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Abstract

Growing evidence indicates that alternative or aberrant pre-
mRNA splicing takes place during the development, progres-
sion, and metastasis of breast cancer. However, which splicing
changes that might contribute directly to tumorigenesis or
cancer progression remain to be elucidated. We used splicing-
sensitive microarrays to detect differences in alternative
splicing between two breast cancer cell lines, MCF7 (estrogen
receptor positive) and MDA-MB-231 (estrogen receptor
negative), as well as cultured human mammary epithelial
cells. Several splicing alterations in genes, including CD44,
FAS, RBM9, hnRNPA/B, APLP2 , and MYL6, were detected by the
microarray and verified by reverse transcription-PCR. We also
compared splicing in these breast cancer cells cultured in
either two-dimensional flat dishes or in three-dimensional
Matrigel conditions. Only a subset of the splicing differences
that distinguish MCF7 cells from MDA-MB-231 cells under
two-dimensional culture condition is retained under three-
dimensional conditions, suggesting that alternative splicing
events are influenced by the geometry of the culture
conditions of these cells. Further characterization of splicing
patterns of several genes in MCF7 cells grown in Matrigel and
in xenograft in nude mice shows that splicing is similar under
both conditions. Thus, our oligonucleotide microarray can
effectively detect changes in alternative splicing in different
cells or in the same cells grown in different environments. Our
findings also illustrate the potential for understanding gene
expression with resolution of alternative splicing in the study
of breast cancer. (Cancer Res 2006; 66(4): 1990-9)

Introduction

Alternative splicing is a key posttranscriptional mechanism by
which the expression of multiple protein products from a single
gene can be controlled. Accumulating lines of evidence indicate
that alternative splicing is changed or becomes aberrant during the
development, progression, and metastasis of breast cancer. For
example, unusual splice variants of several genes, including
estrogen receptors (ER), prolactin receptors, BRCA1, CD44, Her2/
neu, AIB-1, and growth factor receptors, have been detected in
breast cancer cell lines or tumor tissues (1). Little is known about

the relationship between changes in splicing and other events
during the progression of breast cancer.
Mutations in cis-acting splicing elements could cause changes in

constitutive or alternative splicing in specific key genes during
development of breast cancer. For example, germ line mutations in
the breast cancer susceptibility gene BRCA1 lead to predisposition
to breast cancer and ovarian cancer (2, 3). A G-to-T transversion
mutation at nucleotide 5,199 in exon 18 of the BRCA1 gene was found
in a number of patients, including eight cases of breast and ovarian
cancer within a family (4). This mutation leads to the skipping of
exon 18 in the BRCA1 gene, probably by altering an exonic splicing
enhancer (5). Skipping exon 18 results in the removal of 26 amino
acids in a region essential for the DNA repair, transcriptional
regulation, and tumor suppressor functions of BRCA1 (4). Thus,
mutations that occurred in cis-acting splicing elements could alter
the splicing of genes that are important for control of cell growth.
Changes in alternative splicing during breast cancer could also

be mediated through changes in trans-acting splicing factors, such
as the serine-arginine–rich (SR) proteins (6, 7). SR proteins contain
RS repeats and RNA recognition motifs and play important roles in
both constitutive splicing and regulated alternative splicing.
Stepwise increases in expression of several SR proteins have been
shown to occur during mammary gland development and tumor-
igenesis in a mouse model (8). The study showed that the amount
of these SR proteins started to increase during early preneoplasia
and the increase became more pronounced during tumor
formation (8). Thus, the changes of SR protein expression could
lead to changes of alternative splicing in breast cancer.
To begin to understand the role of alternative splicing in breast

cancer progression, we sought a broad systematic approach to
simultaneously detect splicing alterations in many genes. Micro-
array-based techniques to detect a large number of splicing events
in yeast, Drosophila , and vertebrate systems have been reported
(9–17). We developed and tested a splicing-sensitive microarray
with exon and splice junction oligonucleotides to assay splicing of
a number of human genes implicated in cancer progression and
apoptosis. As a first step, we compared the MCF7 and the MDA-
MB-231 breast cancer cell lines with cultured human mammary
epithelial cells (HMEC). MCF7 cells, established from a pleural
effusion, express ER and are estrogen-responsive breast cancer
cells. MCF7 cells do not form metastases in nude mice unless
estrogen supplementation is provided (18, 19). MDA-MB-231 cells
were also established from a pleural effusion; however, these cells
are ER-negative and highly invasive. I.v. injection of MDA-MB-231
cells into the tail vein of nude mice produces tumors (18). Here, we
report changes in alternative splicing in MCF7 and MDA-MB-231
cells compared with HMEC and with each other. In addition, we
found differences within cell types when grown in different
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conditions such as flat dishes (two dimensional), Matrigel (three
dimensional), and in nude mice as xenografts. The results illustrate
the potential of using oligonucleotide microarrays for measuring
gene expression with resolution of alternative splicing in the study
of breast cancer progression.

Materials and Methods

Cell culture. Cells (two-dimensional cultures) were grown in flat dishes

as follows: HMEC cells (Clonetics, San Diego, CA) were cultured in

mammary epithelial cell growth medium (MEGM; Clonetics) supplemented
with 10% fetal bovine serum (FBS; HyClone, Logan, UT) and MEGM bullet

kit (Clonetics), which contains 10 ng/mL hEGF, 5 Ag/mL insulin, 0.5 Ag/mL

hydrocortisone, 50 Ag/mL gentamicine, 50 ng/mL amphotericin-B, and

52 Ag/mL bovine pituitary extract. MCF7 cells [American Type Culture
Collection (ATCC), Manassas, VA] were cultured in DMEM (Mediatech,

Herndon, VA) supplemented with 10% FBS, 1% nonessential amino acids

(Irvine Scientific, Santa Ana, CA), and 1% penicillin/streptomycin (Irvine

Scientific). MDA-MB-231 cells (ATCC) were cultured in RPMI 1640 with
L-glutamine (Irvine Scientific) supplemented with 10% FBS and 1%

penicillin/streptomycin. To grow cells in Matrigel, cells were first grown

in dishes, harvested, resuspended, and 6.0 � 105 cells were embedded in a

1-mm-thick layer of Matrigel basement membrane matrix (BD Clontech,
Mountain View, CA) in six-well plates. Solidified Matrigel at 37jC was

overlaid with MEGM growth medium. To harvest cells, gels were incubated

in 2 mL cell recovery solution (BD Clontech) for 1 hour at 4jC and
centrifuged at 200 � g to 300 � g for 5 minutes at 4jC.

MCF7 xenografts. Female, athymic nu/nu mice (Charles River, Wilming-

ton, MA), 10 to 12 weeks old, were exposed to 200 rad external beam

Co-60 irradiation 3 days before MCF7 implantation and were given Sulfatrim
antibiotic water for 2 weeks. Two days before MCF7 implantation, 0.8 mg

Delestrogen was administered to mice via i.m. injection into the thigh. MCF7

cells cultured in DMEM in dishes were harvested and implanted s.c. in the

flank of each mouse. Tumors developed within 10 to 14 days postinjection.
RNA extraction. Total RNA was extracted from cells or homogenized

xenograft using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the

protocol of the manufacturer. For xenograft, 0.2 g sample was homogenized
in 3 mL TRIzol in a 7 mL glass homogenizer (Wheaton, Millville, NJ) for

10 minutes. The homogenized sample was centrifuged and RNA was

extracted from the supernatant. The quality of RNA was checked by running

2 Ag on a 1% denaturing agarose gel; the intensity of the 28S rRNA and 18S
rRNA bands were measured and the ratio between them was between 1.60

and 1.82. The RNA sample was treated with DNase I, followed by phenol/

chloroform extraction, before being used in reverse transcription reaction.

Microarray design and production. The principle of oligonucleotide
selection and the design of microarray have been described previously (9).

Briefly, 5V amino-linker containing oligonucleotides were printed and

covalently attached through the 5V amino group onto Codelink slides

(Amersham, Piscataway, NJ). Printing was done by a robotic contact
pin printer essentially as described by the Brown lab at Stanford University.5

Fluorescent labeling and hybridization in microarray. Synthesis of

fluorescently labeled cDNA was carried out at 42jC for 2 hours in a 30 AL
reaction containing 20 Ag total RNA, 5 Ag oligo(dT) (Invitrogen), 1 Ag
random hexamers (Ambion, Austin, TX), 3 AL of 10� deoxynucleotide

triphosphate (dNTP) mix (25 mmol/L dGTP, 25 mmol/L dATP, 25 mmol/L

dCTP, 15 mmol/L dTTP, and 10 mmol/L aminoallyl-dUTP), and 2 AL of 200
units/AL SuperScript Reverse Transcriptase (Invitrogen). The cDNA

synthesized was subsequently chemically coupled to either Cy3 or Cy5

fluorescent dyes (Amersham Pharmacia, Piscataway, NJ) through incubation

with 2 AL dye in the dark room at room temperature for 1 hour. After
purification using QIAquick PCR purification kit (Qiagen, Valencia, CA), the

Cy3- and Cy5-labeled cDNA probes were combined and concentrated in

SpeedVac (Savant, Holbrook, NY); 10 AL was then mixed with 10 AL of 2�

hybridization buffer (8� SSC, 0.2% SDS, and 0.2 Ag/AL polyadenylic acid;
Sigma, St. Louis, MO) and applied to the oligospotted area on the slide that

was covered by a LifterSlip (Erie Scientific, Portsmouth, NH). Hybridization

was carried out in a 62jC water bath overnight in a hybridization chamber

(TeleChem International, Sunnyvale, CA). The slide was washed at room
temperature twice with 2� SC, 0.1% SDS for 5 minutes, once with 0.2� SSC

for 1 minute, and once with 0.05� SSC for 1 minute. Hybridization signals

were determined by scanning the slide using a scanning laser microscope

Axon 4000 B at 635 nm ( for Cy5 red dye) and 532 nm ( for Cy3 green dye)
and GenePix Pro 4.1 software (Axon Instruments, Union City, CA).

Microarray data analysis. Oligonucleotide spots with both F635 and

F532 readings below average plus two SD values of all ‘‘untargeted’’ spots

were removed from the raw data. ‘‘Untargeted’’ spots were oligonucleotides
with sequences not found in the human genome or containing only printing

buffer. The F635/F532 ratio was then calculated for each spot and the mean

of all spots with the same sequence (typically a total of eight measurements)
was calculated. The value was adjusted by using 40th percentile whole-chip

normalization. Data were analyzed with GeneSpring software version

6.1 (Silicon Genetics, Redwood City, CA). The data set was exported to

Microsoft Excel for further analysis. The skipping index was calculated
by taking log2 of the ratio between exon-skipping junction (e.g., e1-e2 in

Fig. 1A) and constitutive exon, whereas the inclusion index was calculated

using exon-inclusion junction (e.g., e1-a1 in Fig. 1A) and constitutive exon.

One and a half–fold changes in either direction (>0.58 or less than �0.58
of the index) were arbitrarily chosen as cutoff.

Figure 1. Detection of alternative splicing by splicing-sensitive microarray.
A, design of oligo probes. The microarray probes contain 40-mer oligonucleotides
that target exon-exon junction sequences because different alternative splice
forms have distinct exon-exon junctions. Probes A, B, and C span distinct
exon-exon junctions; probes D and E are complementary to flanking constitutive
exons (e1 and e2); probe F is complementary to alternative exon a1. B, data
collection and analysis. RNA samples 1 and 2 were isolated and labeled
separately with Cy5 or Cy3 fluorescent dye, mixed, and hybridized to
oligonucleotides in microarray on a slide. Red (F635) and green (F532)
fluorescence were measured and the ratio of the two values was calculated for
each oligonucleotide. To access differences in splicing pattern between the two
samples, skipping indexes and inclusion indexes were calculated. The skipping
index of alternative exon a1 is log2 of F635/F532 from the e1-e2 junction
oligonucleotide (probe A in A) divided by the mean of F635/F532 from the
constitutive exons e1 and e2 (probes D and E in A). The inclusion index of a1 is
log2 of the mean of F635/F532 from e1-a1 and a1-e2 (probes B and C in A )
divided by the mean of F635/F532 from e1 and e2 (probes D and E in A).5 http://cmgm.stanford.edu/pbrown/mguide/index.html.
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Reverse transcription-PCR. cDNA was synthesized in 20 AL reaction
containing 5 Ag total RNA, 1 Ag oligo(dT), 0.2 Ag random hexamers, 2 AL of

10� dNTP mix (25 mmol/L each of dGTP, dATP, dCTP, and dTTP), and 1 AL
of 200 units/AL SuperScript Reverse Transcriptase. PCR was carried out in

50 AL reaction containing 1 AL of the synthesized cDNA in 30 cycles of 30
seconds at 94jC, 30 seconds at the melting temperature (Tm) of the primers,

and 30 to 60 seconds depending on the product size (60 seconds for 1 kb)

at 72jC. Products were resolved on a 2% agarose gel in Tris-borate EDTA

buffer. Primers and their Tm are listed in Supplementary Table S2. Band
intensity was quantitated using Bio-Rad Gel Doc 2000 (Bio-Rad, Hercules, CA).

Results

Splicing-sensitive microarrays. To investigate differences in
alternative splicing, we used a customized oligonucleotide splicing-
sensitive microarray (20). Figure 1A illustrates the design of
oligonucleotides for the detection of splicing variants from a given
gene. For example, oligonucleotide A, B, or C consists of exon-exon
junction sequence and different splice variants will have different
exon-exon junctions. The microarray also contains oligonucleotides
D, E, and F, which are complementary to flanking constitutive
exons e1 and e2, and the alternative exon a1. This splicing-sensitive
microarray was used because a signal derived from the hybridiza-
tion to the constitutive exon oligonucleotides (e1 or e2) would, in
theory, reflect the total amount of RNA from the particular gene,
whereas hybridization signals from an exon-exon junction
oligonucleotide would reflect the amount of RNA containing that
particular junction. The ratio of hybridization intensity from an
oligonucleotide spanning a specific exon-exon junction to that
from a constitutive exon oligonucleotide would provide informa-
tion about the level of that alternatively spliced RNA in the two
comparison samples (9). Using this type of splicing-sensitive array,
one can acquire two sets of information from one array: expression
level changes for the gene and changes in the distribution of the
splice variants.
The array used in this study contained 64 genes (Supplementary

Data) that underwent alternative splicing, including ERa and ERb,
CD44 (cell adhesion molecule), ITGA6 (integrin a6 precursor), FAS,
LARD, WT1 (Wilms’ tumor protein 1), and TP73 (tumor suppressor
p73). Each gene could contain one or more simple alternative
exons or more complex arrangements of multiple alternative exons.
We chose these 64 genes by two methods (20). The first method
was that they were reported to change in their alternative splicing
during cancer or were genes with alternative splicing that play a
role in cancer. The second group was chosen to be well expressed
in four human cell lines on an Affymetrix expression array and
for which good evidence of alternative splicing existed in the
University of California Santa Cruz genome browser. The splicing
changes we examined in the 64 genes included simple exon
inclusion or skipping and complex multiple alternative exons (20).
In all cases, the splice variants have been described in expressed
sequence tag databases or in publications because they have to be
known to be designed on the array. Many splice variants are in
frame but some are out of frame; these are possible in part because
they are observed in cancer cell lines, which could be altered in
nonsense-mediated decay or otherwise deregulated.
Figure 1B briefly describes the procedure in splicing microarray

analysis. RNA samples were isolated and labeled separately with
Cy5 or Cy3 fluorescent dye, mixed, and hybridized to oligonucleo-
tides in microarray on a slide. Red (F635) and green (F532)
fluorescence were measured and the ratio of the two values was
calculated for each oligonucleotide. To access differences in

splicing pattern between the two samples, skipping indexes and
inclusion indexes were calculated (Fig. 1B). The skipping index of
alternative exon a1 is log2 of F635/F532 from the e1 to e2 junction
oligonucleotide divided by the mean of F635/F532 from the
constitutive exons e1 and e2.

Skipping index ¼ log2½Asample 1=Asample 2� � log2½mean of

ðDsample 1=Dsample 2 and Esample 1=Esample 2Þ�

The inclusion index of a1 is log2 of the mean of F635/F532
from e1 to a1 and a1 to e2 divided by the mean of F635/F532
from e1 and e2.

Inclusion index ¼ log2½mean of ðBsample 1=Bsample 2 and

Csample 1=Csample 2Þ� � log2½mean of

ðDsample 1=Dsample 2 and Esample 1=Esample 2Þ�

Genes with a skipping or inclusion index larger than 0.58 (1.5-fold
higher) or smaller than �0.58 (1.5-fold lower) were arbitrarily
chosen for further analysis by reverse transcription-PCR (RT-PCR)
to examine their splice variants. Results from both assays were
compared where possible.
Splicing differences between breast cancer cells and

mammary epithelial cells. To begin examining changes of
alternative splicing in breast cancer, we compared the alternative
splicing in MCF7 and MDA-MB-231 breast cancer cells with the
alternative splicing in cultured HMECs. Total RNA was extracted
from cells cultured in flat dishes, converted to cDNA, and labeled
with Cy3 (green) or Cy5 (red) fluorescent dye. A Cy3-labeled MCF7
sample was combined with an equal amount of a Cy5-labeled
HMEC sample and hybridized to oligonucleotides on a microarray
slide. A reciprocal experiment using Cy5-MCF7 and Cy3-HMEC
was also carried out. After scanning slides, data were filtered,
normalized, and combined to obtain the inclusion index and the
skipping index for the alternative splicing events. We found 15
alternative splicing events that vary >1.5-fold between the two
samples (i.e., at least one of the two splicing indexes was >0.58 or
less than �0.58; Table 1). We also carried out a similar microarray
analysis to compare the RNA samples from MDA-MB-231 and
HMEC cells and we found 17 alternative splicing events that had at
least one splicing index changed by 0.58 (Table 2).
In Table 1, a positive inclusion index (e.g., MAP4K4) indicated

that the mRNA containing the alternative exon was present at a
relatively higher level in MCF7 than in HMEC; a positive skipping
index (e.g., MYL6) indicated that the mRNA lacking the alternative
exon was present at a relatively higher level in MCF7 than in
HMEC. Likewise, a negative inclusion index indicated relatively less
inclusion and a negative skipping index indicated relatively less
exclusion in MCF7. In a number of cases, a positive inclusion index
of an alternative exon was not accompanied by a significant
negative skipping index of the same exon (Tables 1 and 2),
suggesting that either the two splice forms were quite different in
quantity or other processes like RNA stability were involved. There
were three cases where a change of one index was concomitant
with a change of the other index in the opposite direction (MYL6
and DDR1 in Table 1; CD44 exon v8 in Table 2). Paradoxically, there
were four cases where both indexes changed in the same direction
(CD44 exon v10 in Tables 1 and 2; CD44 exon v8 in Table 1; and
TPD52L1 in Table 2). These four cases most likely resulted from the
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fact that both genes have multiple alternative exons that can be
spliced in a complex manner (21, 22). For example, human CD44
has nine variable exons that could be included or excluded in
various combinations. Thus, the sum of all splice variants of CD44
that include a specific variable exon and the sum of all splice var-
iants that exclude that specific variable exon could simultaneously
increase with a decrease of other splice variants (see below).
To evaluate the accuracy of the microarray and to analyze

complex splicing variants (as in the case of CD44), we carried
out RT-PCR using flanking primers to examine those RNA samples
(examples are shown below). Among the 15 splicing differences
between MCF7 and HMEC, 11 were revealed by RT-PCR (Table 1);
among the 14 splicing differences betweenMDA-MB-231 and HMEC
that were analyzed by RT-PCR, 11 were detected by the assay
(Table 2). Thus, 75% (22 of 29) of the splicing changes revealed by
the microarray, using the 1.5-fold cutoff, were confirmed by RT-PCR.
Therefore, our oligonucleotide microarray was effective in measur-
ing changes in alternative splicing in breast cancer cell lines.
Splicing patterns of MCF7 and MDA-MB-231 cells grown in

dishes or in Matrigel. We further analyzed the differences in
alternative splicing in the two breast cancer cell lines by comparing
them directly with each other using microarrays. We particularly
wanted to investigate how culture conditions affect splicing
patterns. We compared splicing differences in MCF7 and MDA-
MB-231 cells cultured in two-dimension (flat dishes) and in three-
dimension (Matrigel). Matrigel is a solubilized basement membrane
matrix extracted from the Engelbreth-Holm-Swarm mouse sarco-
ma, which contains extracellular matrix proteins, such as laminin
and collagen IV, and mimics the extracellular matrix (23). Patterns
of gene expression and other biological activities in cells grown
in three-dimensional culture conditions more closely mirror those
found in living organisms (24–26); thus, we were interested in
comparing splicing.

The MDA-MB-231 cells seemed to have a spindle shape with
epithelial-like morphology when grown on flat dish (the two-
dimensional condition; Fig. 2A), whereas in Matrigel (the three-
dimensional condition) they formed large colonies with cells
connected in a network (Fig. 2B). The observation was similar to
what has been reported previously (27). The MCF7 cells showed
typical round spindle-shaped epithelial cell morphology when
cultured in flat dish (Fig. 2C), and in Matrigel they developed into
solid spheres (Fig. 2D) as what we have previously described (28).
In pilot studies, we found, by RT-PCR, no splicing differences in

CD44, FAS, or DNMT3B among cells of the same cell line cultured
in Matrigel for 5, 7, 9, or 12 days (data not shown). Therefore, we
chose day 7 to extract RNA from MCF7 and MDA-MB-231 cells
cultured in Matrigel and did the splicing-sensitive microarray
analysis. For flat dish–grown cells, RNA was extracted after 3
days of culturing. Fifteen splicing changes with at least one splicing
index >0.58 or smaller than �0.58 were found when comparing
two-dimensional grown cells (Table 3). Seven differences were
retained in cells grown three-dimensionally, whereas eight differ-
ences became insignificant (Table 3). We also carried out RT-PCR
to look at splice variants from 12 of the 15 genes in those two sets
of RNA samples (data not shown; see Figs. 3-6 for examples). The
results from the RT-PCR assay agreed with the microarray results in
19 of 24 cases (Table 3). In the case of vascular endothelial growth
factor (VEGF), both assays indicated that the alternative exon
(exon 6) was included less frequently in MDA-MB-231 cells in two-
dimensional comparison. In the three-dimensional comparison,
the microarray showed VEGF having an inclusion index of �0.54,
which was slightly below the cutoff, whereas RT-PCR detected
significant decrease in exon 6 inclusion in MDA-MB-231 cells. In
the cases of BCL2L1 and MYLK, the microarray results were not
confirmed by RT-PCR. Nevertheless, the agreements between the
two assays were nearly 80% (19 of 24).

Table 1. Splicing indexes of MCF7/HMEC

Gene Alternative exon Splicing index RT-PCR confirmation

Name Length (nt) Inclusion Skipping

MAP4K4 Exon 17 231 1.29 0.27 Yes

VEGF Exon 6 72 0.94 0.20 Yes

MYL6 Exon 6 45 �0.96 0.92 Yes

DDR1 Exon 8 168 �0.64 0.86 Yes
FAS Exons 3, 4 109, 109 0.07 2.25 Yes

ZNF207 Exon 9 93 0.01 0.89 Yes

hnRNPA/B Exon 7 141 �0.28 �0.99 Yes
APLP2 Exon 7 168 �0.06 �0.65 Yes

RBM9 Exon 9 145 �0.01 �0.59 Yes

CD44 Exon 14 or v10 204 0.89* 1.06
c

Yes

CD44 Exon 12 or v8 102 1.27
b

1.06
c

Yes
CASP3 Exon 6 121 0.56 1.06 No

CKLF1 Exons 2, 3 159, 96 0.30 0.71 No

KARS Exon 2 180 0.23 �0.61 No

MYLK Exon 10 204 �0.36 1.18 No

Abbreviation: nt, nucleotide.
*Oligo probe e5-v10 (see Fig. 5).
cOligo probe e5-e15 (see Fig. 5).
bOligo probe e5-v8 (see Fig. 5).
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The results shown in Table 3 indicated that alternative splicing
differed in 10 genes between these two breast cancer cell lines
when cultured in flat dishes. However, four of these splicing events
were no longer significantly different and only six splicing
differences (including VEGF) were found when the cell lines were
cultured in Matrigel. Thus, alternative splicing is likely influenced
by the culture conditions and different cell lines could respond in
different ways with respect to splicing regulation.
The two-dimensional and three-dimensional cultures differed not

only in geometry but also in the growthmedium used. To investigate
howmuch the growthmedium contributed to the change of splicing,
we first cultured the MCF7 and MDA-MB-231 cells in flat dish with
their own medium, and upon dilution plated them either in the
original medium or in the MEGM medium that were used in
Matrigel culture. After the cells reached 75% confluence, RNA was
extracted from the cells and splicing of several RNAs was assayed
by RT-PCR (Supplementary Data). In both cases, RT-PCR did not
detect significant splicing changes in the same cell line grown in
two different media, suggesting that medium ingredients, such as
growth factors used in Matrigel culturing, contributed little to the
observed splicing differences. Thus, the cell-to-matrix or cell-to-
cell contact is more likely to cause the splicing differences between
cells cultured two-dimensionally or three-dimensionally. Because
HMEC cells were always cultured in MEGMmedium, this result also
suggested that the splicing differences we detected between HMEC
cells and the two cancer cell lines (Tables 1 and 2) was not caused
mainly by the difference in culture medium.
Further characterization of alternatively spliced RNAs from

three genes. APLP2, known as amyloid h (A4) precursor-like
protein 2, is a transmembrane glycoprotein associated with

Alzheimer’s disease (29) and is recently shown to be involved
in neuroblastoma (30). APLP2 has an alternative exon 7 of 168
nucleotides encoding the Kunitz protease inhibitor domain (31),
and alternative splicing would result in two different proteins,
either lacking or containing the entire Kunitz protease inhibitor
domain. Microarray results indicated that, when comparing to
HMEC cells, MCF7 cells had less skipped form of APLP2 (Table 1)
whereas MDA-MB-231 cells had less inclusion form (Table 2).

Table 2. Splicing indexes of MDA-MB-231/HMEC

Gene Alternative exon Splicing index RT-PCR confirmation

Name Length (nt) Inclusion Skipping

HRMT1L1 Exon 2 109 0.76 �0.07 Yes

MYL6 Exon 6 45 �1.21 0.22 Yes

SCML1 Exons 3, 4 149, 84 �0.69 0.04 Yes
APLP2 Exon 7 168 �0.59 0.32 Yes

FAS Exons 3, 4 109, 109 0.17 1.22 Yes

ESR1 Exon 4 139 0.09 0.76 Yes

hnRNPA/B Exon 7 141 �0.14 �2.17 Yes
RBM9 Exon 9 145 0.20 �0.58 Yes

CD44 Exon 14 or v10 204 0.74* 1.86
c

Yes

CD44 Exon 12 or v8 102 �0.64
b

1.86
c

Yes

TPD52L1 Exons 5, 6 39, 61 �1.29 �1.16 Yes
STK6 Exon 2 98 �0.65 �0.01 NAx

HTATIP Exon 5 156 0.23 0.62 No

ESR2 Exon 11 139 0.18 0.84 No
TPM2 Exon 6 76 0.79 0.23 ND

TP73 Exon 13 94 0.04 1.00 ND

ITGA6 Exon 25 130 �0.32 1.00 ND

Abbreviations: N/A, not applicable; ND, not done.

*Oligo probe e5-v10 (see Fig. 5).
cOligo probe e5-E15 (see Fig. 5).
bOligo probe e5-v8 (see Fig. 5).
xAlu repeat sequences.

Figure 2. Morphologic differences of two-dimensional and three-dimensional
cell cultures. MDA-MB-231 cells cultured in two-dimensional flat dishes for
3 days (A ) or cultured in Matrigel for 7 days (B). MCF7 cells cultured in
two-dimensional flat dish for 3 days (C) or cultured in Matrigel for 7 days (D ).
Magnification, �10.
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Direct microarray comparison of MDA-MB-231 with MCF7
indicates that the decrease of inclusion (a negative inclusion
index) is accompanied by an increase of exclusion (a positive
skipping index; Table 3). To further investigate the splicing of
APLP2 in these cell lines, the RNA samples were analyzed by RT-
PCR using primers flanking the alternatively spliced exon 7 (Fig. 3).
Products from the RT-PCR reaction were quantitated and the
binary logarithm of the ratio of the inclusion form (top) and of the
skipping form (bottom) was calculated (Fig. 3C, solid columns). By
comparing with the inclusion and exclusion indexes from the
microarray data (hatched columns), the two assays were found to
be in good agreement. In six cases where the microarray indexes
were above the threshold (>0.58 or less than �0.58), RT-PCR results
showed the same changes with a greater number. In two cases
where the microarray indexes were below the threshold (Fig. 3C ,
inclusion index of �0.06, MCF7/HMEC, two-dimensional; exclusion
index of 0.32, MDA-MB-231/HMEC, two-dimensional), RT-PCR
results showed either a small change (0.42) or a significant change
in the same direction (0.88). It seems that a threshold of 0.58
(1.5-fold) for microarray assay is very reliable and may be a bit
conservative. It also suggests that RT-PCR is a more sensitive assay.
The RT-PCR assay also revealed in both cancer cell lines that a
change of the inclusion form was actually accompanied by a
change of the exclusion form in the opposite direction (Fig. 3B
and C). Thus, both assays revealed a switch between two mutually
exclusive alternative splicing events in APLP2.
HRMT1L1 encodes an hnRNP methyltransferase-like protein and

is a human homologue of rat PRMT2 (protein arginine methyl-
transferase 2), which regulates RNA processing and maturation by
modulating the activity of RNA-binding proteins (32). This gene has
been recently identified as ERa coactivator (33). HRMT1L1 has a
109-nucleotide alternative exon 2 that is located before the
translation start codon. When comparing with HMEC, the array

data indicated an increase in exon 2 inclusion in MDA-MB-231 cells
(Table 2) but no significance change in MCF7 (Table 1). Direct
microarray comparison between the two cancer cell lines indicated
a preference of exon 2 inclusion in MDA-MB-231 in both two-
dimensional and three-dimensional conditions (Table 3). Consis-
tent with this, RT-PCR showed the inclusion form is more prevalent
in MDA-MB-231 cells than in HMEC or MCF7 cells (Fig. 4). The
splicing indexes from the microarray results were compared with
the values from the RT-PCR results (Fig. 4C). In three cases
where the microarray indexes were above threshold (0.58), the
RT-PCR showed the same changes with a greater number. Again, a
threshold of 0.58 for microarray is completely reliable. In the other
five cases where the microarray indexes were below the threshold,
RT-PCR detected little changes in two cases but significant changes
in three cases (Fig. 4C). Interestingly, the three cases that the
microarray missed were all in the detection of the exclusion form
(Fig. 3C, bottom). It seems that junction oligo e1-e3 was less
effective in measuring the exclusion form. The reason for this was
not yet clear, but it pointed out the importance of probing both
forms concurrently on the same microarray when analyzing a
single alternative exon.
An extremely complex example of multiple alternative splicing is

the human CD44 gene (Fig. 5A). CD44 , encoding a cell surface
adhesion molecule, has five constitutive exons (e1-e5) at the 5V end
and five constitutive exons (e15-e19) at the 3V end. Between these
two sets of exons are nine variable exons (v2-v10) that can be
included or excluded in various combinations. When comparing to
HMEC using microarray, both MCF7 and MDA-MB-231 showed
increase of CD44v10 (oligo probe e5-v10) and CD44s (oligo probe
e5-e15; Tables 1 and 2). The same comparison showed an increase
of v8 inclusion (oligo probe e5-v8) in MCF7 (Table 1) and a decrease
of v8 inclusion in MDA-MB-231 (Table 2). On the other hand, direct
microarray comparison between the two cancer cell lines indicated

Table 3. Splicing changes for MDA-MB-231 versus MCF7 cells cultured in two-dimensional and three-dimensional conditions

Gene Alternative exon Splicing index (two-dimensional) RT-PCR

confirmation

Splicing index (three-dimensional) RT-PCR

confirmation

Name Length (nt) Inclusion Skipping Inclusion Skipping

HRMT1L1 Exon 2 109 0.86 �0.32 Yes 0.80 �0.03 Yes

APLP2 Exon 7 168 �1.15 0.65 Yes �1.00 1.01 Yes

CD44 Exon 12 or v8 102 �1.84* 0.14
c

Yes �1.00* 0.33
c

Yes

VEGF Exon 6 72 �0.69 �0.18 Yes �0.54 �0.06 No
ESR1 Exon 4 139 0.15 2.98 Yes 0.48 1.84 Yes

EEF1D Exon 3 72 �0.18 0.83 Yes �0.25 0.96 Yes

TPD52L1 Exons 5, 6 39, 61 1.06 0.20 Yes �0.09 �0.22 Yes
MYL6 Exon 6 45 0.73 �0.07 Yes �0.42 0.00 Yes

SCML1 Exons 3, 4 149, 84 �0.74 0.10 Yes �0.18 0.18 Yes

MAP4K4 Exon 17 231 �1.15 �0.49 Yes �0.07 0.25 Yes

BCL2L1 Exon 2V 189 �0.51 �1.22 No �0.42 �0.81 No
MYLK Exon 10 204 �0.17 �0.69 No 0.20 �1.09 No

STK6 Exon 2 98 �1.25 �0.20 N/A
b

0.08 �0.04 N/A
b

VDU1 Exon 2 137 �1.32 �0.09 N/Ax 0.00 0.21 N/Ax

TP73 Exon 13 94 0.30 0.60 ND 0.04 0.25 ND

*Oligo probe e5-v8 (see Fig. 5).
cOligo probe e5-e15 (see Fig. 5).
bAlu repeat sequences.
xL1 repeated sequences.
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less v8-containing splice variants in MDA-MB-231 (Table 3). We
carried out RT-PCR using a pair of primers, one hybridized to exon
5 and one to exon 15, to analyze the alternative splicing pattern
of CD44 in HMEC, MCF7, and MDA-MB-231 cells (Fig. 5). Three
major PCR products were sequenced, which corresponded to
CD44v8-9-10, CD44v10, and CD44s splice variants (Fig. 5B). The
major splice variants in HMEC are CD44v8-9-10 and CD44s; in
MCF7 are CD44v8-9-10 and CD44s; and in MDA-MB-231 are
CD44v10 and CD44s. The microarray data were compared with the

RT-PCR results in these three major forms (Fig. 5C , using
microarray oligo e5-e15 for the v8-9-10 form). In nine cases where
the microarray indexes were above the threshold of 0.58 (an index
of 0.55 in CD44v10 was included in this analysis), RT-PCR results
showed the same changes with a greater number. Again, a
threshold of 0.58 for microarray is completely reliable. In the other
three cases where the microarray indexes were below the threshold,
RT-PCR showed significant changes with two (CD44s, MDA-
MB-231/MCF7, two-dimensional and three-dimensional) in the
same direction and one (CD44v10, MDA-MB-231/MCF7, two-
dimensional) in the opposite direction (Fig. 5C). Thus, even in a
situation where many splice variants were produced from one
gene, our oligonucleotide microarray was able to detect most of the
time differences in alternative splicing.
Splicing patterns in MCF7 cell-derived tumors in nude mice.

To determine whether the splicing patterns we observed in
cultured cells were reflected in vivo , we established and analyzed

Figure 4. Alternative splicing of mRNA from the HRMT1L1 gene in MCF7,
MDB-MB-231, and HMEC cells. A, exon-intron arrangement of the HRMT1L1
gene. There are 12 exons in the HRMT1L1 gene. B, RT-PCR assays of
alternative splicing of HRMT1L1 mRNA. C, comparison of inclusion or exclusion
indexes from the RT-PCR results (solid columns ) and from the microarray
analysis (hatched columns ). Samples were prepared and analyzed as described
in Fig. 3.

Figure 3. Alternative splicing of mRNA from the APLP2 gene in MCF7,
MDA-MB-231, and HMEC cells. A, exon-intron arrangement of the APLP2
gene. Solid bars, exons. Lines between exons, introns. There are 17 exons in
APLP2 gene. The constitutive exons e6 and e8 and the alternative exon e7 are
indicated. Microarray probes are situated as shown in Fig. 1A . Arrows, the
primer pair used in the PCR experiment. B, RT-PCR assays of alternative
splicing of APLP2 mRNA. Total RNA was isolated from cells grown in
two-dimensional or in three-dimensional culture as indicated and reverse
transcribed to cDNA using oligo(dT) and random sequence oligos. cDNA was
then amplified by PCR using e6 and e8 primers, and the products were resolved
in 2% agarose gels. Top band, exon-inclusion form; bottom band, exon-skipping
form, as indicated on the right. cDNA was also amplified using h-actin-specific
primers for comparison. M, DNA size marker. C, comparison of inclusion or
exclusion indexes from the RT-PCR results (solid columns ) and from the
microarray analysis (hatched columns ). Top, the inclusion index from RT-PCR
experiments was calculated as log2 of the ratio between the intensity
(as percentage of the total) of the inclusion form of one sample and the intensity
(as percentage of the total) of the inclusion form of another sample; the inclusion
index for microarray experiments was calculated by taking log2 of the ratio
between exon-inclusion junctions and constitutive exons. Bottom, the exclusion
indexes were analyzed in a similar fashion except that the exclusion forms were
analyzed. CF/H, 2D, MCF7 two-dimensional versus HMEC two-dimensional;
DA/H, 2D, MDA-MB-231 two-dimensional versus HMEC two-dimensional; DA/
CF, 2D, MDA-MB-231 two-dimensional versus MCF7 two-dimensional; DA/CF,
3D, MDA-MB-231 three-dimensional versus MCF7 three-dimensional.
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tumors derived from MCF7 cells in nude mice. MCF7 cells (2.7 �
106) were injected s.c. into nude mice. Two weeks later, the mice
were sacrificed and total RNA was extracted from the excised
xenograft tumor. We analyzed by RT-PCR the inclusion or exclusion
of alternative exons in several genes, including APLP2, HRMT1L1,

MYL6, hnRNPA/B, ZNF207, MAP4K4 , and SCML1 , where alternative
splicing were evident in various samples. In this analysis, the ratio
between the inclusion form and the exclusion/skipping form (I/S)
from each gene was calculated based on the intensity of the PCR
products (Fig. 6). The RT-PCR analysis showed resemblance of I/S
ratio in MYL6 (inclusion of exon 6), ZNF207 (inclusion of exon 9),
and hnRNPA/B (inclusion of exon 7) between the xenograft and
three-dimensional samples (Fig. 6). The I/S ratios of the xenograft
and of the two-dimensional samples were more divergent (Fig. 6).
There were no significant splicing differences among the two-
dimensional, three-dimensional, and the xenograft samples in
APLP2, HRMT1L1, MAP4K4, and SCML1 (data not shown). The
results indicated that alternative splicing in tumor was very similar
in all examined cases to the alternative splicing in Matrigel three-
dimensional culture. However, in three cases analyzed, splicing
in tumor was noticeably different than splicing in flat-dish two-
dimensional culture. Thus, Matrigel culture seems to be superior
as an experimental model for studying in vivo alternative splicing,
and the splicing pattern detected by microarray of the three-
dimensional culture could be indicative of what occurs in vivo .

Discussion

In this study, we compared alternative splicing of mRNAs from 64
genes among human breast cancer cell lines and normal mammary
epithelial cells using oligonucleotide microarrays and RT-PCR. The
cells were cultured in flat dishes or in Matrigel where cells could
grow in three dimensions. One cell line was also allowed to develop
into tumor as xenografts in nude mice. The comparisons revealed
splicing differences in specific genes between the cancer cells and
the normal epithelial cells, between two different cancer cells, and
between cells of the same type that grew in different environments.
Thus, the combination of splicing-sensitive microarray and RT-PCR
allowed us to identify alternative splicing events that were unique to
cancer cells or regulated by the growing conditions.
DNA microarrays have been widely used to measure RNA levels

as indicators for gene expression and only recently oligonucleotide

Figure 5. Alternative splicing of mRNA from the CD44 gene in MCF7, MDA-MB-
231, and HMEC cells. A, exon-intron arrangement of the CD44 gene. Human
CD44 has five constitutive exons at the 5V region (e1-e5), nine variable exons in
the middle (v2-v10), and five constitutive exons at the 3V region (e15-e19).
Variable exon 1 (v1, open box ) exists in mouse but not in human. Arrows, primer
pair used in the RT-PCR experiments. B, RT-PCR assays of alternative splicing
of CD44 mRNA. Samples were prepared and assayed as described in Fig. 3
except that primers specific to e5 and e15 were used in PCR. Three splice
variants are depicted: CD44v8-9-10 contains v8, v9, and v10; CD44v10 contains
only one variable exon, v10; CD44s does not include any variable exon. The
microarray junction probe referring to CD44v8-9-10, CD44v10, or CD44s is
indicated on top of the variant. C, comparison of inclusion or exclusion indexes of
the variable exons from the RT-PCR results (solid columns) and from the
microarray analysis (hatched columns). Analysis was done as described in Fig. 3
except that CD44v8-9-10 splice (top ), CD44v10 (middle ), and CD44s (bottom )
were compared.

Figure 6. Alternative splicing of mRNA from three genes (MYL6, ZNF207 , and
hnRNPA/B ) in MCF7 cells grown in two-dimensional or three-dimensional culture
or as a xenograft in nude mouse. Total RNA was isolated from cells and
subjected to RT-PCR assays as described in Fig. 3. PCR primers were specific
to the flanking exons (open boxes ) for each gene. Filled box, alternative exon:
exon 6 in MYL6, exon 9 in ZNF207, and exon 7 in hnRNPA/B. The I/S ratio
(numbers below the lane ) is the ratio between the intensity of inclusion form
(top band ) and the intensity of the skipping form (bottom band ) in each sample.
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microarrays were developed to distinguish different RNA species,
particularly splice variants, that were encoded by the same gene.
Splicing-sensitive microarrays are used to study splicing deficiency
or splicing alteration in yeast (9, 14), fly (15), mouse (16), and
human (10, 11, 13, 17). This is the first time that a splicing-sensitive
microarray was used to identify splicing variants that were
uniquely or predominantly expressed in breast cancer cells grown
under conditions that mimic the in vivo situation.
When analyzing the microarray data, we calculated the inclusion

index and exclusion index for each alternatively spliced exon. With
1.5-fold changes (indexes >0.58 or less than �0.58 in binary
logarithm) as arbitrary cutoff, f75% of the splicing changes were
confirmed by RT-PCR assays of the same RNA samples. It is
worthwhile to note that in the three genes studied in detail, all 18
cases where a microarray index was above the threshold (including
an index of 0.55) were in agreement with RT-PCR results (Figs. 3-5).
Thus, a 50% difference as measured by microarray seemed to be a
very reliable indication of a splicing change. The cutoff probably
could be lowered to 25% because significant splicing changes were
detected by RT-PCR in all three cases where the microarray index
was 0.33 or 0.32 (Fig. 3C , exclusion, MDA-MB-231/HMEC,
two-dimensional; Fig. 4C , exclusion, MDA-MB-231/MCF7,
two-dimensional; Fig. 5C , CD44s, MDA-MB-231/MCF7, three-
dimensional). Detection efficiency using our microarray is quite
comparable with other studies; for example, validation rates of 70%
to 85% have been reported when studying human tissue samples
(13). One factor that could dampen the accuracy of the microarrays
was that many alternatively spliced exons have homology to
repetitive sequences like the Alu element (34). For example, we
have found one Alu sequence in the alternative exon of STK6 and
one L1 sequence in VDU1, suggesting that cross-hybridization of
these probes occurred in the microarray. Indeed, splicing changes
that were found in STK6 and VDU1 by microarray could not be
verified by RT-PCR. Thus, eliminating these shortcomings would
improve the accuracy in our microarray analysis.
Clearly, this work is just a beginning in the investigation of

genome-wide alternative splicing changes that occur in breast
cancer. The 64 genes that were assayed only represent f0.2% of all
alternatively spliced genes in human; in addition, the number of
genes analyzed were too few to provide a systematic view of
pathway linkages. Nevertheless, we provided summary tables in the
Supplementary Data listing genes analyzed in this study whose
mRNAs were spliced differentially. Supplementary Table S3 lists
genes whose mRNAs were spliced differentially in both cancer cell
lines versus normal HMECs, Supplementary Table S4 lists genes
whose mRNAs were spliced differentially in one cancer cell line but
the differential splicing was not seen in the other cancer cell line or
the differential splicing was in a different type, and Supplementary
Table S5 lists genes whose mRNAs were spliced differently between
MDA-MB-231 and MCF7 in two-dimensional and/or in three-
dimensional culture.
We detected a few splicing preferences that were associated with

MCF7 and MDA-MB-231 breast cancer cell lines but not with
HMEC: the inclusion of exon 7 in hnRNPA/B, the inclusion of exon
9 of RMB9, the skipping of exons 3 and 4 in FAS, and the skipping
of exon 6 in MYL6 (Tables 1 and 2; Supplementary Table S3). The
physiologic function of the splice variants was not investigated
here; however, some of these splice variants could be interesting.
For example, RBM9 (human RTA or mouse Fxh) is a Fox-1-related
RNA-binding protein; it is a potent repressor of tamoxifen-
mediated ER transcription (35) and capable of binding to UGCAUG

sequence and regulating alternative splicing (36). RBM9 was
thought to interact with ERa and to recruit corepressor complex
to the receptor. The breast cancer cell lines have less exon
9–skipped form than HMEC has; exclusion of exon 9 results in a
frameshift and eliminates a conserved RGG domain, which is often
involved in RNA binding. The ratio between the inclusion and
exclusion forms could affect the RNA binding or ER interaction by
RMB9 and it would be interesting to investigate whether the
change of this ratio contributes to alternative splicing and breast
cancer. The splicing preference in FAS is of particular interest for
cancer. FAS is a tumor necrosis factor (TNF) receptor superfamily
protein that plays an important role in apoptosis. The exon-
skipped form that was prevalent in MCF7 and MDA-MB-231
encodes soluble FAS that could neutralize cytotoxic factors such as
TNF-a (37–39) and prevent apoptosis in breast cancer cells.
Our analysis also revealed a number of splicing differences

between the two cancer cell lines of distinct tumorigenicity
(HRMT1L1, APLP2, CD44, VEGF, ESR1, and EEF1D; Table 3).
Although the significance of these splicing differences is not clear,
one gene is worthy of comments. CD44 is a cell adhesion molecule
and its splice variants are closely associated with breast and other
types of cancer (21). MDA-MB-231 cells are more metastatic and
invasive, suggesting that CD44s or CD44v10 plays a role in the
progression andmetastasis of human breast cancer. Coexpression of
both CD44v10 and CD44s in HBL100 cells reduces the hemagglu-
tinin-mediated cell adhesion and increases the migration capability
in collagen-matrix gel (40). These cells also constitutively produce
certain angiogenic factors and effectively promote tumorigenesis in
athymic nude mice (40). Therefore, coexpression of CD44v10 and
CD44s could trigger the onset of cell transformation required for
breast cancer development. Knowing which splice variants of CD44
are expressed is of value to diagnose stages of breast cancer.
We also noted that the splicing pattern in tumor (as MCF7-

derived xenograft in nude mice) was more comparable with the
pattern seen in Matrigel-cultured cells than in flat dish–cultured
cells. This indicates that Matrigel-cultured cells would be more
useful for alternative splicing studies because the results are likely
more relevant to what occurs in vivo . Cells cultured in flat dish, on
the other hand, had a number of alternative splicing forms different
from what were seen in vivo . For example, alternative splicing in
MYL6, ZNF207, and hnRNPA/B in the two-dimensional culture
were different than that in the three-dimensional culture or the
xenografts (Fig. 6). These differences could be attributed to the
involvement of extracellular matrix because extracellular matrix has
been shown to regulate alternative splicing of fibronectin (41),
cyclin L (42), and CD45 (43). MYL6 encodes two alkali light chain
isoforms in myosins; one includes exon 6 and is found in smooth
muscle cells; the other excludes exon 6 and is found in nonmuscle
cells (44). The smooth muscle myosin light chain is found up-
regulated upon ethanol treatment in breast cancer T47D cells (45).
Switching from the smooth muscle type to the nonmuscle type of
myosin perhaps has an effect on the migration of breast cancer cells.
Documenting the splicing changes between breast cancer cells

and normal cells could reveal potential roles of specific splicing
variants in cancer development, progression, or metastasis. In
addition, these splicing variations can also be used as tumor
markers for diagnostic or prognostic evaluations in breast cancer.
Thus, this study illustrates the potential of using splicing-sensitive
microarray and Matrigel-cultured cells in understanding gene
expression with resolution of alternative splicing in breast cancer
progression.
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