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RNA processing is altered during malignant transformation,
and expression of the polypyrimidine tract-binding protein
(PTB) is often increased in cancer cells. Although some data
support that PTB promotes cancer, the functional contribution
of PTB to themalignant phenotype remains to be clarified. Here
we report that although PTB levels are generally increased in
cancer cell lines from multiple origins and in endometrial ade-
nocarcinoma tumors, there appears to be no correlation
between PTB levels and disease severity or metastatic capacity.
The three isoforms of PTB increase heterogeneously among dif-
ferent tumor cells. PTB knockdown in transformed cells by
small interfering RNA decreases cellular growth in monolayer
culture and to a greater extent in semi-solid media without
inducing apoptosis. Down-regulation of PTB expression in a
normal cell line reduces proliferation even more significantly.
Reduction of PTB inhibits the invasive behavior of two cancer
cell lines in Matrigel invasion assays but enhances the invasive
behavior of another. At the molecular level, PTB in various cell
lines differentially affects the alternative splicing pattern of the
same substrates, such as caspase 2. Furthermore, overexpres-
sion of PTB does not enhance proliferation, anchorage-inde-
pendent growth, or invasion in immortalized or normal cells.
These data demonstrate that PTB is not oncogenic and can
either promote or antagonize amalignant trait dependent upon
the specific intra-cellular environment.

The polypyrimidine tract-binding protein (PTB),3 also
termed heterogeneous nuclear ribonucleoprotein I, is a 57-kDa
RNA-binding protein that binds preferentially to pyrimidine-

rich sequences (1–3). PTB contains four RNA recognition
motifs (RRMs). RRM 1 and 2 at the N terminus of the protein
are involved in the dimerization of PTB, whereas RRM 3 and 4
are responsible for high affinity interactions with RNA (4, 5).
PTB has been shown to be involved in many aspects of
pre-mRNA and mRNA metabolism. PTB participates in
pre-mRNA splicing (6) and acts as a splicing repressor in alter-
native splicing of pre-mRNA (5, 7–12). PTB is also involved in
3� end polyadenylation of pre-mRNA (13–15) and is important
for translational regulation of certain RNA transcripts through
internal ribosome entry sites (16–20). In addition, PTB shuttles
between the nucleus and the cytoplasm (21), which is regulated
through phosphorylation by 3�,5�-cAMP-dependent protein
kinase (22).
Alternative splicing is a process that allowsmultiple different

proteins to bemade from the same pre-mRNAby either includ-
ing or excluding particular exons during pre-mRNA splicing.
PTB plays a key role in alternative site selection for many gene
products by acting as a splicing repressor that prevents the
inclusion of target exons (11, 23–25). Changes in alternative
splicing sites have been previously correlated with malignant
transformation (26–29), and the expression level of PTB has
been found elevated in transformed cells. Such an elevation is
responsible for the increases in fibroblast growth factor recep-
tor-1�-exon skipping in glioblastoma multiforme tumors (26).
Increases in PTB expression are also associated with changes in
alternative splicing of multidrug resistance protein 1, which
contributes to the drug-resistant phenotype associated with
many cancers (28). In addition to PTB, changes in the expres-
sion levels of other factors involved in alternative splicing, such
as SR proteins, have been found to impact the metastatic phe-
notype. A classic example demonstrated that a CD44 splice
variant, CD44 v6, confers metastatic potential when expressed
in nonmetastatic cells (30). Therefore, changes in alternative
splicing dynamics in tumor cells likely modify gene expression,
in which the expression of functionally altered proteins may
directly contribute to the malignant phenotype (31). Being a
splice repressor, PTB may influence the transformed pheno-
type through changing alternative splicing patterns.
PTB itself also undergoes alternative splicing and has three

splicing isoforms. PTB1 is the smallest, whereas PTB2 and -4
have an additional 19 or 26 amino acids, respectively, between
RRM 2 and 3 as a result of exon 9 inclusion (1, 2). These iso-
forms are differentially effective in the alternative splicing of
�-tropomyosin. PTB4 has strongest influence and PTB1 the
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weakest on exon 3 skipping in vivo and in vitro (32). However,
differential splicing efficiency of the individual PTB isoforms is
not observed for all PTB substrates, as demonstrated by the
equal efficiency of �-actinin exon skipping by all isoforms (32).
Therefore, the differential expression of PTB isoforms may
enormously influence gene expression because of the large
number of PTB substrates present in the cell and thus differen-
tially affect cellular behavior based on the amount of certain
PTB substrates that are expressed in a given cell type.
Although several studies have demonstrated altered PTB

expression in cancer cells (31, 33), fundamental questions
regarding the role of PTB in cancer cells remain unresolved. It is
not clear whether increased PTB expression is a phenomenon
common to cancers of all origins, or whether PTB isoform
expression changes similarly among cancers from different ori-
gins, or whether increased PTB expression is important for the
transformed phenotype. Recently, a study using siRNA knock-
down technique demonstrated that PTB promotes the malig-
nant phenotype in ovarian tumor cell lines (34). To further
address these issues, we investigated the changes in PTB
expression in cancer cells from multiple origins and compared
the PTB isoform profiles in these cells.We examined the role of
PTB in malignant transformation by knocking down PTB
expression in cultured tumor and nontransformed cells. We
found that PTB levels generally increase in cancer cells from a
variety of tissues; however, the expression levels of the three
individual PTB isoforms are heterogeneous among different
cell types. PTB knockdown by siRNA significantly reduces the
growth rate for both cancer and normal cell lines, and reduces
anchorage-independent growth in tumor cells to a great extent
than monolayer culture. In addition, PTB knockdown inhibits
the invasive capacity of two cancer cell lines but increased inva-
sion in another.However, overexpression of PTB in normal and
immortalized cells does not increase proliferation or induce
traits associated with transformation in vitro. Our findings sug-
gest that PTB itself is not transforming but may support or
interfere with malignancy depending on the specific cellular
environment as it can promote transformed phenotypes in
some cells while antagonizing them in others.

MATERIALS AND METHODS

Cell Culture and Tissue Specimens—HeLa (human cervical
cancer), Wacar and Homa (normal human skin fibroblasts),
HEK-293 (human embryonic kidney transformed with adeno-
virus 5 DNA), and NIH-3T3 (Mus musculus, fibroblasts) were
maintained in Dulbecco’s modified Eagle’s medium. PC-3,
PC-3M, PC-3M Pro4, and PC-3M LN4 prostate cancer cell
lines were generous gifts from the laboratories of Dr. Zhou
Wang and Dr. Chung Lee (Northwestern University) and cul-
tured in RPMI 1640 medium. WI-38 normal lung fibroblasts
were grown in minimal essential medium. All media were sup-
plemented with 10% fetal bovine serum (Atlanta Biologicals)
and 100 units/ml penicillin and streptomycin unless otherwise
noted. CG cells (human neuroblastoma), T84 cells (human
colon carcinoma), and SAOS-2 (osteosarcoma) were cultured
according to the protocols provided by ATCCCulturesTM. Sta-
bly expressing NIH-3T3 cells were created by transfecting
�2 � 106 cells with 2 �g of either PTB1-GFP vector (39) or

constitutively active K-Ras vector (courtesy of Dr. William
Hahn- Addgene plasmid 9051) or 2 �g of each at the same time
and then selecting with 500 �g/ml G-418 (PTB-GFP) and/or 5
�g/ml puromycin (H-Ras) for 2 weeks. The resulting stable,
nonclonal cell lines were utilized for assays within 1 month of
creation. Human endometrial tissue samples were obtained by
surgical resection, trypsinized, and seeded in culture (RobertH.
Lurie Comprehensive Cancer Center of Northwestern Univer-
sity). Histopathological examination allowed the samples to be
classified as benign, grade-1, grade-2, or grade-3 endometrial
tumors. All cell culture products were obtained from Invitro-
gen, and all other reagents mentioned under “Materials and
Methods” were obtained from Sigma unless otherwise noted.
Immunostaining—Cells were fixed with 4% paraformalde-

hyde in PBS for 10 min followed by 5 min of permeabilization
with 0.5% w/v Triton X-100 in PBS at room temperature. Pri-
mary antibody was applied for 1 h, and cells were washed with
PBS three times for 10 min. The primary antibody, SH54 (anti-
PTB) (35), was used at a 1:300 dilution in PBS, and secondary
anti-mouse antibodies conjugated to fluorescein isothiocya-
nate or Texas Redwere used at a 1:200 dilution (Jackson Immu-
noResearch Laboratories). Coverslips were analyzed with a
Nikon Eclipse E800microscope equipped with a SenSys cooled
CCD camera (Photometrics). Images were captured using
Metamorph image acquisition software (Universal Imaging).
Protein Electrophoresis and Immunoblotting—Protein

extracts were prepared by sonicating tissue or cells in RIPA
buffer containing 1% Nonidet P-40, 1% deoxycholic acid,
sodium salt, 0.1% SDS, 10 mM Tris-HCl, pH 7.4, and 150 mM
NaCl. Protein concentrations were determined with the BCA
protein assay kit (Pierce). Equal amounts of each protein sam-
ple were separated on 10% SDS-polyacrylamide gel and trans-
ferred to nitrocellulose membrane. Antibodies used for West-
ern blot analysis were rabbit or mouse anti-PTB (SH54) at a
1:800 dilution, rabbit anti-actin (Sigma) at a 1:2000 dilution,
mouse anti-GFP (BD Biosciences) at a 1:1000 dilution, rabbit
anti-K-Ras (Santa Cruz Biotechnology) at a 1:500 dilution, and
horseradish peroxidase-conjugated goat anti-rabbit or goat
anti-mouse IgG secondary antibodies (Jackson ImmunoRe-
search) at a 1:10,000 dilution. SuperSignal West Pico Chemilu-
minescent Substrate (Pierce) detection reagents were used to
detect immunoreactive bands.
Northern Blotting—To determine the RNA expression level

of PTB in different cell lines by Northern analysis, total RNAs
were extracted from different cell lines with TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions.
Total RNAs from different cell lines were loaded (5 �g/lane)
and run on a 1% agarose gel and subsequently transferred onto
GeneScreenPlus membranes (PerkinElmer Life Sciences) by
capillary action with a high salt solution. Hybridization and
washing conditions were standard as described previously (36).
A 32P-labeled PTBprobewas used to detect the expression level
of RNA with labeled glyceraldehyde-3-phosphate dehydrogen-
ase probe used as loading control. 32Pwas obtained fromAmer-
sham Biosciences.
RT-PCR—RNA was converted to cDNA, and the DNA was

amplified by PCR with a forward primer (5�-ACCAGCCT-
CAACGTCAAGTA) and a reverse primer (5�-GGGTTGAG-
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GTTGCTGACCAG) in a single reaction. These primers were
designed to include the alternatively spliced region of PTB so
ratios of isoforms could be directly compared among cell lines.
Reverse transcription was performed with Moloney murine
leukemia virus reverse transcriptase (Invitrogen) on total RNA
obtained via TRIzol isolation from cell lines. PCR was carried
outwith 30 cycles at 95 °C for 30 s, 57 °C for 1min, and 72 °C for
90 s. The PCR products were resolved on a 2% agarose gel. The
intensity of the isoform bands were measured with Kodak MI
software, which allowed for determination of isoform ratios.
Alternative Splicing Efficiency Assay—A caspase 2 minigene

was used as described previously (37). HEK-293 cells were
plated onto 6-well culture plates at 60–70% confluence. After
24 h, 4 �g of GFP-tagged PTB expression vectors and 1 �g of
reporter minigene were introduced into cells by a standard cal-
ciumphosphate precipitation protocol. Total RNAwas purified
with RNeasy mini kit (Qiagen) from 6-well culture plates 36 h
after transfection. Alternative splicing products of the caspase 2
minigene were detected using RT-PCR in the presence of
[32P]dCTP (GE Healthcare) as described previously (37, 38).
PCR products were fractionated with 6% polyacrylamide gel
containing 1� TBE buffer and then detected and quantified
using a PhosphorImager BAS-1800II (Fuji Film).
RNA Interference—Double-stranded RNA was chemically

synthesized, deprotected, and purified by Dharmacon
Research, Inc. One strand of the double-stranded RNA was
homologous to the PTBmRNA sequence 5�-UGACAAGAGC-
CGUGACUAC(dTdT)-3�. The scramble control siRNA was
from Ambion, Inc. (Silencer� negative control 2 siRNA).
Transfection of siRNA duplexes into various cell lines was
conducted as described previously according to the manu-
facturer’s instructions (Oligofectamine reagent, Invitrogen)
(39). Cells were utilized for subsequent experiments 72 h
post-transfection.
In Vivo Br-UTP Incorporation—Seventy two hours after

transfectionwith PTB siRNA, cellswere rinsed once inGlycerol
Buffer (20 mM Tris-HCl, pH 7.4, 5 mMMgCl2, 25% glycerol, 0.5
mM EGTA, 0.5 mM phenylmethylsulfonyl fluoride) and perme-
abilized in the Glycerol Buffer with 50 �g/ml digitonin for 3
min. Cells were then incubated in transcription mixture (100
mM KCl, 50 mM Tris-HCl, pH 7.4, 5 mMMgCl2, 0.5 mM EGTA,
25% glycerol, 2 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.2 mM
Br-UTP) at 37 °C for 5min and then fixed in 4% (w/v) paraform-
aldehyde in PBS for 10 min. Fixed cells were double-labeled
with anti-PTB at a 1:300 dilution and anti-BrdUrd that also
recognizes Br-UTP (Sigma) at a 1:50 dilution and subsequently
prepared as described above.
Anchorage-independent Growth Assay—Seventy two hours

after transfection, cells from the PTB siRNA and the control
siRNA-treated dishes were trypsinized and counted using a
hemocytometer. The same number of cells (about 5 � 104)
from all experimental conditions were added into 2 ml of 1.5%
(w/v) methylcellulose media and seeded onto 1% agarose-
coated 35-mm Petri dishes and allowed to grow for 10 days. At
this point, pictures were taken using phasemicroscopy to show
the colony formation. Then themedia containing the cells were
removed from the dish, put in a 15-ml tube, vigorously pipetted
and vortexed to break up the colonies, allowed to sit for 5 min,

and then gently mixed as to suspend the cells homogeneously
while avoiding air bubbles. The cell number relative to control
was determined by measuring the scattering at 650 nm using a
spectrophotometer (Beckman DU-64).
Invasion Assay—Invasive activity was determined via the

transwellMatrigel invasion (Boyden chamber) assay. Transwell
inserts (0.8 �m; BD Biosciences) were coated with Matrigel
(100 �g in 100 �l, for 1 h at room temperature), and coated
inserts were then washed with PBS and used immediately. Sev-
enty two hours after siRNA transfection, 2 � 105 cells from
each experimental condition were added to the upper chamber
in 500 �l of serum-free medium. Twenty four hours after incu-
bation at 37 °C, the noninvading cells were removed from the
upper chamber with a cotton swab, and invading cells adherent
to the bottom of membrane were fixed and stained using a
Diff-Quick staining kit (DADE AG). Invading cells were
counted by tallying the number of cells in 10 random fields
under a �20 objective using an ocular micrometer. Data were
expressed as average relative (compared with control) number
of migrating cells in 10 fields from six experiments (40).
Plasminogen Activator Assay—Net plasminogen activator

activity in conditioned media was quantified using a coupled
assay tomonitor plasminogen activation and the resulting plas-
min hydrolysis of a colorimetric substrate (D-Val-Leu-Lys-p-
nitroanilide; Sigma) as described previously (41, 42).

RESULTS

TransformedCell Lines andCancer Tissues Express Increased
Levels of PTB—To evaluate the expression level of PTB in
tumor cell lines and human tissue samples, we used both
immunofluorescent staining and Western blotting. For the
immunofluorescent staining, tumor and normal cells were
immunolabeled in parallel, and the imageswere captured under
the same image acquisition settings. The results show a signif-
icant increase in nuclear labeling intensity in tumor cells over
that in normal cells as exemplified in PC-3M (a human prostate
cancer cell line), HeLa (human cervical cancer), CG cells
(human neuroblastoma), SAOS-2 (osteosarcoma), versus
WI-38 (a normal human lung fibroblast cell line) (Fig. 1A).
Many malignant cells also contain the perinucleolar compart-
ment (Fig. 1A, arrowheads), a nuclear structure that is highly
enrichedwith PTB (43). To quantify the expression of total PTB
protein in cancer cell lines from various tissue origins, we per-
formed Western blotting using the anti-PTB antibody SH54
(35). The panel of human cancer cells examined (HeLa, CG,
T84, SAOS-2, HEK-293, PC-3, PC-3M, PC-3M LN4, and
PC-3MPro4)was derived fromabroad spectrumof tissue types
and represents cells of varying degrees of malignancy. The nor-
mal cell lines evaluated were WI-38 and Homa, which are
human fibroblasts. Western blotting demonstrates that the
level of PTB protein is generally increased in transformed cell
lines examined when compared with the normal cell lines (Fig.
2B). The increases in protein expression is consistent with the
increased level of steady state PTB mRNA in tumor cells as
measured by Northern blotting (Fig. 1B). Densitometry quan-
tification of the PTB protein levels shows that most tumor cell
lines express PTB at a level 2-fold, or greater, than normal cells
(data not shown). To evaluate whether the increases in PTB
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levels are correlated with the degree of malignancy, we com-
pared PTB expression in three prostate cancer cell lines of vary-
ing levels of malignancy with the parental PC-3 line. PC-3 cells
were originally isolated from a human prostate cancer, and
PC-3Mwas created by implanting a PC-3 xenograft tumor into
a nude mouse, allowing distant metastases to form, and subse-
quently removing ametastatic lesion to culture (44). PC-3MLN4
is enriched with highly metastatic cells through four iterations of
inoculating PC-3M cells into themouse prostate and isolating the
metastatic tumor cells. In contrast, PC-3MPro4 is highly concen-
trated with nonmetastatic tumor cells through four iterations of
inoculating PC-3M cells into mouse prostate and isolating tumor
cells localized to the prostate (45). If PTB level is directly related to
the metastatic capacity, we would expect PTB expression in the
PC-3 panel of cell lines to correlate with their metastatic capacity;
however, PTB is expressed at a higher level in the PC-3M cells
compared with PC-3 cells, and there is little difference among the
three PC-3M derivatives (Fig. 2B).

To evaluate the expression of PTB in human tumor tissues,
we examined the levels of PTB expression in freshly isolated
normal endometrial and endometrial adenocarcinoma cells.
PTB expression in cells isolated from five adenocarcinoma tis-
sues of varying grades was comparedwith two normal endome-
trial tissue cells by Western blotting, and the results show the
total level of PTB is increased in tumor tissues, which is con-
sistent with the observations in cancer cell lines (Fig. 1C). How-
ever, there is no obvious correlation between the expression
level of PTB and tumor grades as exemplified by the grade 3
tumor samples, in which one shows a substantial increase in
PTB expression although the other is comparable with or
slightly less than the grade 1 tumor (Fig. 1C). The lack of cor-
relation between the levels of PTB and the severity of the dis-
ease are consistent with the findings from the prostate cancer
PC-3 cell line derivatives (Fig. 2B). Together, these data dem-
onstrate that PTB levels generally increase in cancer cells inde-
pendent of the tissue origin or degree of malignancy, as charac-
terized by metastatic capacity or histological grading.

Differential PTB Isoform Expres-
sion in Cancer Cells—Although
PTB levels are generally elevated in
cancer cells, the ratios of the three
PTB isoforms are heterogeneous
among the cancer cell lines (Fig. 2B).
The shortest isoform, PTB1, shows
significant increases in all cancer
cell lines tested compared with nor-
mal cells, in which PTB1 is often
below the level of detection (Fig.
2B). Because PTB2 and PTB4 can-
not be resolved onSDSgels, we eval-
uated the isoformexpression byRT-
PCR, which also ensures that the
different bands observed on the
Western blot are indeed because of
alternative splicing rather than
post-translational modifications. A
set of primers was designed to
include the alternatively spliced

region that amplifies all three variants (Fig. 2A). The amplifica-
tion of all variants in a single reaction provides an internal con-
trol for quantification of the proportion of each RNA isoform
from a given cell line and thus allows comparisons between
unrelated cell lines. Because the ratio of PTB1:PTB4 is relatively
unchanged in all tested samples, we focused on the ratio of
PTB1:PTB2 (Fig. 2C). In normal cells (WI-38 andHoma), PTB2
and -4 are the predominant isoforms so that the ratio of PTB1:
PTB2 in these cells is less than 0.4 (Fig. 2C). This is consistent
with the findings by Western blot (Fig. 2B) (the top PTB band
represents PTB2 and -4), in which PTB1 is not detected. In
comparison, cancer cell lines have heterogeneous ratios of PTB
isoforms. Someof the cell lines, including PC-3M, PC-3MPro4,
PC-3M LN4, HEK-293, and T84 cell lines (Fig. 2B) and endo-
metrial adenocarcinoma cells (Fig. 1C), show increased expres-
sion of the small isoform PTB1 over the other isoforms (Fig. 2B
and Fig. 1C). The changes at the protein level are consistent
with the findings at the RNA level as detected by RT-PCR (Fig.
2C), in which the ratio of PTB1:PTB2 significantly increases in
the corresponding cancer cells, reaching as high as 1.32 for
PC-3M cells. In contrast, other cancer cell lines, PC-3, HeLa,
GC, and SAOS-2 maintain an isoform ratio of PTB1:PTB2 that
is closer to the normal cells (Fig. 2, B andC). The heterogeneity
of PTB isoform expression profiles in tumor cells from various
origins and of varying levels of malignancy suggests that iso-
form switching toward PTB1 is not directly correlated with the
malignant transformation. Our findings are consistent with
another report where two prostate cancer cell lines predomi-
nantly increase the expression of PTB1, although HeLa
expressed predominantly PTB2/4 (46).
A previous study (32) showed that PTB isoforms have differ-

ent effects on exon 3 exclusion of �-tropomyosin but have the
same efficiency in excluding both the NW and SM exons of
�-actinin pre-mRNA. These findings indicate substrate-
dependent splicing activity for different PTB isoforms. To fur-
ther evaluate the impact of each isoform on alternative splicing,
we examined the effects of PTB isoforms on the inclusion of

FIGURE 1. PTB expression is generally elevated in transformed cell lines and endometrial carcinomas.
A, immunofluorescent staining against PTB demonstrates higher nuclear labeling intensity in tumor cells over
that in normal cells as exemplified in PC-3M (human prostate cancer cell line) HeLa (human cervical cancer), CG
(human neuroblastoma), and SAOS-2 cells (human osteosarcoma) versus WI-38 (normal human lung fibro-
blast). B, Northern blotting analysis shows the increased level of steady state PTB mRNA in tumor cells versus
normal cell lines. C, Western blotting of lysates from five endometrial carcinoma and two normal endometrial
tissue samples shows that PTB expression increases in tumor tissues but does not correlate with the histolog-
ical tumor grading. GAP-DH, glyceraldehyde-3-phosphate dehydrogenase.
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caspase 2 exon 9 (47). Although the full-length caspase 2
(caspase 2L) functionally promotes apoptosis, an inclusion of
exon 9 generates a truncated protein product (caspase 2S) by
frameshift, which inhibits programmed cell death (48). HEK-
293 cells were transfected either with a construct expressing
GFP alone or with a construct expressing GFP-tagged PTB iso-
forms. The transfection efficiency and expression levels of these
proteins were very similar among the three isoforms as meas-
ured byWestern blot (Fig. 3A). The expression of all threeGFP-
PTB variants significantly shifts the caspase 2 minigene from
the short (caspase 2S) to the long (caspase 2L) form (Fig. 3B).
Although GFP-PTB4 appears to be slightly less efficient than
the other isoforms, the differences are not significant (Fig. 3C).
Therefore, three PTB isoforms have similar influence in the

splice site selection for caspase 2 and promote the formation of
caspase 2L. Together with a previous study (32), these results
suggest that PTB isoforms may have distinct or similar splic-
ing regulatory efficacy, depending on the splice substrate.
The similar or differential influence of PTB isoforms on a
large number of PTB substrates could generate a very com-
plex expression pattern of different protein products in dif-
ferent cell populations.
PTB siRNA Down-regulates PTB Expression without Impact-

ing Global Cellular Transcription or Inducing Cell Death—To
evaluate the functional significance of increased expression of
PTB in the malignant behavior of cells, we knocked down PTB
in both malignant cells and nontransformed cells by siRNA.
The PTB siRNA oligo used in these experiments targets the 5�
end of themRNAand effectively eliminates themajority of PTB
mRNAs (39). PTB siRNA and control oligos were transfected
into PC-3M and HeLa cells. Seventy two hours after transfec-
tion, the expression of PTB was evaluated by immunofluores-
cence labeling and by Western blotting (Fig. 4). Immunolabel-

FIGURE 2. Differential expression patterns of PTB isoforms. A, schematic
illustration of PTB isoforms and PCR primers used to detect all PTB splicing
isoforms. B, Western blotting shows PTB levels are generally higher in trans-
formed cell lines when compared with normal cell lines. The shortest isoform,
PTB1, shows significant increases in all cancer cell lines tested compared with
normal cells, in which PTB1 is often below the level of detection. The normal
cell lines used were WI-38 (lung fibroblasts) and Homa (human skin fibro-
blasts). C, quantitative RT-PCR shows that the ratio of PTB1:PTB2 is substan-
tially increased in some tumor cell lines but not in all.

FIGURE 3. Effects of PTB isoforms on caspase 2 alternative splicing.
A, expression of PTB isoforms in transfected cells was confirmed by Western
blot. B, overexpression of PTB isoforms resulted in decreases in caspase 2S
(Casp2S) and increases in caspase 2L (Casp2L) as detected by RT-PCR. C, ratio
of caspase 2S/caspase 2L was measured by densitometry from the RT-PCR
experiments. The ratio of caspase 2S to 2L was significantly different from the
control (GFP), but there was no difference among different PTB isoform
groups.
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ing of siRNA-treated HeLa cells demonstrated a significant
reduction of PTB expression when compared with cells trans-
fected with the control oligo (Fig. 4A) with a transfection effi-
ciency generally over 50% (data not shown).Western blot anal-
yses show that PTBexpression in siRNA transfected cells can be
reduced by �95% in PC-3M cells (Fig. 4B).
Prior to evaluating how PTB reduction impacts the trans-

formedphenotype, it is important to exclude the possibility that
PTB knockdown is detrimental to cells. To do so, we examined
the transfected cells for transcriptional activities and apoptotic
indices. Our previous studies have shown that PTB knockdown
did not significantly change the intra-nuclear distribution of
pre-mRNA splicing factors or the nucleolar localization of pre-
rRNA processing factors (39). Because localization of these fac-
tors is generally sensitive to transcriptional inhibition, those
findings suggested that cells with reduced PTB expression
remain transcriptionally active and structurally intact in terms
of subcellular compartments (39). To directly assess the influ-
ence of PTB on cellular transcription, we performed BrU incor-
poration assays in HeLa cells transfected with PTB siRNA oli-
gos and compared them with the adjacent cells with normal
PTB expression. Cells were pulse-labeled with BrU for 5 min,

and the newly synthesized RNA incorporated with BrU was
detected using a specific antibody recognizing BrU. Cells with
severely decreased PTB expression maintain very similar BrU
incorporation levels and patterns both in the nucleolus (pol I
transcription) and in the nucleoplasm (pol II and pol III tran-
scription) (Fig. 4C), demonstrating that PTB knockdown
indeed does not significantly impact global transcriptional
activity. To determine whether decreases in PTB levels might
induce apoptosis, we compared the apoptotic index in cells
treated with PTB siRNA or control oligos. Three days after
transfection, the number of cells undergoing apoptosis was
evaluated using 4�,6-diamidino-2-phenylindole staining. The
apoptotic index (the percentage of apoptotic cells per 100 non-
mitotic cells) was not significantly different between cells trans-
fected with PTB siRNA or control oligos (data not shown),
which demonstrates that reduction of PTB by siRNA does not
induce apoptosis.
PTB Knockdown Reduces Cellular Proliferation and Anchor-

age-independent Growth—PTB is involved in the RNA metab-
olismof a large number of transcripts in several different capac-
ities, including polyadenylation, RNA stability, alternative
splicing, and translational regulation of mRNA. Therefore,
knockdown of PTB expressionmay have significant impacts on
many fundamental cellular activities. To determine the impact
of PTB knockdown on cell proliferation, we compared the
growth rate of cells transfected with PTB siRNA and control
oligo. Seventy two hours after transfection, cells were
trypsinized, and an equal number of cells from both groups
were reseeded and allowed to grow for an additional 5 days.
PTB knockdown significantly reduced the growth of two tumor
cell lines (HeLa andPC-3M) and a normal cell line (WI-38) (Fig.
5A). The reduction appears to be more severe in normal cells
than in the two tumor cell lines. These findings demonstrate
that PTB is likely ubiquitously important to maintain cell
proliferation.
To evaluate whether the increased PTB expression observed

in tumor cells contributes to their malignant behavior, we
examined the impact of PTB knockdown on the growth of can-
cer cells in semi-solid media and compared it with the results
from monolayer culture. The semi-solid media assay is indica-
tive of the ability of cells to grow (form colonies) in an anchor-
age-independent manner, a trait unique to malignantly trans-
formed cells. Three days following transfectionwith either PTB
siRNA or control oligo, an equal number of cells were seeded in
media with 1.5% methylcellulose and cultured for 10 days. The
total cell number for the two experimental groups was meas-
ured, and the results demonstrate that cells transfected with
PTB siRNA show a significant growth reduction in methylcel-
lulose as comparedwith those transfectedwith control oligos in
two tumor cell lines tested (HeLa and PC-3M) (Fig. 5B). To
determine whether the growth reduction is specifically because
of suppression of anchorage-independent growth rather than
to the general proliferation reduction observed in monolayer
culture, we standardized the data to control values for each
condition to allow for comparisons.When compared with con-
trols, the growth rate of cells transfected with PTB siRNA was
decreased to a greater extent in methylcellulose media than in
monolayer culture, demonstrating that PTB reduction not only

FIGURE 4. Down-regulation of PTB expression by siRNA. A, immunolabel-
ing demonstrates the reduction of PTB levels in siRNA-transfected HeLa cells,
but not in control oligo-transfected cells with a transfection efficiency gener-
ally over 50%. B, Western blotting confirms effective siRNA knockdown of PTB
in transfected cells. C, BrU incorporation assay with HeLa cells demonstrates
that PTB siRNA does not greatly alter the cellular transcription state in the
nucleolus (pol I transcription) or in the nucleoplasm (pol II and pol III transcrip-
tion). DAPI, 4�,6-diamidino-2-phenylindole.
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reduces proliferation in general, but it also reduces anchorage-
independent growth, which is an in vitro indicator of
transformation.
PTB Knockdown Differentially Affects the Invasive Behavior

of Cancer Cells—To further evaluate the role of PTB in the
malignancy, we examined the ability of PTB siRNA to inhibit
the invasive behavior of cancer cells. The Matrigel invasion
(Boyden chamber) assay is a well accepted in vitro assay that
determines the ability of tumor cells to penetrate a proteina-
ceous matrix resembling the tumor basement membrane.
Equal numbers of cells transfected with siRNA against PTB or
control oligo were seeded onto the upper chamber of a tran-
swell and incubated at 37 °C for 24 h. Cells remaining at the
upper chamber were removed, whereas cells that penetrated
into the lower chamber were fixed, stained, quantified, and
compared among the experimental groups. The results from
these experiments (n � 6) consistently show that PTB knock-
down in both PC-3M (Fig. 6A) and T84 cells (data not shown)
significantly reduces the number of cells that are capable of
invading through the Matrigel. To further examine the
mechanism by which PTB might contribute to the invasive
behavior of these cells, we compared the extracellular prote-
ase activities in PC-3M cells transfected with either PTB
siRNA or control oligos. Plasminogen activators are serine

proteases that cleave the inactive zymogen, plasminogen, into
active plasmin. Once activated, plasmin can cleave almost all
extracellular matrix proteins either directly or indirectly by
activating zymogens belonging to other proteases classes like
thematrixmetalloproteases. Plasminogen activators play a crit-
ical role in invasion and metastasis of virtually all cancer types
studied. In this study we analyzed the level of plasminogen acti-
vator activity in the supernatant of cells treated with PTB
siRNAor control oligos using a published protocol (49). PC-3M
cells transfected with PTB siRNA produce significantly less
active extracellular protease than cells transfected with control
oligos (Fig. 6C). This suggests that PTB may play a role in the
production of active extracellular proteases in these cells. In
contrast to the inhibition of invasion by PTB knockdown in
PC-3M and T84 cells, PTB knockdown in HeLa cells increased
the invasive behavior of these cells (Fig. 6B). Correspondingly,
the production of extracellular plasmin is not reduced in these
cells (Fig. 6C). The finding is reproducible and consistent in
several independent experiments. Together, these findings
demonstrate that PTB differentially influences malignant traits
depending on the cell lines.
PTB Knockdown Differentially Affects the Alternative Splic-

ing of the Same Substrates in Different Cells—To begin to
address the mechanism behind the differential role PTB plays
in various cancer cell lines, we examined the influence of PTB
knockdown on the same alternatively spliced substrate in HeLa
andPC-3Mcells. Caspase 2 exon 9 inclusion (47)was assayed as
described in Fig. 3. As shown in Fig. 3, overexpression of PTB
reduces the inclusion of exon 9 in HEK-293 cells, leading to the
increases of the caspase 2L form. Correspondingly, PTB reduc-

FIGURE 5. PTB knockdown reduces cellular proliferation and anchorage-
independent growth. A, PTB down-regulation causes growth inhibition in
tumor cell lines (HeLa and PC-3M) and a normal cell line (WI-38) in monolayer
culture. B, cells transfected with PTB siRNA show a significant reduction in
anchorage-independent growth in semi-solid media (methylcellulose). Left
panel, photographs of plates on a bright field microscope with a �10 objec-
tive. Right panel, quantification of growth in semi-solid media, and compari-
son with growth in monolayer culture demonstrates that PTB inhibits anchor-
age-independent growth to a greater extent than monolayer growth. Both
parameters in siRNA transfected cells are compared with the cells treated
with control oligos (n � 3 and error bars � �S.D.).

FIGURE 6. PTB knockdown differentially affects the invasive capacity of
cancer cells. A, PTB knockdown in PC-3M cells significantly reduces Matrigel
invasion; B, but it increases cell invasion in HeLa cells. C, PTB knockdown
significantly reduces plasminogen activator production in PC-3M cells but
does not in HeLa cells (n � 3 and error bars � �S.D.).
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tion dramatically increases exon 9 inclusion in PC-3M cells,
resulting in increases of caspase 2S form (Fig. 7,A and B). How-
ever, PTB reduction has little effect on the alternative splicing
pattern of this substrate in HeLa cells (Fig. 7, B and C). These
observations further demonstrate that PTB acts differentially
upon the same cellular function, probably dependent on the
genetic and epigenetic background of the specific cells.
Overexpression of PTB Is Not Sufficient to Induce

Transformation—To further characterize the role of PTB in
malignancy and to determine whether PTB is oncogenic, we
examined if increasing PTB levels can induce transformation in
NIH-3T3 cells, an immortalized cell line classically used for in
vitro transformation assays. Cells were transfected with GFP-
PTB1 (the small isoform that is overexpressed in cancer cells),
oncogenic K-Ras, or both. Fusion to GFP did not affect PTB1
function as demonstrated in Fig. 2, in which overexpression of
GFP-PTB effectively shifts the alternative splicing pattern of
caspase 2. After transfections, nonclonal stable expressing pop-
ulations were created using the appropriate selection. The
results show that overexpression of GFP-PTB1 did not signifi-
cantly affect cellular proliferation rate (Fig. 8A), but the Ras-
transformed cells did proliferate slightly more rapidly than the
mock-transfected cells (Fig. 8A). In addition, co-expression of
PTB1-GFP with Ras slightly decreases the proliferation rate
compared with the Ras-transformed cells (Fig. 8A), indicating

that a high level of PTB1 protein alone is not sufficient to stim-
ulate cellular growth and may even antagonize Ras-stimulated
growth. Furthermore, overexpression of GFP-PTB1 does not
induce anchorage-independent growth in a semi-solid media
assay. In contrast, cells expressing oncogenic K-Ras formed
large colonies. Expression of PTB in the co-transfected 3T3
cells did not prevent colony formation (Fig. 8B); however, it did
decrease the overall number of colonies when cell number was
determined (data not shown), which further suggests that PTB
may be antagonistic to the transformation by the oncogenic
Ras. Additionally, the effect of PTB overexpression on the inva-
sive behavior of 3T3 cells was determined with the Matrigel
invasion assay. The results show a significant (p � 0.002)
decrease in invasive capacity in GFP-PTB1-expressing cells as
comparedwithmock-transfected cells (Fig. 8C). These findings
demonstrate that PTB does not cause malignant transforma-
tion in immortalized cells and even antagonizes the trans-
formed phenotype by these in vitro criteria. To further test if
PTB overexpression could influence the growth of normal
human primary cells, WI-38 cells were transfected with GFP-
PTB, and their growth inmonolayer andmethylcellulosemedia
was examined. There is no significant change in cell prolifera-
tion in monolayer between the control and PTB-transfected
cells (Fig. 8D). In addition, PTB overexpression did not induce
growth in semi-solid media (Fig. 8D). Therefore, PTB overex-
pression alone does not stimulate cellular growth or induce a
transformed phenotype in vitro.

DISCUSSION

RNAprocessing is one of the key regulatorymechanisms that
control gene expression in normal and cancer cells. PTB plays
critical roles in several aspects of RNA processing, particularly
alternative splicing, which can significantly alter gene expres-
sion patterns in given cells. As the human genome contains a
surprisingly small number of genes, isoforms derived from the
same genes through alternative splicing offers diversity in gene
function and provides amechanism to specify cellular activities
based on their roles in multicellular organisms. Including or
excluding specific exons generates functionally different pro-
teins that cater to specific requirements of cells depending on
their function (8, 10, 51, 52). There is growing evidence dem-
onstrating the correlation between specific alternatively spliced
variants and themalignant phenotype as well as drug resistance
to chemotherapy in cancer patients (31). Comprehensive map-
ping of cancer-specific alternative spliced genes is underway to
resolve the complex patterns of spliced variants in cancer cells
(53). PTB is one of over 100 known splicing factors and regula-
tors that influence alternative splicing decisions. Although
some evidence indicates that the fine balance of different fac-
tors is important for splice sites choices, how these factors gen-
erate the final protein variant pattern in each cell population
remains unclear. In this study, we provide evidence that echoes
the complexity of RNAprocessing and alternative splicing deci-
sions in cancer cells by demonstrating the different phenotypic
changes resulting from the alternation of PTB expression level
in different cell lines.
PTB has been shown to be a repressive splicing regulator that

generally leads to the exclusion of targeted exons (8, 10, 12). As

FIGURE 7. A and C, PTB reduction dramatically increases exon 9 inclusion in
PC-3M cells; B and C, but it minimally affects the alternative splicing pattern of
caspase (Casp) 2 in HeLa cells (n � 3 and error bars � �S.D.).
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a splicing repressor, the level of PTB expression can potentially
influence the splicing of a large number of substrates and
impact malignancy in transformed cells through a variety of
cellular pathways. In fact, PTB levels have been shown to
increase in transformed cell lines and ovarian cancer (27, 28,
34). Our findings that PTB is significantly increased in endome-
trial cancer tissues and in transformed and cancer cell lines of
various origins are consistent with these previous observations
(26–29), further demonstrating that PTB expression increases
are generally associated withmalignant transformation and are
not specific to certain tumor types.
Although the elevated levels of PTB in tumor cells have been

documented, its role in malignancy was not examined until
recently. The increased expression of PTB is thought to poten-
tiate the malignant behaviors in cancer cells. Two examples
include the PTB-based alternative splicing of the fibroblast
growth factor receptor 1 and the multidrug resistance protein
1/ATP-binding cassette transporter (MDR1). These alterna-
tively spliced proteins promote malignant growth of tumor
cells (27) and confer drug resistance (28), respectively. A recent
report showed that knockdown of PTB suppresses ovarian
tumor cell growth and invasiveness in vitro (34), which sup-
ports the promoting role of PTB in the transformed phenotype
and led to the consideration of PTB as a drug target for cancer

chemotherapy.However, our obser-
vations paint a more complex pic-
ture when looking into more cell
lines, in which PTB is not always a
promoter for the transformed phe-
notype in vitro.

Our studies show that although
down-regulation of PTB signifi-
cantly reduces the invasive capacity
of a prostate cancer cell line,
PC-3M, and a colon cancer cell line,
T84, it consistently increases the
invasion capacity of HeLa cells.
Interestingly, overexpression of
PTB1 in NIH-3T3 cells reduces
their invasive capacity. These differ-
ential changes in invasive capacity
upon the alternation in PTB expres-
sion in different cell lines demon-
strate that PTB can promote or
antagonize the malignant behavior
of cells dependent upon the specific
intracellular environment. Molecu-
larly, the differential alternative
splicing pattern of caspase 2 in var-
ious cell lines induced by PTB
siRNA knockdown mechanistically
supports that the intracellular envi-
ronment directly affects the role of
PTB in functional cellular pro-
cesses. Although PTB knockdown
leads to inhibition of cell growth, it
is not selective for the transformed
cells. Rather, the inhibition of

growth is more profound in normal human fibroblasts than in
tumor cells. These observations together support the hypothe-
sis that PTB acts in concert with complex cellular mechanisms
to regulate gene expression. Alternative splicing of specific
pre-mRNAs has been shown previously to be dependent upon
the concentration of splicing promoters and splicing repres-
sors. For example, excess ASF/SF2 over-heterogeneous nuclear
ribonucleoprotein A1 prevents improper exon skipping of
�-tropomyosin pre-mRNA (50). Thus, we speculate that our
data can be explained by the idea that there is differential
expression of endogenous PTB (including isoform ratios), dif-
ferential expression of PTB substrate mRNAs, and differential
expression of factors that promote or antagonize PTB function
among different cell lines, which leads to different phenotypic
changes upon alterations in PTB expression.
Although there is a general increase of PTB expression in

malignant cells, the levels are highly variable among different
types of cancer cells and are not directly correlated with the
degree of malignancy in the cells tested. For example, PTB
expression in a grade 3 endometrial carcinoma is equivalent to
that of a grade 1 tumor. Moreover, the PC-3M cell line and its
derivatives, which are from the same origin but selected for
different metastatic capacity in vivo (45), all show a very similar
expression level of PTB. In addition, overexpression of PTB1,

FIGURE 8. Overexpression of PTB is not sufficient to cause transformation in normal cells. A, Western blot
analysis of Ras and GFP-PTB expression in stable cell lines. Monolayer growth of stable cell lines shows that PTB
overexpression does not affect proliferation rate (n � 3, error bars � �S.D.). B, anchorage-dependent growth
in methylcellulose media 14 days after plating. Co-expression of PTB1-GFP with Ras did not prevent colony
formation but did decrease the total number of colonies formed. C, overexpression of PTB1-GFP significantly
(p � 0.002) decreased the invasive behavior NIH-3T3 cells in the Matrigel invasion assay (n � 6, error bars �
�S.D.). D, overexpression of PTB in WI-38 cells (primary normal human fibroblasts) does not significantly (p �
0.2) change their growth in monolayer culture (top panel; n � 3, error bars � �S.D.) nor does it stimulate
anchorage-independent growth.
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which is elevated in many cancer cell lines, does not enhance
cellular proliferation, anchorage-independent growth, or inva-
sion capacity in NIH-3T3 cells, indicating that PTB alone is not
sufficient to induce transformation in vitro. Together with the
findings summarized in the previous paragraph, we conclude
that PTB itself is not sufficient to induce a transformed pheno-
type, and it may support or antagonize malignant phenotype
dependent upon a specific cellular environment. Thus, we
believe it is premature to consider PTB as a ubiquitous or gen-
eral potentiator of malignancy, particularly as an anti-cancer
drug target.
Although PTB is generally increased inmalignant cells, there

is a great heterogeneity of PTB isoform expression among
tumor cell lines and tissues of different origins. PTB1 increases
greatly in most transformed cells and tissues examined,
although it is hardly detectable in normal tissues, causing a
switch in the ratio of PTB1:PTB2 in some of the cancer cells;
however, other cancer cellsmaintain a greater expression of the
larger isoforms. A previous study showed that the three PTB
isoforms have differential activities over �-tropomyosin exon 3
skipping but are equally active in �-actinin exon skipping, sug-
gesting a substrate specific splice site selection by the three
isoforms (32). We evaluated the activity of the three isoforms
on another substrate, caspase 2 minigene (47). Overexpression
of each of the three PTB isoforms individually represses exon 9
inclusion. All three PTB isoforms show similar effects on
caspase 2 alternative splicing. Thus far, only a fewof the splicing
substrates of PTBhave been examined for the regulatory effects
by different PTB isoforms, and a comprehensive splicing sub-
strate list that details the effect of all three PTB isoforms on
alternative splicing of all PTB target genes remains to be estab-
lished. The alternative splicing patterns that are influenced by
the three PTB isoforms could potentially provide profiles that
differentiate one cell population from another.
In summary, we have shown that altering PTB expression in

various cancer and nontransformed cell lines has differential
effects, either promoting or suppressing a malignant trait in
vitro. In addition, reduction of PTB has a differential impact on
the alternative splicing selection of the same substrate in vari-
ous cell lines, which provides a mechanistic explanation of the
differences observed in functional assays. PTB alone is not suf-
ficient to induce transformation in NIH-3T3 or normal human
cells, and there is no clear correlation between PTB levels or
isoform ratios with the degree of malignancy. These findings
demonstrate the complex role of PTB in cancer cells and lead to
our workingmodel; the differential effects of PTB upon cellular
behavior observed here are due to the tremendous number of
possible gene expression outcomes affected by overall PTB
expression level, relative isoform ratios, expression level of
PTB substrates, and concentrations of factors that influence
PTB function in different cell populations. Therefore, PTB
likely contributes to the malignant phenotype as an integrated
component of a complex mechanism.
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