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Abstract

The splicing factor SPF45 (RBM17) is frequently overexpressed
in many solid tumors, and stable expression in HeLa cells
confers resistance to doxorubicin and vincristine. In this
study, we characterized stable transfectants of A2780 ovarian
carcinoma cells. In a 3-day cytotoxicity assay, human SPF45
overexpression conferred 3- to 21-fold resistance to carbopla-
tin, vinorelbine, doxorubicin, etoposide, mitoxantrone, and
vincristine. In addition, resistance to gemcitabine and
pemetrexed was observed at the highest drug concentrations
tested. Knockdown of SPF45 in parental A2780 cells using a
hammerhead ribozyme sensitized A2780 cells to etoposide by
f5-fold relative to a catalytically inactive ribozyme control
and untransfected cells, suggesting a role for SPF45 in
intrinsic resistance to some drugs. A2780-SPF45 cells accu-
mulated similar levels of doxorubicin as vector-transfected
and parental A2780 cells, indicating that drug resistance is not
due to differences in drug accumulation. Efforts to identify
small molecules that could block SPF45-mediated drug
resistance revealed that the selective estrogen receptor (ER)
modulators tamoxifen and LY117018 (a raloxifene analogue)
partially reversed SPF45-mediated drug resistance to mitox-
antrone in A2780-SPF45 cells from 21-fold to 8- and 5-fold,
respectively, but did not significantly affect the mitoxantrone
sensitivity of vector control cells. Quantitative PCR showed
that ERB but not ERA was expressed in A2780 transfectants.
Coimmunoprecipitation experiments suggest that SPF45 and
ERB physically interact in vivo. Thus, SPF45-mediated drug
resistance in A2780 cells may result in part from effects of
SPF45 on the transcription or alternate splicing of ERB-
regulated genes. (Cancer Res 2005; 65(15): 6593-600)

Introduction

Although chemotherapy is the most effective treatment for some
cancers, drug resistance remains a significant obstacle to obtaining
a complete response in many patients. Cancer cells can be drug
resistant at presentation (intrinsic resistance) or may develop
resistance during therapy or upon relapse (acquired resistance).
Cancer cells may also acquire resistance to many structurally

unrelated drugs with different mechanisms of action, and this is
called multidrug resistance (MDR). Several different mechanisms
for developing MDR have been described (1, 2), including reduced
drug uptake and increased drug efflux. Increased expression of ATP-
binding cassette (ABC) transporters, such as P-glycoprotein (Pgp)
andmultidrug resistance protein 1 (MRP1), are often detected in cell
lines selected for resistance by continuous exposure to increasing
doses of drugs in cell culture, and MDR results from their ability to
pump many different classes of anticancer drugs out of the cell
(3, 4). An alternate strategy for generating cell-based drug resistance
models that may more closely model clinical drug resistance has
been the selection in vivo by repeated drug treatment of tumor-
bearing animals. This strategy was used to generate drug-resistant
sublines of the mouse mammary carcinoma cell line EMT-6 (5).
In our first article, we reported the use of suppression

subtractive hybridization to investigate the mechanisms of drug
resistance in EMT-6 tumor cells selected for resistance to
cyclophosphamide in vivo (6). Sequencing of clones selected for
increased expression in EMT-6/cyclophosphamide cells identified a
gene encoding a protein with significant homology to the
Arabidopsis DNA damage repair protein DRT111 (7). While this
work was in progress, Neubauer et al. identified this protein as a
component of the RNA splicing complex known as the spliceosome
through mass spectrometry analysis of splicing complexes
assembled in vitro (7). They named this protein SPF45 (splicing
factor 45 kDa). It has since been given the official human gene
symbol RBM17 , which stands for RNA-binding motif protein 17.
Although we found that SPF45 is predominantly expressed in
ductal epithelial cells of the breast, liver, pancreas, and prostate in
normal tissues, SPF45 is frequently overexpressed in human
cancers, including bladder, breast, colon, lung, ovarian, pancreas,
and prostate carcinomas (6), suggesting a possible clinical role for
this protein in drug resistance to anticancer agents in these
cancers. To examine the possible role of SPF45 in drug resistance,
we generated a stable transfectant of a human SPF45 expression
construct in HeLa cells and examined drug sensitivity relative to a
transfectant of the empty vector. Overexpression of human SPF45
was sufficient to confer resistance to two anticancer drugs with
different mechanisms of action, doxorubicin and vincristine (6). To
our knowledge, this was the first study demonstrating that
overexpression of a splicing factor is sufficient to confer a
multidrug-resistant phenotype to transfected cells.
SPF45 contains a RNA recognition motif (RRM) and a G-patch

sequence, both putative RNA-binding motifs (8, 9). Neubauer et al.
(7) found that a green fluorescent protein (GFP)-SPF45 fusion
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protein colocalized with U1A small nuclear ribonucleoprotein in
nuclear speckles (7), structures enriched in components of the
splicing machinery (10, 11). Using confocal microscopy, we
reported that native SPF45 also colocalizes with serine/arginine–
rich (SR protein) splicing factors in the nucleus in speckles (6).
Recently, SPF45 was implicated as a second-step splicing factor
required for activating proximal AG splice-acceptor sites for the
splicing of some transcripts, including the Drosophila Sex-lethal
gene and a variant of the human b-globin gene present in some
h-thalassemia patients (12). Although most known mechanisms of
regulating mRNA splicing occur at the earliest stages of
spliceosome assembly, SPF45 directly participates in the selection
of the AG that is used for exon ligation at the second catalytic step
of splicing after intron removal has begun, representing a new
mechanism of splicing regulation (12, 13).
In addition to splicing factors like SPF45, several proteins

originally identified as transcriptional coregulators of nuclear
hormone receptors (NHR) also contain one or more RRMs and
other domains characteristic of splicing factors (14). Two of these
RRM-containing coactivators, peroxisome proliferator-activated
receptor-g coactivator-1 (PGC-1) and coactivator activator (CoAA),
can also act as splicing factors that affect the alternate splicing of
genes under the control of hormone-regulated promoters (14, 15).
Some coactivators may only be able to regulate the alternate
splicing of a gene when recruited to a transcriptional complex
through interactions with NHRs and not when a gene is expressed
from a ubiquitous promoter (14). The fact that SPF45 contains a
RRM domain like PGC-1 and CoAA raises the intriguing possibility
that SPF45 might also have dual activities as a splicing factor and
as a NHR coregulator.
In the present study, we show that stable transfection of SPF45

expression constructs is sufficient to confer a broad multidrug-
resistant phenotype to a second cell line, A2780 ovarian carcinoma
cells, and that knockdown of endogenous SPF45 in A2780 parental
cells results in increased drug sensitivity. SPF45 overexpression does
not seem to affect the levels of intracellular drug accumulation, a
common mechanism of developing drug resistance. The drug-
resistant phenotype was partially reversed using selective estrogen
receptor (ER) modulators and SPF45 immunoprecipitated with
ERh, suggesting that these proteins physically interact in vivo .
Hence, SPF45-mediated drug resistance in A2780 cells may result in
part from direct effects of SPF45 on ERh-mediated transcription
and on the alternate splicing of genes under the control of ERh-
regulated promoters.

Materials and Methods

Materials.Vincristine sulfate, etoposide, 5-fluorouracil (5-FU), doxorubicin-
HCl, mitoxantrone dihydrochloride, sodium orthovanadate, tamoxifen, and

17h-estradiol (E2) were purchased from Sigma-Aldrich (St. Louis, MO).
Cisplatinum, vinorelbine tartrate, and carboplatin were obtained from

AmerisourceBergen Corp. (Valley Forge, PA). Paclitaxel was purchased from

ICN Biochemicals, Inc. (St. Louis, MO). LY117018 [a benzothiophene

raloxifene analogue, 6-hydroxy-2-(p-hydroxyphenyl)benzo(b)thien-3-yl-p-2-
(L-pyrrolidinyl)ethoxy phenyl ketone], LY335984 (a potent Pgp modulator

with the K i value of 0.053 mmol/L; refs. 16–18), (2R)-anti-5-{3-[4-(10,11-

dichloromethanodibenzo-suber-5-yl)piperazin-1-yl]-2-hydroxypropoxy}qui-

noline trihydrochloride, LY487355 [a potent MRP1 modulator in the tricyclic
isoxazole class (19) with a K i of 0.034 Amol/L,3 N-[3-(9-chloro-3-methyl-4-

oxo-4H -isoxazolo[4,3]quinolin-5yl)-cyclohexylmethyl]-6-fluoro-nicotin-
amide], pemetrexed, and gemcitabine were synthesized at Lilly Research

Laboratories (Indianapolis, IN). Fetal bovine serum (FBS) and charcoal/

dextran treated (CDT)-FBS were purchased from Hyclone (Logan, UT).

FuGene 6 was purchased from Roche Diagnostics Corp. (Indianapolis, IN).
PBS, trypsin-EDTA, LipofectAMINE Plus, LipofectAMINE 2000, G418, and all

other cell culture reagents were purchased from Invitrogen (Carlsbad, CA).

Cell culture. A2780 human ovarian carcinoma cells and 2780AD cells

(the Pgp-expressing variant selected in cell culture for resistance to
Adriamycin) were provided by Dr. Thomas Hamilton (Fox Chase Cancer

Center, Philadelphia, PA). A2780 cells were grown in RPMI 1640 containing

L-glutamine supplemented with 10% FBS and 1 Ag/mL insulin. 2780AD cells

were maintained as described (18). HeLa cells were grown in DMEM
containing 10% CDT-FBS, 2 mmol/L L-glutamine, 0.1 mmol/L nonessential

amino acids, 10 mmol/L HEPES buffer (pH 7.5), and 1 mmol/L sodium

pyruvate.
Western analysis. Cells were lysed in a buffer containing 10 mmol/L Tris

(pH 7.4), 1% SDS, and 1 mmol/L sodium orthovanadate and protease

inhibitors (EDTA-Free Complete Protease Inhibitor Cocktail, Roche

Diagnostics) by vortexing and spinning lysate through a QIAshredder
column (Qiagen, Valencia, CA) in a microfuge at 12,000 rpm for 5 minutes.

Protein concentrations were determined using the detergent-compatible

protein assay kit (Bio-Rad Laboratories, Hercules, CA) or the bichinonic

acid protein assay kit (Pierce-Endogen, Rockford, IL). Proteins were resolved
on Novex 4% to 20% Tris-glycine gels (Invitrogen) and transferred to

nitrocellulose. Membranes were blocked in either PBST [PBS (136.9 mmol/L

NaCl, 1.47mmol/L KH2PO4, 8.1mmol/LNa2HPO4, 2.68mmol/LKCl) and 0.1%
Tween 20)] or T-TBS [154 mmol/L NaCl, 100 mmol/L Tris-HCl (pH 7.4), 0.1%

Tween 20)] containing 2.5% nonfat dry milk. Membranes were probed with

either a SPF45 rabbit polyclonal antibody described previously (6) or with a

h-actin antibody (Sigma-Aldrich) diluted in the same solution used for
blocking followed by incubation with peroxidase-conjugated secondary

antibodies. Protein bands were visualized using the enhanced chemilumi-

nescence-chemiluminescence system (Amersham Biosciences, Chicago, IL)

or the SuperSignal West Pico Chemiluminescence reagent (Pierce-Endogen).
Northern analysis. Total RNA was isolated from tissue culture cells

using RNeasy (Qiagen), resolved on formaldehyde agarose gels, and

transferred to Hybond N+ nylon membranes (Amersham Biosciences)

using the PosiBlot pressure blotter (Stratagene, La Jolla, CA) followed by

cross-linking using a Stratalinker (Stratagene). The SPF45 cDNA was

labeled as a probe using the Prime-It RmT random priming labeling kit

(Stratagene) an [a-32P]dCTP (Amersham Biosciences). Filters were

hybridized in rapid hybridization buffer (Amersham Biosciences) and

washed according to manufacturer’s instructions. Radioactive hybridiza-

tion signals were captured by a Fuji BAS 2500 PhosphorImager (Fuji

Medical Systems, Stamford, CT).

A2780 SPF45 transfectants. A2780 cells were transfected with pMiNeo-

hSPF45 (6) or the empty vector using LipofectAMINE 2000 according to the
supplied protocols. Cells were put under neomycin selection 48 hours after

transfection by adding G418 to 600 Ag/mL. Single colonies were expanded

and expression levels of SPF45-IRES-neo transcripts relative to the shorter

endogenous SPF45 transcript levels were determined by Northern hybrid-
izations to a labeled SPF45 cDNA probe.

SPF45-targeted ribozyme. The pcDNA3.1-triple ribozyme 8 (TRz8)

construct based on the work of Benedict et al. (20) was constructed from
overlapping oligonucleotides and cloned into the vector pcDNA3.1

(Invitrogen). Self-cleavage of the primary transcript by the 5V and 3V
ribozymes result in release of the internal SPF45 targeted ribozyme. The

sequence of the triple ribozyme is as follows where the 5Vand 3Vribozymes
are shown in bold and catalytically essential residues (20) of the internal

ribozyme are underlined: 5V-GGCCCUGAUGAGUCCGUGAGGACGAAA-
CUUGGCCCGGCCAAGUCGGCCUGUCUGUCUUCUGAUGAGCAUGAG-
CAUGCGAAACGCCUUUUUGGCCGUCUUGGCCUCUAGAGGCCAACU-
GAUGAGUCCGUGAGGACGAAACGGCC-3V.

The internal ribozyme sequences 5V-UGUCUGUCUU-3V and 5V-ACGC-
CUUUUU-3V are homologous to the human SPF45 mRNA (Genbank
accession no. NM_032905). A control construct encoding a catalytically3 A.H. Dantzig and L. Tabas, unpublished data.
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inactive internal ribozyme that was designed to bind but not cleave the
SPF45 mRNA [pcDNA3.1-TRz8 mutant (TRz8M)] was generated by

mutating the catalytically essential G and A nucleotides to A and G,

respectively. Stable transfectants of both constructs were generated as

described above.
Cytotoxicity assays. The CellTiter 96 (Promega Corp., Madison, WI) or

the WST-1 (Roche Diagnostics) cell proliferation assays were used to

determine resistance of the transfected cells or parental A2780 cells to

various chemotherapeutic agents in 96-well plates. The cells were plated at
10,000 cells per well in the medium detailed above in the absence of G418.

Twenty-four hours after seeding, the cells were exposed to anticancer drugs

and incubated for an additional 72 hours before assaying for cell viability.

Resistance was determined in at least two experiments done in duplicate.
EC50 values (the concentration of drug that results in 50% of maximal growth

inhibition) were calculated using a four-parameter logistic fit, and data from

multiple experiments were used to calculate mean EC50 values F SE.
The significance of changes in EC50 values was evaluated using the

Student’s t test or by the use of confidence intervals for the difference of two

log(EC50) values based on the between-experiment SEs as noted in the

tables. To calculate these confidence intervals, the end points of these
intervals were anti-logged to convert back to the EC50 scale, resulting in a

multiplicative confidence interval for the ratio of 2 EC50 values ( fold

resistance). Two EC50 values were deemed statistically significantly different

if this interval did not contain the value, 1. EC50 values from single
experiments were compared using the curve fit SEs analyzed on the log-

EC50 scale (Table 3).

Intracellular drug accumulation. A2780, A2780-SPF45, A2780-Vector,

and 2780AD cells (1 � 105) were plated in six-well dishes in the medium

with or without G418 as described above and incubated overnight at 37jC
in 5% CO2. Doxorubicin was added to 50 Ag/mL and incubated for 1, 3, 6, or

9 hours or overnight. Cells were removed from dishes by incubating with

0.05% trypsin-EDTA and pelleted by centrifugation. The pellet was washed

twice with PBS containing 5% FBS followed by centrifugation and was

resuspended in 1 mL of the same solution and kept on ice. Doxorubicin

fluorescence was detected by fluorescence-activated cell sorting (FACS) on

a LSR flow cytometer running CellQuest software (BD Biosciences, San Jose,

CA) using 550 to 600 nm cutoff filters. Data were analyzed using WinList

software (Verity Software House, Topsham, ME). The medium level of

fluorescence intensity of f2 � 105 cells were plotted based on geoMean X

of gated region R2 and compared with the untreated samples gated in the

same way.

Coimmunoprecipitation. An ovarian cDNA library K-1421-1 (Clontech,

Palo Alto, CA) was used to isolate a cDNA encoding the full-length human
ERh protein identical to that reported in Genbank (accession no.

AB006590). This cDNA was cloned into the HindIII site of pcDNA3.1(+)

(Invitrogen) behind the cytomegalovirus promoter to generate the ERh
expression plasmid pMK104.

HeLa cells (1 � 106) were plated into 100 mm dishes and transfected

using FuGene the next day during a 5-hour incubation at 37jC. Transfected
cells were incubated overnight in fresh growth medium followed by growth
in medium containing 100 nmol/L E2 or an equal volume of DMSO for

additional 24 hours. Cells were transfected with either 5 Ag pMK104 (ERh
expression plasmid) plus 5 Ag EW1969-hisB-SPF45 (SPF45 expression

plasmid) or 5 Ag pcDNA3.1-GFP plus 5 Ag EW1969 vector control DNA. Cells
were washed in 1� PBS containing 1 mmol/L sodium orthovanadate and

lysed in radioimmunoprecipitation assay (RIPA) buffer [20 mmol/L Tris-HCl

(pH 7.5), 5 mmol/L EDTA, 150 mmol/L NaCl, 10 mmol/L sodium

pyrophosphate, 50 mmol/L NaF, 1% NP40, 2 mmol/L sodium orthovana-
date, protease inhibitor cocktail (Roche Diagnostics)] by repeated freeze-

thaw cycles using dry ice. The lysate was centrifuged at 14,000 rpm and the

protein concentration of the supernatant was determined using the
Coomassie (Bradford) protein assay kit (Pierce-Endogen).

A polyclonal antibody to ERh or normal rabbit IgG (Santa Cruz

Biotechnology Inc., Santa Cruz, CA) was conjugated to biomagnetic

particles (BMP) containing autoreactive aldehyde groups (Rockland
Immunochemicals, Gilbertsville, PA) according to supplied protocols. For

immunoprecipitation, cell lysate (1 mg) was added to 110 AL of the

antibody-conjugated BMPs, IgG-conjugated BMPs, or unconjugated BMPs
(after reactive groups were blocked), and TET buffer (1� TBS + 0.1% Tween

20 + 5 mmol/L EDTA) was added to a total volume of 1.5 mL. The lysates

were mixed for 20 hours at 4jC. BMPs were washed thrice in TET buffer and

once in 2� SDS sample buffer to recover bound proteins. Western analysis
was done as described above using a mouse monoclonal antibody against

SPF45. Total lysate from ERh plus SPF45–transfected and E2-stimulated

cells (50 Ag) was included on Western blots to provide a reference to the

level of SPF45 in the lysate.

Results

Overexpression of SPF45 confers a multidrug-resistant
phenotype to A2780 ovarian carcinoma cells. We showed
previously that transfection of SPF45 was sufficient to confer
vincristine and doxorubicin resistance to HeLa cells (6). To further
explore the role of SPF45 as a drug resistance gene, we transfected
a different cell line, A2780 ovarian carcinoma cells, with SPF45
expression constructs. Ninety-three clones were screened by
Northern hybridizations to a SPF45 cDNA probe to identify
transcripts derived from the transfected construct as well as the
lower molecular weight transcripts of the endogenous gene. SPF45
transcripts derived from the expression construct were detected in
approximately two-thirds of the clones but often at lower levels
than endogenous SPF45 transcripts (data not shown).
Twenty-two independent clones with elevated SPF45 expression

levels were screened for drug resistance to doxorubicin and
etoposide in cytotoxicity assays done once, and 20 of these were
resistant to both drugs (data not shown). Four of these clones were
analyzed in additional cytotoxicity assays and found to be 14- to
18-fold resistant to mitoxantrone, 3- to 5-fold resistant to
doxorubicin, 3- to 12-fold resistant to etoposide, and 3- to 5-fold
resistant to cisplatinum. Resistance values for individual clones are
given in a footnote to Table 1. One of these, clone 51, with stable
overexpression of SPF45 at high levels (A2780-SPF45) was selected
for further study. A2780-SPF45 cells and a stable transfectant of the
empty vector (A2780-Vector) had similar doubling times of 21 and
23 hours, respectively. A2780-SPF45 cells had increased expression
of SPF45 relative to A2780-Vector cells when analyzed by Western
using a SPF45 polyclonal antibody and a h-actin antibody to
control for protein loading (Fig. 1A).
In cytotoxicity assays, A2780-SPF45 cells were 2.8- to 20.9-fold

resistant relative to A2780-Vector cells to several drugs with
different mechanisms of action. A representative survival curve for
vincristine is shown in Fig. 1B . EC50 and fold resistance values for
seven anticancer drugs (paclitaxel, carboplatin, vinorelbine, doxo-
rubicin, etoposide, mitoxantrone, and vincristine) are shown in
Table 1. A2780-SPF45 cells were resistant to six drugs (P < 0.05) but
were not resistant to paclitaxel (Table 1). Results from a single
experiment also found that A2780-SPF45 cells were not resistant to
5-FU but were f5-fold resistant to cisplatinum. Sensitivity to
gemcitabine and pemetrexed was also determined. As shown in
Fig. 1C and D , the dose-response survival curves for gemcitabine
and pemetrexed were only significantly different in the two
transfectants at the highest drug concentrations where cell survival
plateaued. Survival was significantly different at z0.02 Amol/L for
gemcitabine and z0.12 Amol/L for pemetrexed (P < 0.05). Taken
together, these data indicate that overexpression of SPF45 in A2780
cells confers MDR.
Ribozyme knockdown of SPF45 sensitizes A2780 cells to

etoposide. To further explore the relationship between SPF45
levels in A2780 cells with sensitivity to anticancer drugs, we
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developed a ribozyme strategy for decreasing SPF45 mRNA levels
and SPF45 protein. Based on the work of Benedict et al. (20), we
designed a mammalian expression construct that would produce a
primary transcript containing three tandem hammerhead ribo-
zyme catalytic regions (a triple ribozyme; see Fig. 2A). The 5Vand 3V
ribozymes were targeted to the primary triple ribozyme transcript,
resulting in self-cleavage and release of the internal SPF45-targeted
ribozyme. Stable transfectants of A2780 cells were generated with
constructs expressing the active SPF45-targeted ribozyme TRz8
and with a construct expressing a catalytically inactive ribozyme
TRz8M as a control that was designed to bind but not cleave SPF45
mRNA (see Materials and Methods). A slight reduction in SPF45
protein levels was noted in A2780-TRz8M cells relative to parental
A2780 cells (Fig. 2B), but this had little effect on drug sensitivity to
etoposide (Fig. 2C); only two of seven data points were significantly
different by the Student’s t test (P < 0.05). However, a pronounced
reduction in SPF45 protein levels was detected in A2780-TRz8 cells
relative to A2780-TRz8M and A2780 parental cells by Western
analysis (Fig. 2B). This resulted in increased etoposide sensitivity
relative to A2780-TRz8M and A2780 parental cells with the EC50

decreased f5-fold by TRz8 expression (Fig. 2C).
Increased SPF45 expression in A2780 cells does not affect

drug accumulation. One common way that cells can become
multidrug resistant to anticancer drugs is through the increased
expression of ATP-dependent transporters like Pgp or MRP1 that
pump a structurally diverse set of drugs out of the cell (1, 21, 22).
Overexpression of either transporter confers resistance to vincris-
tine and doxorubicin (1, 3, 23). It was possible that SPF45
overexpression increased the expression of these or other trans-
porters in A2780-SPF45 cells. To determine whether changes in the
activity of these transporters could partially explain SPF45-
mediated drug resistance, the effect of a potent and selective
inhibitor of Pgp (LY335984) with a K i of 0.053 Amol/L (16) and a
potent MRP1 inhibitor (LY487355) with a K i of 0.034 Amol/L was

examined. As shown in Table 2, neither modulator had a significant
effect on EC50 values for vincristine (P > 0.5). To further explore
whether drug accumulation was affected by SPF45 overexpression,
the time-dependent intracellular accumulation of the naturally
fluorescent anticancer drug doxorubicin was measured in SPF45,
vector-transfected, and parental A2780 cells and in Pgp-expressing
2780AD cells (Fig. 3). Fluorescence increased in three cell lines over
time, whereas fluorescence remained low in 2780AD cells that
express Pgp. Furthermore, drug accumulation was not significantly
different among SPF45, vector-transfected, and parental A2780
cells (Fig. 3). Taken together, these data show that SPF45-mediated
drug resistance in A2780 cells is not the result of decreased drug
accumulation.
Estrogen receptor modulators partially reverse SPF45-

mediated drug resistance in A2780 cells. The recent demon-
stration that some RRM-containing transcriptional coregulators of
NHRs can act as alternative splicing factors of NHR-regulated
genes (14, 15) suggested that SPF45 might also have dual activities
as a splicing factor and as a NHR coregulator. If this were true,
NHR modulators might be predicted to alter the SPF45-mediated,
drug-resistant phenotype. Transcriptional profiling of A2780-Vector
and A2780-SPF45 cell lines indicated that ERh is expressed at
reasonable levels in these cell lines, and this was confirmed by
Taqman quantitative PCR assays (data not shown). In contrast,
ERa was not expressed by these cells when analyzed by Taqman
(data not shown) in agreement with previous reports that A2780 is
ERa negative (24). Hence, the role of ERh in SPF45-mediated drug
resistance in these cells could be investigated using ERh
modulators.
We evaluated the effect of the mixed agonist-antagonists of

ERh, tamoxifen, and LY117018 (a raloxifene analogue) on the
drug sensitivity of the A2780 transfectants. Both compounds
increased the drug sensitivity of A2780-SPF45 cells to mitoxan-
trone up to f4-fold (Table 3). LY117018 achieved significant

Table 1. Drug sensitivity of A2780-SPF45 cells

Agent* EC50
c

(Amol/L) Fold resistance (95% confidence limits)
b

A2780-Vector A2780-SPF45x

Paclitaxel 0.009 F 0.003 0.012 F 0.003 1.3 (0.9-2.0)

Carboplatin 18.3 F 7.0 52.0 F 10.1k 2.8 (2.0-4.1)

Vinorelbine 0.007 F 0.002 0.020 F 0.006k 2.8 (2.3-3.4)

Doxorubicin 0.17 F 0.03 0.83 F 0.11k 4.9 (3.2-7.7)
Etoposide 0.78 F 0.23 4.95 F 2.05k 6.4 (3.2-12.8)

Mitoxantrone 0.097 F 0.02 1.50 F 0.06k 15.5 (10.8-22.4)

Vincristine 0.007 F 0.002 0.15 F 0.04k 20.9 (14.6-29.8)

*5-FU and cisplatinum were also evaluated in one experiment each. A2780-SPF45 cells were not resistant to 5-FU but were f5-fold resistant to

cisplatinum.
cThe EC50 is the drug concentration that results in 50% of maximal activity in growth inhibition assays. Mean F SE of at least two independent

experiments done in duplicate.
bFold resistance and 95% confidence limits were based on log-scale means and SEs (see Materials and Methods for cytotoxicity assays). In all cases,

except doxorubicin, the data were paired within experiment.
xValues were generated using SPF45 clone 51. Three other independent SPF45 transfectants (clone 45, clone 53, and clone 28) were evaluated and found
to be 13.6-, 15.7-, and 17.9-fold resistant to mitoxantrone, respectively; 3.1-, 4.3-, and 5.1-fold resistant to doxorubicin, respectively; 3.1-, 11.7-, and 7.1-fold

resistant to etoposide, respectively; and 3.1-, 3.5-, and 3.2-fold resistant to cisplatinum, respectively.
kEC50 is significantly different from EC50 of A2780-Vector cells analyzed by the Student’s t test (P < 0.05) or equivalently by the fold resistance confidence

interval excluding the value, 1.
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sensitization of A2780-SPF45 cells at the lowest concentration
tested (0.185 Amol/L) compared with tamoxifen that achieved
significant sensitization at f10-fold higher concentration (1.67
Amol/L). Moreover, these compounds did not significantly affect
the mitoxantrone sensitivity of A2780-Vector cells at any of the
concentrations tested (Table 3). These results suggest a possible
involvement of the ERh signaling pathway in SPF45-mediated
drug resistance.
SPF45 interacts with ERB. To further explore the relationship

between ERh and SPF45, immunoprecipitation experiments were
done to look for physical interaction of these proteins in vivo. ERb
and SPF45 expression plasmids were cotransfected into HeLa

Figure 1. SPF45 overexpression confers drug resistance to A2780 ovarian
carcinoma cells. A, SPF45 expression in A2780 cells stably transfected with
empty vector (Vector) or the SPF45 expression vector (SPF45) was detected on
Western blots using SPF45 polyclonal antisera. Blots were reprobed with a
h-actin antibody to control for protein loading. B-D, A2780-Vector and
A2780-SPF45 cells were grown for 3 days in the presence of increasing
concentrations of vincristine (B), gemcitabine (C ), or pemetrexed (D ).
B, points, average of duplicate determinations; bars, range. Representative
of eight independent experiments. C and D, points, mean for quadruplicate
points; bars, SE. Representative of three independent experiments
measured in quadruplicate. *, P < 0.05, the value for A2780-SPF45 cells
was significantly different from the A2780-Vector cells by
Student’s t test.

Figure 2. Ribozyme knockdown of SPF45 sensitizes cells to etoposide. A, triple
ribozyme (TRz) expression constructs were based on the work of Benedict
et al. (20). The 5Vand 3Vribozymes cleave the primary transcript to release an
internal ribozyme that binds to and cleaves human SPF45 mRNA. The positions
of ribozyme bases mutated to create a catalytically inactive ribozyme control
are marked by asterisks . See Materials and Methods for the ribozyme
sequence and location of the mutated bases. B, SPF45 expression in A2780
parental cells (A2780) and in A2780 cells stably transfected with the SPF45
ribozyme 8 (TRz8) expression construct or with the catalytically inactive
ribozyme control (TRz8M) expression construct was determined by Western
blotting with SPF45 polyclonal antisera. Blots were reprobed with a h-actin
antibody to control for protein loading. C, survival curves for exponentially
growing A2780 cells or for A2780 cells stably transfected with the mutant
ribozyme control TRz8M or the SPF45 ribozyme TRz8 in the presence of
etoposide. Points, mean of triplicate determinations; bars, SE. *, P < 0.05, the
value was significantly different from the A2780-parental cells by Student’s t test.
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cells, and cells were treated with E2 or DMSO (as a vehicle
control) 24 hours later. As a negative control, HeLa cells were also
transfected with a GFP expression plasmid and EW1969 vector
control plasmid. For immunoprecipitation, lysates were incubated
with ERh polyclonal antibody–conjugated BMPs, normal rabbit
IgG, or unconjugated BMPs followed by sedimentation of
antibody-bound complexes under a magnetic field and Western
analysis with a SPF45 monoclonal antibody. SPF45 was coimmu-
noprecipitated with ERh using the ERh antibody BMPs in samples
from ERb plus SPF45 transfections but not from the GFP plus
vector control transfection (Fig. 4). SPF45 was also not
precipitated when ERh antibody BMPs were replaced by IgG-
BMPs or unconjugated BMPs. The ERh-SPF45 interaction was not
ligand dependent, but less SPF45 was precipitated from DMSO-
treated cells than from E2-stimulated cells (Fig. 4). These results
suggest that SPF45 and ERh can physically interact in vivo .

Discussion

In the present study, we report the characterization of SPF45
transfectants of A2780 ovarian carcinoma cells and explore possible
mechanisms for SPF45-mediated MDR. SPF45 overexpression
conferred resistance to several drugs with different mechanisms
of action, including a DNA cross-linker (carboplatin), a top-
oisomerase II inhibitor (etoposide), DNA intercalators (doxorubi-
cin and mitoxantrone), a DNA synthesis inhibitor (gemcitabine),
microtubule polymerization inhibitors (vincristine and vinorel-
bine), and a multitargeted antifolate (pemetrexed). A2780-SPF45
cells were not resistant to paclitaxel, a microtubule depolymer-
ization inhibitor. Results from a single experiment also found that
A2780-SPF45 cells were not resistant to 5-FU (a DNA synthesis
inhibitor) but were f5-fold resistant to cisplatinum (a DNA
cross-linker; data not shown). MDR was also observed in 19
additional A2780 SPF45 transfectants, ruling out insertional
mutagenesis and integration-position effects on host genes as
explanations for the multidrug-resistant phenotype. In addition,
the knockdown of SPF45 levels in parental A2780 cells with a
hammerhead ribozyme resulted in increased sensitivity to etopo-
side, indicating a role for SPF45 in regulating intrinsic resistance
to some drugs as well.

To investigate the mechanism of SPF45-mediated drug resistance,
we determined whether SPF45 overexpression increased the activity
of one or more ABC transporters that resulted in drug resistance by
decreasing the intracellular concentrations of chemotherapeutic
drugs through active efflux. Several ABC transporters are known to
confer resistance to anticancer drugs, including Pgp (ABCB1),
members 1 to 8 of the cystic fibrosis transmembrance conductance
regulator/MRP1 family (ABCC1-6 , ABCC10 , and ABCC11), and BCRP
(ABCG2 ; refs. 1, 3, 4, 25–34). However, this possibility was ruled out.
Drug sensitivity was not modulated by potent Pgp and MRP1
inhibitors. In addition, doxorubicin accumulation in A2780-SPF45
cells was unaltered from that in A2780-Vector and A2780 parental
cells, although doxorubicin is a substrate of several ABC trans-
porters. Furthermore, transcriptional profiling failed to detect
changes in the abundance of transcripts encoding any of these ABC
transporters that could explain resistance to chemotherapeutic
agents.4 These data strongly argue against increased drug efflux as a
mechanism of SPF45-mediated drug resistance.
Although SPF45 has an established role as a RNA splicing factor,

it seems possible that SPF45 could have another role as a
coregulator of NHRs. Like SPF45, several coregulators have RRM
and other RNA-binding motifs (14). Furthermore, two NHR
coregulators with RRM domains (PGC-1 and CoAA) can also act
as alternate splicing factors that affect the alternate splicing of
genes with hormone-responsive promoters (14, 15). Interestingly,
several coactivators that affected the alternate splicing of model
genes when expressed from NHR-regulated promoters had no
effect on splicing when the same genes were transcribed from a
ubiquitous promoter (14). Recruitment of coactivators by activated
NHRs may be necessary for the involvement of these coactivators
in regulating the splicing of some genes. If SPF45 was involved in
the splicing or transcriptional regulation of hormone-responsive
promoters, we reasoned that modulators of NHR activity might
affect the SPF45-mediated, drug-resistant phenotype in A2780-
SPF45 cells. Quantitative PCR indicated that A2780-Vector and
A2780-SPF45 cells express ERh (but not ERa), allowing the use of
selective ER modulators to test this hypothesis.

Table 2. Effect of inhibitors of Pgp and MRP1 on drug
resistance in A2780-SPF45 cells

Inhibitor (1 Amol/L) Vincristine EC50 (Amol/L)*

A2780-Vector A2780-SPF45

None 0.020 F 0.003 0.33 F 0.03
LY335984

c
0.022 F 0.001

b
0.33 F 0.08

b

LY487355x 0.017 F 0.005
b

0.26 F 0.14
b

*The EC50 is the drug concentration that results in 50% of maximal
activity in growth inhibition assays.
cLY335984 is a potent and selective inhibitor of Pgp with a K i of 0.053

Amol/L (16).
bEC50 is not significantly different from that of cells in the absence of
the modulator by Student’s t test (P > 0.5).
xLY487355 is a potent inhibitor of MRP1 with a K i of 0.034 Amol/L.

Figure 3. Doxorubicin accumulation in A2780 cell lines. The mean fluorescence
of A2780 parental cells, A2780-Vector, A2780-SPF45, and Pgp-expressing
2780AD cells was determined by FACS analysis after incubation with 50 Ag/mL
doxorubicin for the intervals indicated.

4 W.L. Perry and S. Jin, unpublished observations.
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We evaluated the effect of mixed agonist-antagonists of both ERa
and ERh on the drug sensitivity of A2780 transfectants. Tamoxifen
and LY117018 (a raloxifene analogue) partially reversed the SPF45-
mediated resistance to mitoxantrone in A2780-SPF45 cells from 21-
fold to as low as 8- and 5-fold, respectively, while not significantly
affecting the mitoxantrone sensitivity of A2780-Vector cells. One
interpretation of these results is that SPF45 overexpression in A2780
cells affects the ERh signaling pathway in a way that contributes to
the drug-resistant phenotype. We also showed that SPF45 could be
immunoprecipitated with ERh from cellular lysates using an ERh
polyclonal antibody, providing evidence that SPF45 and ERh
interact in vivo . Thus, SPF45 may have a direct effect on the
regulation of transcription and/or splicing of ERh-regulated genes.
Our working model is that SPF45 overexpression causes changes

in the splicing pattern of some genes through its activity as an
alternate splicing factor and potentially also affects the transcrip-
tional abundance of other transcripts through effects on ERh and
possibly other NHRs. The affected genes could directly or indirectly
affect the resistance of the cell to one or several anticancer agents;
the effects on several genes would together result in the broad
multidrug-resistant phenotype observed here. As discussed above,
we found no evidence that SPF45 overexpression affects the genes
encoding ABC transporters that can cause drug resistance through
decreasing intracellular drug accumulation. Other mechanisms of
drug resistance include increased repair of drug-induced cellular
damage, activation of coordinately regulated detoxification sys-
tems, and changes in apoptotic signaling pathways (1). SPF45
overexpression could affect one or more of these processes. For
example, some members of the cytochrome P450 family are
involved in the metabolism of drugs and xenobiotics. Induction of
some of these genes is mediated by NHRs (35) and distinct
isoforms of these NHRs are generated through alternate splicing
(36, 37). Additionally, alternate splicing is used to generate either
proapoptotic or antiapoptotic forms of the BCL-2 family of

Table 3. Effect of selective ER modulators tamoxifen and LY117018 (a raloxifene analogue) on SPF45-mediated drug
resistance

Mitoxantrone + modulator A2780-Vector A2780-SPF45 Relative resistance*

EC50
c

(Amol/L) Fold shift
b

EC50 (Amol/L) Fold shift

Tamoxifen (Amol/L)

0 0.06 F 0.03 1.34 F 0.32 21.36

0.185 0.09 F 0.03 0.70 0.88 F 0.27 1.52 9.90
0.556 0.09 F 0.03 0.74 0.77 F 0.15 1.74 9.03

1.67 0.04 F 0.01 1.64 0.50 F 0.09x 2.68 13.09

5.0 0.05 F 0.01 1.33 0.36 F 0.07k 3.73 7.62
LY117018 (Amol/L)

0 0.06 F 0.03 1.34 F 0.32 21.36

0.185 0.09 F 0.02 0.73 0.40 F 0.14x 3.35 4.66

0.556 0.07 F 0.02 0.88 0.35 F 0.09k 3.82 4.91
1.67 0.07 F 0.01 0.97 0.30 F 0.09k 4.42 4.69

5.0 0.05 F 0.01 1.37 0.32 F 0.10k 4.13 7.06

*Relative resistance = EC50 A2780-SPF45/EC50 A2780-Vector.
cThe EC50 is the drug concentration that results in 50% of maximal activity in growth inhibition assays.
bFold shift = EC50 mitoxantrone in absence of modulator/EC50 mitoxantrone in presence of modulator.
xEC50 is significantly different from EC50 of samples in absence of modulator when compared using curve fit SEs on the log-EC50 scale (P < 0.01).
kEC50 is significantly different from EC50 of samples in absence of modulator when compared using curve fit SEs on the log-EC50 scale (P < 0.001).

Figure 4. Coimmunoprecipitation of ERh and SPF45. HeLa cells were
transfected with ERh and SPF45 expression construct or with a
GFP expression plasmid and EW1969 vector control plasmid followed by
incubation with 100 nmol/L E2 or DMSO as indicated. Lysates
were incubated with BMPs conjugated to an ERh-antibody, normal rabbit
IgG, or unconjugated BMPs. Captured proteins and total cellular
lysate controls were analyzed by Western using a SPF45 monoclonal
antibody.
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proteins that are major regulators of apoptotic processes (38, 39).
Further studies are needed to identify SPF45 target genes and to
discover if SPF45 has any effect on the transcriptional activity of
ERh and other NHRs. This research will help elucidate the
mechanism(s) of SPF45-mediated MDR.
In summary, SPF45 conferred a broad multidrug-resistant

phenotype to A2780 cells when overexpressed, and knockdown of
endogenous SPF45 in A2780 parental cells resulted in increased
drug sensitivity. Physical interaction of SPF45 and ERh was
suggested by coimmunoprecipitation, and ERh modulators par-
tially reversed SPF45-mediated drug resistance. The fact that SPF45

is overexpressed in most tumors derived from seven different
tissues (6) suggests that SPF45 up-regulation is a common event in
certain tumors. Thus, SPF45 may play an important role in clinical
resistance to chemotherapy.
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