSE.1 cells, leading to increased protein translation. Similar
conclusions of differential regulation were drawn after endogenous CSF-1 mRNA was measured in Hey versus NOSE.1 CAT
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transfectants, with also clear evidence that endogenous CSF-1
mRNA level was down regulated in presence of excess exon 10
(Fig. 2C). These results strongly suggested the presence of
AUBP(s) which stabilized the CSF-1 mRNA in Hey cells.
Interestingly, we were able to prove without ambiguity the
existence of such factors binding to CSF-1 ARE in gel shift assays
(Fig. 3A). However, at this point no cellular proteins known to
bind to these CSF-1 ARE sequences had been described in the
literature. We showed that a 37-kDa protein not only was
generally more efficient in ARE binding in extracts from Hey cells
than in those from other cells used (Fig. 3B) but also presented a
lower affinity for a mutated form of ARE where most A and U
were replaced by C and G, respectively (Fig. 3B). We proceeded to
isolate (Fig. 4) and identify the CSF-1 ARE binding protein, which
to our surprise was GAPDH. Binding specificity was successfully
assessed in Fig. 5 showing clear evidence for gel-shift CSF-1 ARE
interaction with GAPDH (human purified; Fig. 5A) and lack of
such interaction when an extract in which GAPDH was depleted
was used (Fig. 5B). Moreover, by Western blot analysis (Fig. 5C-D)
we showed for the first time that GAPDH is overexpressed in
several carcinoma cell lines compared with their NOSE.1 ‘‘normal’’
cell counterpart. Finally, we formulated a model to explain the
GAPDH RNA-binding effect on CSF-1 expression in ovarian
epithelial cells (Fig. 6).
The finding of GAPDH overexpression in cancer cells or
GAPDH as an AUBP would not have been surprising but showing
GAPDH as an AUBP for CSF-1 mRNA whose protein overexpression has been linked to uPA-based metastasis in epithelial
ovarian malignant cells is novel. Furthermore, GAPDH has not

previously been suggested to impart mRNA stability. GAPDH had
been known primarily for its function as a glycolytic enzyme, a
key component in energy production. It has also served as a
model for enzyme structure analysis. However, GAPDH has been
recently shown to display a number of diverse activities unrelated
to its glycolytic function. These activities include roles in
membrane fusion, microtubule bundling, phosphotransferase
activity, nRNA export, DNA replication, and DNA repair.
Moreover, these functions depend on the subcellular localization
and oligomeric structure of GAPDH (45). Early investigations
reported the interaction of GAPDH with tRNA and rRNA but not
in mRNA until Nagy and Rigby (46) identified GAPDH in human
spleen as a cytoplasmic protein capable of binding ARE stretches
of lymphokine mRNA 3VUTR, such as that of GM-CSF, c-myc, or
IFN-c. This leads to the hypothesis that GAPDH could very well be
regulating multiple mRNAs in the cells, aside from that of CSF-1,
contributing to an emphasis on the malignant phenotype in
ovarian cancer.
Rapidly growing malignant cells have been known for a long
time to have a high rate of aerobic glycolysis. Likewise, elevated
GAPDH mRNA levels in malignant tissues (lung, pancreatic,
prostate, and breast) have previously been reported (47), and have
somehow been attributed to GAPDH protein function in glycolysis.
Our results suggest that GAPDH might be playing multiple roles in
neoplasms.
Recently, other AUBPs have been implicated in cancer. For
instance, Blaxall et al. (48), referring to earlier work, have observed
an increased cytoplasmic expression of both hnRNPD (AUF1)
isoform and HuR in mouse lung neoplasia in correlation with

Figure 5. GAPDH associates with CSF-1 3VUTR and is
overexpressed in ovarian carcinoma cells. A, gel shift
CSF-1 RNA binding assay with a Hey S100 fraction,
or purified human GAPDH. B, gel shift CSF-1 RNA-binding
assay with a Hey S100 fraction, respectively, antibody
depleted for GAPDH, poly(A)-binding protein, HuR, or
hnRNPD. C, Western blot analyses of Hey (S100), NOSE.1
(total extract), and BT20 (total extract) protein extracts for
GAPDH and actin as a loading control. D, Western blot
analyses of NOSE.1, Bixler, DK2NMA, and Bix3 total
protein extracts for GAPDH and actin as a loading control.
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Figure 6. Model for the involvement of CSF-1 mRNA-binding protein, GAPDH,
in malignant and in normal epithelial ovarian cells. The terminal 144 nt of CSF-1
3VUTR is target for mRNA decay (Fig. 2B ), which correlates with protein
down-regulation (Table 1). A differential effect is observed in NOSE.1 versus Hey
cells (Table 1), where CSF-1 is particularly overexpressed in invasive carcinoma
ovarian cells (Fig. 1A), suggesting the implication of trans-acting factors,
regulating mRNA stability in malignant cells. GAPDH was identified as an
RNA-binding protein, which specifically bound to these 3VUTR sequences and
appeared more active and more abundant in malignant cells (Figs. 3 and 5),
suggesting its role in mRNA stabilization leading to high CSF-1 protein
translation and invasiveness (Fig. 1B).

growth rate. The authors suggest that the AUBP relative abundance
may impact the maintenance/progression of the neoplastic
phenotype by causing pleiotropic effects on the expression of
regulated messengers. This was experimentally confirmed by

References
1. Chi DS, Sabbatini P. Advanced ovarian cancer. Curr
Treat Options Oncol 2000;1:139–46.
2. Wong AS, Auersperg N. Ovarian surface epithelium:
family history and early events in ovarian cancer.
Reprod Biol Endocrinol 2003;1:70.
3. Chambers SK. Molecular biology of gynecologic cancers. In: DeVita VT, Hellman S, Rothenberg SA, editors.
Cancer: principles and practice of oncology. 6th ed.
Philadelphia: JB Lippincott Company; 2001. p. 1519–25.
4. Baiocchi G, Kavanagh JJ, Talpaz M, Wharton JT,
Gutterman JU, Kurzrock R. Expression of the macrophage colony-stimulating factor and its receptor in
gynecologic malignancies. Cancer 1991;67:990–6.
5. Filderman AE, Bruckner A, Kacinski BM, Deng N,
Remold HG. Macrophage colony-stimulating factor
(CSF-1) enhances invasiveness in CSF-1 receptorpositive carcinoma cell lines. Cancer Res 1992;52:
3661–6.
6. Kirma N, Luthra R, Jones J, et al. Overexpression of the
colony-stimulating factor (CSF-1) and/or its receptor cfms in mammary glands of transgenic mice results in
hyperplasia and tumor formation. Cancer Res 2004;64:
4162–70.
7. Kacinski BM, Carter D, Mittal K, et al. Ovarian
adenocarcinomas express fms complementary transcripts and fms antigen, often with coexpression of
CSF-1. Am J Pathol 1990;137:135–47.
8. Toy EP, Chambers JT, Kacinski BM, Flick MB,
Chambers SK. The activated macrophage colonystimulating factor (CSF-1) receptor as a predictor of
poor outcome in advanced epithelial ovarian carcinoma.
Gynecol Oncol 2001;80:194–200.

Cancer Res 2005; 65: (9). May 1, 2005

Gouble et al. (49) in transgenic mice overexpressing one isoform
of hnRNPD/AUF1 (p37). The authors showed that such AUBP
overexpression modifies the accumulation level of several AREcontaining mRNAs in vivo, such as c-myc, c-jun, c-fos, GM-CSF, and
tumor necrosis factor.
We identified GAPDH as AUBP being overexpressed in ovarian
cancer cells in correlation with CSF-1 mRNA stabilization, CSF-1
protein overexpression and increased virulence of tumorigenicity.
Whereas it is known that the glycolytic enzyme is a tetramer of
identical subunits of M r 36,000, little is known about the structure
of the protein in the various activities recently uncovered (45).
Likewise, whereas the GAPDH gene has been extensively studied in
the 1980s (50) and shown extraordinarily complex, there has been
no direct correlation between the various genes, pseudogenes, their
transcripts, and the cellular functions of the resulting gene
products.
In conclusion, beyond the identification of GAPDH as an AUBP
possibly involved in the CSF-1 mRNA regulation in ovarian
epithelial cells, this study opens new avenues for better understanding of GAPDH as a multifunctional protein with novel roles in
cancer biology and also understanding the role of AUBPs generally
in the regulation of genes affecting cell growth, differentiation, and
tumor invasiveness.

Acknowledgments
Received 11/3/2004; revised 1/26/2005; accepted 2/17/2005.
Grant support: NIH grants CA 60665 and CA 097347 (S.K. Chambers).
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
We thank Dr. Cynthia David from the University of Arizona for her technical
assistance, and Sherry Skszek for her assistance in manuscript preparation.

9. Chambers SK, Kacinski BM, Ivins CM, Carcangiu ML.
Overexpression of epithelial macrophage colonystimulating factor (CSF-1) and CSF-1 receptor: a poor
prognostic factor in epithelial ovarian cancer, contrasted with a protective effect of stromal CSF-1. Clin
Cancer Res 1997;3:999–1007.
10. Kacinski BM, Chambers SK, Carter D, Filderman AE,
Stanley ER. The macrophage colony-stimulating factor,
CSF-1, an auto- and paracrine tumor cytokine is also a
circulating ‘‘tumor marker’’ in patients with ovarian,
endometrial and pulmonary neoplasms. In: Dinarello
CA, Kluger MJ, Powanda MC, editors. The physiological
and pathological effects of cytokines. New York: WileyLiss; 1990. p. 393–400.
11. Price FV, Chambers SK, Chambers JT, et al. Colonystimulating factor-1 in primary ascites of ovarian
cancer is a significant predictor of survival. Am J
Obstet Gynecol 1993;168:520–7.
12. Chambers SK, Wang Y, Gertz RE, Kacinski BM.
Macrophage colony-stimulating factor mediates invasion of ovarian cancer cells through urokinase. Cancer
Res 1995;55:1578–85.
13. Chambers SK, Ivins CM, Carcangiu ML. Plasminogen activator inhibitor-1 is an independent poor
prognostic factor for survival in advanced stage
epithelial ovarian cancer patients. Int J Cancer (Pred
Oncol) 1998;79:449–54.
14. Grondahl-Hansen J, Christensen IJ, Rosenquist C,
et al. High levels of urokinase-type plasminogen
activator and its inhibitor PAI-1 in cytosolic extracts
of breast carcinomas are associated with poor prognosis. Cancer Res 1993;53:2513–21.
15. Hamilton JA, Whitty GA, Stanton H, et al. Macrophage
colony-stimulating factor and granulocyte-macrophage

3770

colony-stimulating factor stimulate the synthesis of
plasminogen-activator inhibitors by human monocytes.
Blood 1993;82:3616–21.
16. Fowles LF, Stacey KJ, Marks D, Hamilton JA, Hume
DA. Regulation of urokinase plasminogen activator
gene transcription in the RAW264 murine macrophage
cell line by macrophage colony-stimulating factor (CSF1) is dependent upon the level of cell-surface receptor.
Biochem J 2000;347:313–20.
17. Tran H, Maurer F, Nagamine Y. Stabilization of
urokinase and urokinase receptor mRNAs by HuR is
linked to its cytoplasmic accumulation induced by
activated mitogen-activated protein kinase-activated
protein kinase 2. Mol Cell Biol 2003;23:7177–88.
18. Wong GG, Temple PA, Leary AC, et al. Human CSF-1:
molecular cloning and expression of 4-kb cDNA encoding the human urinary protein. Science 1987;235:
1504–8.
19. Chambers SK, Kacinski BM. Messenger RNA decay of
macrophage colony-stimulating factor in human ovarian carcinomas in vitro . J Soc Gynecol Investig 1994;1:
310–6.
20. Jacobson A, Peltz SW. Interrelationships of the
pathways of mRNA decay and translation in eukaryotic
cells. Annu Rev Biochem 1996;65:693–739.
21. Mazumder B, Seshadri V, Fox PL. Translational
control by the 3V-UTR: the ends specify the means.
Trends Biochem Sci 2003;28:91–8.
22. Brennan CM, Steitz JA. HuR and mRNA stability. Cell
Mol Life Sci 2001;58:266–77.
23. Galban S, Martindale JL, Mazan-Mamczarz K, et al.
Influence of the RNA-binding protein HuR in pVHLregulated p53 expression in renal carcinoma cells. Mol
Cell Biol 2003;23:7083–95.

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on October 13, 2019. © 2005 American Association for Cancer
Research.

CSF-1 and Epithelial Ovarian Cancer
24. Gorospe M, Wang X, Holbrook NJ. Functional role of
p21 during the cellular response to stress. Gene Expr
1999;7:377–85.
25. Wang W, Caldwell MC, Lin S, Furneaux H, Gorospe M.
HuR regulates cyclin A and cyclin B1 mRNA stability
during cell proliferation. EMBO J 2000;19:2340–50.
26. Wang W, Furneaux H, Cheng H, et al. HuR regulates
p21 mRNA stabilization by UV light. Mol Cell Biol 2000;
20:760–9.
27. Figueroa A, Cuadrado A, Fan J, et al. Role of HuR in
skeletal myogenesis through coordinate regulation of
muscle differentiation genes. Mol Cell Biol 2003;23:
4991–5004.
28. van der Giessen K, Di-Marco S, Clair E, Gallouzi IE.
RNAi-mediated HuR depletion leads to the inhibition
of muscle cell differentiation. J Biol Chem 2003;278:
47119–28.
29. King BL, Carter D, Foellmer HG, Kacinski BM. Neu
proto-oncogene amplification and expression in ovarian adenocarcinoma cell lines. Am J Pathol 1992;140:
23–31.
30. Buick RN, Pullano R, Trent JM. Comparative
properties of five human ovarian adenocarcinoma cell
lines. Cancer Res 1985;45:3668–76.
31. Chambers SK, Gertz RE, Ivins CM, Kacinski BM.
The significance of urokinase type plasminogen activator, its inhibitors, and its receptor in ascites of
patients with epithelial ovarian cancer. Cancer 1995;75:
1627–33.
32. Karlan BY, Clark AS, Littlefield BA. A highly
sensitive chromogenic microtiter plate assay for
plasminogen activators which quantitatively discriminates between the urokinase and tissue-type
activators. Biochem Biophys Res Commun 1987;142:
147–54.
33. Chambers SK. In vitro invasion assays. In: Bartlett J,

www.aacrjournals.org

editor. Methods in molecular medicine: ovarian cancer.
Totowa: Humana Press; 2000. p. 179–85.
34. Baker CC. An improved chloramphenicol acetyltransferase expression vector system for mapping
transcriptional and posttranscriptional regulatory elements in animal cells. In: Alitalo K, Huhtala ML,
Knowles J, Vahari J, editors. Recombinant systems
in protein expression. New York: Elsevier Science
Publishers; 1990. p. 75–86.
35. Kawasaki ES, Ladner MB, Wang AM, et al. Molecular
cloning of a complementary DNA encoding human
macrophage-specific colony-stimulating factor (CSF-1).
Science 1985;230:291–6.
36. Gorlach M, Burd CG, Dreyfuss G. The mRNA poly(A)binding protein: localization, abundance, and RNAbinding specificity. Exp Cell Res 1994;211:400–7.
37. Gallouzi IE, Brennan CM, Stenberg MG, et al. HuR
binding to cytoplasmic mRNA is perturbed by heat
shock. Proc Natl Acad Sci U S A 2000;97:3073–8.
38. Cook HL, Mischo HE, Steitz JA. The herpes virus
saimiri small nuclear RNAs recruit AU-rich elementbinding proteins but do not alter host AU-rich elementcontaining mRNA levels in virally transformed T cells.
Mol Cell Biol 2004;24:4522–33.
39. Zubiaga AM, Belasco JG, Greenberg ME. The nonamer UUAUUUAUU is the key AU-rich sequence motif
that mediates mRNA degradation. Mol Cell Biol 1995;15:
2219–30.
40. Chen CY, Shyu AB. AU-rich elements: characterization and importance in mRNA degradation. Trends
Biochem Sci 1995;20:465–70.
41. Chambers SK, Wang Y, Gilmore-Hebert M, Kacinski
BM. Posttranscriptional regulation of c-fms protooncogene expression by dexamethasone and of CSF-1
in human breast carcinomas in vitro . Steroids 1994;59:
514–22.

3771

42. Stanley ER. Colony-stimulating factor-1 (macrophage
stimulating factor). In: Thomson AW, editor. The
cytokine handbook. San Diego: Academic Press Inc.;
1994. p. 387–418.
43. Lin EY, Gouon-Evans V, Nguyen AV, Pollard JW. The
macrophage growth factor CSF-1 in mammary gland
development and tumor progression. J Mammary Gland
Biol Neoplasia 2002;7:147–62.
44. Hamilton JA. CSF-1 signal transduction. J Leukoc
Biol 1997;62:145–55.
45. Sirover MA. New insights into an old protein:
the functional diversity of mammalian glyceraldehyde3-phosphate dehydrogenase. Biochim Biophys Acta
1999;1432:159–84.
46. Nagy E, Rigby WF. Glyceraldehyde-3-phosphate
dehydrogenase selectively binds AU-rich RNA in the
NAD(+)-binding region (Rossmann fold). J Biol Chem
1995;270:2755–63.
47. Bagui S, Ray M, Ray S. Glyceraldehyde-3-phosphate
dehydrogenase from Ehrlich ascites carcinoma cells its
possible role in the high glycolysis of malignant cells.
Eur J Biochem 1999;262:386–95.
48. Blaxall BC, Dwyer-Nield LD, Bauer AK, Bohlmeyer TJ,
Malkinson AM, Port JD. Differential expression and
localization of the mRNA binding proteins, AU-rich
element mRNA binding protein (AUF1) and Hu antigen
R (HuR), in neoplastic lung tissue. Mol Carcinog 2000;
28:76–83.
49. Gouble A, Grazide S, Meggetto F, Mercier P, Delsol G,
Morello D. A new player in oncogenesis: AUF1/hnRNPD
overexpression leads to tumorigenesis in transgenic
mice. Cancer Res 2002;62:1489–95.
50. Piechaczyk M, Blanchard JM, Riaad-El Sabouty S,
Dani C, Marty L, Jeanteur P. Unusual abundance of
vertebrate 3-phosphate dehydrogenase pseudogenes.
Nature 1984;312:469–71.

Cancer Res 2005; 65: (9). May 1, 2005

Downloaded from cancerres.aacrjournals.org on October 13, 2019. © 2005 American Association for Cancer
Research.

Glyceraldehyde-3-Phosphate Dehydrogenase Binds to the
AU-Rich 3 ′ Untranslated Region of Colony-Stimulating
Factor−1 (CSF-1) Messenger RNA in Human Ovarian Cancer
Cells: Possible Role in CSF-1 Posttranscriptional Regulation
and Tumor Phenotype
Nathalie Bonafé, Maureen Gilmore-Hebert, Nancy L. Folk, et al.
Cancer Res 2005;65:3762-3771.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/65/9/3762

This article cites 44 articles, 20 of which you can access for free at:
http://cancerres.aacrjournals.org/content/65/9/3762.full#ref-list-1
This article has been cited by 11 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/65/9/3762.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/65/9/3762.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on October 13, 2019. © 2005 American Association for Cancer
Research.

