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Carcinoembryonic antigen-related cell adhesion molecule-1
(CEACAM1) is expressed in a variety of cell types and is impli-
cated in carcinogenesis. Alternative splicing of CEACAM1
pre-mRNA generates two cytoplasmic domain splice variants
characterized by the inclusion (L-isoform) or exclusion (S-iso-
form) of exon 7. Here we show that the alternative splicing of
CEACAM1 pre-mRNA is regulated by novel cis elements resid-
ing in exon 7. We report the presence of three exon regulatory
elements that lead to the inclusion or exclusion of exon 7
CEACAM1 mRNA in ZR75 breast cancer cells. Heterologous
splicing reporter assays demonstrated that the maintenance of
authentic alternative splicing mechanisms were independent of
the CEACAM1 intron sequence context. We show that forced
expression of these exon regulatory elements could alter
CEACAM1 splicing in HEK-293 cells. Using RNA affinity chro-
matography, three members of the heterogeneous nuclear ribo-
nucleoprotein family (hnRNP L, hnRNP A1, and hnRNP M)
were identified. RNA immunoprecipitation of hnRNP L and
hnRNP A1 revealed a binding motif located central and 3� to
exon 7, respectively. Depletion of hnRNP A1 or L by RNAi in
HEK-293 cells promoted exon 7 inclusion, whereas overexpres-
sion led to exclusion of the variable exon. By contrast, overex-
pression of hnRNP M showed exon 7 inclusion and production
of CEACAM1-L mRNA. Finally, stress-induced cytoplasmic
accumulation of hnRNP A1 in MDA-MB-468 cells dynamically
alters the CEACAM1-S:CEACAM1:L ratio in favor of the L-iso-
form. Thus, we have elucidated the molecular factors that con-
trol the mechanism of splice-site recognition in the alternative
splicing regulation of CEACAM1.

Maintenance of cell polarity and tissue architecture is vital to
the normal growth and differentiation program of epithelial
cells (1). Disruption of cell polarity and tissue architecture,
which is associated with uncontrolled cell proliferation and dif-

ferentiation, is a feature of neoplastic transformation (2). A
complex network of cell-cell and cell-extracellularmatrix inter-
actions mediated in part by adhesion molecules play an impor-
tant role in epithelial tissue shape and function. Not surpris-
ingly, many cancers have altered expression of various cell
adhesion molecules. One of them is CEACAM1,4 whose aber-
rant expression has been linked to a variety of carcinomas (3, 4).
CEACAM1 is a glycosylated transmembrane protein and is a

member of the CEA immunoglobulin superfamily (5). In
humans, CEACAM1 pre-mRNA undergoes alternative splic-
ing, giving rise to 11 splice variants (6). All splice variants
include a highly conservedN-terminal ectodomain that defines
theCEAgene family and is responsible for the homotypic adhe-
sion function of these gene products (5, 7). CEACAM1 is
expressed as a type I transmembrane protein in human tissues
with 1, 3, or 4 extracellular Ig-like domains and either short or
long cytoplasmic domains that engage distinct signal transduc-
tion pathways based on their different amino acid sequences
(5). The two cytoplasmic domain splice variants, CEACAM1-L
and CEACAM1-S, are identical in the first five amino acids but
then differ starting at the splice junction (8). CEACAM1-S is
produced by the usage of a proximal stop codon and leads to a
cytoplasmic tail that is 12–14 amino acids long. CEACAM1-S
binds to actin, tropomysin, calmodulin, and annexin II and con-
tains serine and threonine residues that can be phosphorylated
(9–11). Remarkably, the role of the short cytoplasmic tailmedi-
ates lumen formation via an apoptotic and cytoskeletal reorga-
nization mechanism when mammary epithelial cells are grown
in a three-dimensional model of mammary morphogenesis
(11). In contrast, CEACAM1-L has two ITIM (immunorecep-
tor tyrosine-based inhibitory motif) regions that can be phos-
phorylated by a Src family kinase (12) followed by recruitment
of the phosphatases SHP-1 or SHP-2 (13–15). The association
with SHP-1 has been shown to inhibit lymphocyte activation
events (13–15), suggesting that CEACAM1-L plays an impor-
tant and primarily inhibitory mediator role in immune
responses. Whether the ratio of splice isoforms contributes to
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recently showed that an alteration of CEACAM1 splicing could
be a common feature of breast cancer where an optimal ratio
between the short and the long cytoplasmic domain splice vari-
ants might be required for normal tissue function (16).
Alternative splicing is an evolutionary strategy among meta-

zoans for generating functionally diverse isoforms from a single
gene through the selective joining of different exons (17). The
decision of the splicing machinery to include or exclude a par-
ticular exon in the mature mRNA depends largely on the rec-
ognition and selection of the flanking splice-sites. Studies
aimed at understanding the alternative splicing of a number of
genes indicate that the auxiliary cis-acting elements, known as
exon splicing enhancers (ESE) and exon splicing silencers
(ESS), play an important role in the recognition of exons sur-
rounding the regulated splice sites (18, 19). The function of
auxiliary cis-acting elements provides the binding platform for
splicing regulators, which in cooperation with other factors
promote or inhibit the use of a nearby splice-site (20, 21). Reg-
ulation of alternative splicing is, therefore, a combinatorial phe-
nomenon in which cooperative assembly of the activation
and/or repression complexes near the regulated exons deter-
minewhether a particular exonwill be included/excluded in the
mRNA (22, 23). Importantly, deregulated splice variant expres-
sion has been identified as the cause of a number of genetic
disorders, and certain forms of cancer have been linked to
unbalanced isoform expression from genes involved in cell
cycle regulation or apoptosis (24, 25).
The most common splicing regulators are mRNA-binding

proteins that are members of the heterogeneous nuclear ribo-
nucleoprotein (hnRNP) family (26) and serine/arginine-rich
(SR) protein families (27). hnRNPs rapidly associate with nas-
cent transcripts and have been implicated in the repression of
certain alternative splicing events (17). Three abundant
hnRNPs, hnRNP L, hnRNP A1, and hnRNP M, are implicated
in many alternative splicing events in human and several other
eukaryotes and play a role in regulated splicing events by inhib-
iting the use of splice sites from the spliceosome (28, 29). Most
of these hnRNPs can also form homophilic and heterophilic
interactions with other hnRNPs (30, 31). Working antagonisti-
cally to the hnRNPs are the SR family of splicing factors, which
promote inclusion of a particular exon by binding to ESEs to
recruit other components of the splicing machinery to the 5�
and 3� splice sites (32).
Previously, we proposed that regulatory cis-acting elements

in exon 7 play an important role in the alternative splicing of
CEACAM1 (16). We showed that replacement of these regula-
tory elements by human �-globin exon sequences resulted in
exon 7-skipped mRNA as the predominant product. The pres-
ent study addresses the mechanism that gives rise to
CEACAM1-L and CEACAM1-S isoforms. Here we have iden-
tified three regions of exon 7 that can lead to activation or
inhibition of exon 7 splicing. We show that the trans-acting
auxiliary splicing factors hnRNP L, hnRNP A1, and hnRNP M
bind exon 7 RNA specifically to control splice-site recognition.
Finally, we show that deregulation of CEACAM1 splicing in
breast cancer cells can be caused by stress-induced cytoplasmic
accumulation of hnRNP A1.

EXPERIMENTAL PROCEDURES

Cell Lines and Transfection—ZR75 cells were cultured in
RPMI 1640 medium, and MDA-MB-468 cells were cultured in
minimum Eagle’s medium (MEM) supplemented with 1%
sodium pyruvate, 0.15% sodium bicarbonate, 1� non-essential
amino acids, and 1 � penicillin-streptomycin-amphotericin B.
HEK-293 cells were cultured in Dulbecco’s modifiedMEM. All
media were supplemented with 10% heat-inactivated FBS and
grown at 37 °C in humidified air containing 5% CO2.Twenty-
four hours before transfection, cells were seeded in 6-well
plates (35 mm) at a density of 5 � 105 cells/well for ZR75 cells
and 8� 105 cells/well for HEK-293 cells. Cells were transfected
with plasmid DNA (2–3 �g) and Lipofectamine 2000 (Invitro-
gen) or electroporation using Amaxa Nucleofector Kit V
(Lonza) according to the manufacturer’s instructions.
RNA Isolation and RT-PCR—Total RNAwas isolated 24–48

h after mini-gene transfections and 72 h for shRNA transfec-
tions using RNeasy isolation kit (Qiagen) and treated with
DNase I (Qiagen) as recommended by the manufacturer.
Reverse transcription was carried out using 1 �g of total RNA
using Oligo(dT)12–18 primer (Invitrogen) andMoloney murine
leukemia virus reverse transcriptase (Invitrogen) according to
the manufacturer’s instructions. RT reactions were diluted
5-fold for PCR reactions. PCR amplification of wild-type exon
7, exon 7 with mutations, and constitutively expressed
housekeeping gene glyceraldehyde phosphate dehydrogenase
(GAPDH) transcripts were performed using either vector-spe-
cific or gene-specific primers (providedupon request). PCRwas
performed in a total volume of 20 �l containing 1 �l of first-
strand cDNA solution, 0.1 mM dNTPs, 0.4 �l of Phire Hot Start
DNA polymerase (Finnzymes), 4 �l of 5� PCR buffer, and 0.2
�M primers. The reactions were initiated by heating the sam-
ples to 98 °C for 30 s followed by 30 cycles of 98 °C for 5 s, 60 °C
for 5 s, and 72 °C for 10 s followed by a final extension at 72 °C
for 1 min. The products were analyzed on 2.25% agarose gels
and visualized by ethidiumbromide or SYBR safeDNAgel stain
(Invitrogen). The relative amounts of the PCR products were
analyzed by scanning the gels and determining the intensities of
stained bands using ImageJ software Version 1.36b (National
Institutes of Health).
Plasmids—All DNA constructs were generated by standard

cloning procedures and confirmed by sequencing. Plasmids
used in the analysis of cis-acting elements in the CEACAM1
primary transcript weremade using themini-gene splicing cas-
sette containing genomic CEACAM1 exons 6–8 (CAM 6-7-8)
(16). Linker-mutated RNA reporter constructs were prepared
by replacing the exon 7 sequence indicated in Fig. 1A with the
sequence AAGCATGCAA using overlap extension PCR (33).
The first step PCR products were used as the template for the
overlapping PCR with primers ET7 and EBGH-R. The ampli-
fied fragments were digested with NheI and HindIII, gel-puri-
fied, and ligated to plasmid CAM 6-7-8 linearized with appro-
priate restriction enzymes. All sequences were evaluated to
ensure that premature termination codons did not arise during
cloning. To construct heterologous substrates, BamHI- and
EcoRI-containing oligonucleotides were inserted into plasmid
RG6, generously provided byDr. TomCooper (34). shRNAs for
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hnRNP A1 and enhanced green fluorescent protein were
cloned into pBluescript vector with a humanH1 promoter gen-
erously provided by Dr. Douglas Black. The GFP sequence tar-
geted by the shRNA was ACGACTTCTTCAAGTCCGC. The
T7-hnRNP A1 expression plasmid was generously provided by
Dr. Javier Casares. The shRNAs targeting hnRNP L and lucif-
erase and FLAG-hnRNP L were generously provided by Dr.
Xiao-Feng Qin, Dr. Jiuyong Xie, and Dr. Kristin Lynch, respec-
tively. Plasmid encoding hnRNP M4 and the vector control,
pINX-N-FF-B, were generously provided by Dr. Russ Carstens
(29).
In Vitro Transcription—32P-Labeled in vitro transcription

reactions were carried out as previously described (35). Labeled
RNAs were transcribed from a T7-containing template where
in all cases exon 7 size was maintained at 53 nt. Nonspecific
negative control RNA (NS) was derived from the first 53 nt of
pUC18 bacterial plasmid 5�-TCGCGCGTTTCGGTGATG-
ACGGTGAAAACCTCTGACACATGCAGCTCCCGGG-3�.
For RNAs used in Fig. 7B, sequences were 5�-GGCAAGCGAC-
CAGCGTGATCGGTGAAAACCTCTGTGTGTACGTCGA-
GGGCCT-3� (E1:N), 5�-TCGCGCGTTTCGGTGATTCAC-
AGAGCACAAACGACGGTGAAAACCTCTGT-3� (N:E2:N),
and 5�-TCGCGCGTTTCGGTGATGACGGTGAAAACCTC-
TCCTCAGTCTCCAACCACA-3� (N:E3), where italicized
nucleotides indicate exon 7 sequence. Large scale unlabeled
transcription reactions for RNA affinity purification were car-
ried out using AmpliScribe according to the manufacturer’s
instructions (Epicenter).
RNA Mobility Shift Assay—Nuclear extracts were prepared

from HeLa S3 cells obtained from National Cell Center essen-
tially as described (36). Separation of splicing-related com-
plexes were assembled in HeLa nuclear extracts, 12.5-�l total
volume reactions, containing exon 7 RNA (10,000 cpm/�l)
incubated in the absence or presence of unlabeled NS compet-
itor RNA or unlabeled exon 7 RNA under conditions that sup-
port in vitro splicing as described previously (37). Reactions
were incubated at 30 °C for 15 min. After the incubation, 2.5 �l
of 4 �g/�l heparin and 2.5 �l of 5� loading dye containing 1�
Tris borate EDTA (89 mM Tris-HCl, 89 mM boric acid, 2.5 mM

EDTA), 20% glycerol, 0.25% bromphenol blue, and 0.25%
xylene cyanol were added, and 3-�l aliquots of each reaction
mixture were loaded onto a 2% horizontal low-melting agarose
gel followed by the separation of RNA-containing complexes at
70 V for 4–6 h in Tris-glycine running buffer at room temper-
ature (38). Gels were fixed in 10% acetic acid and 10%methanol
for 30 min and then were dried under vacuum at 80 °C. The
binding assay using recombinant His-hnRNP A1 was per-
formed in 10-�l volumes containing gel-shift buffer (50 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Nonidet P-40, 0.5 mM

dithiothreitol, 1mMMgCl2). Escherichia coli t-RNAwas always
added to the mixture before the addition of the protein (final
concentration 0.01–0.09 �g/�l). The reaction mixtures were
incubated at 30 °C for 15 min before the addition of 2 �l of dye
and loading on a non-denaturing 5% acrylamide gel (29:1
acrylamide/bisacrylamide, 50 mM Tris-Cl, pH 8.8, 50 mM gly-
cine, and 5% glycerol) run in Tris-glycine buffer (50 mM Tris,
pH 8.8, and 50 mM glycine).

RNA Affinity Assay—RNAs were covalently linked to adipic
acid dihydrazide-agarose beads as indicated previously (39, 40).
The beads containing immobilized RNA were incubated with
HeLa nuclear extract under splicing in a 25� reaction and incu-
bated for 30 min at 30 °C. The bound beads were washed 4
times with 1 ml of buffer without ATP, MgCl2, or tRNA. The
proteins were eluted in 75 �l of loading dye (80mMTris-Cl, pH
6.8, 0.1 M dithiothreitol, 2% SDS, 10% glycerol, and 0.2% bro-
mphenol blue) by heating for 5 min at 65 °C. Eluted proteins
were then separated in 12.5% SDS-polyacrylamide gels under
denaturing conditions.
Mass Spectrometry—Excised gel bands were cut into small

(�1 mm) pieces and destained with 200 mM ammonium bicar-
bonate in 50% UV grade acetonitrile (Burdick and Jackson,
Muskegon, MI). The destained gel pieces were reduced with
dithiothreitol and alkylated with iodoacetamide. The proteins
were then digested by overnight treatment at 30 °C with
sequencing grade modified trypsin (Promega) in 200 mM

ammonium bicarbonate. The digestion supernatant was col-
lected, and the gel pieces were further extracted with 2 washes
of 1% double-distilled, PPB/Teflon grade acetic acid (Sigma-
Aldrich) in 60% acetonitrile. The combined supernatant and
extract were combined and reduced to a volume of �20 �l in a
vacuum centrifuge. The digested peptides were analyzed by
LC/MS using an Agilent 6420 Q-ToF mass spectrometer with
an Agilent 1200 nano-flow HPLC (Agilent Technologies, Santa
Clara, CA) at the City of HopeMass Spectrometry core facility.
Separation was carried out using the Chip Cube source and a
high capacity protein identification chip. Samples were loaded
onto a 160-nl trapping column at 4 �l/min in 99% buffer A
(0.1% formic acid in water). The trapping column was then
switched online with a 75-�m � 150-mm analytical column
and eluted directly into the mass spectrometer. The analytical
gradient ran from 8% buffer B (0.1% formic acid in 90% aceto-
nitrile/10% water) to 30% buffer B over 45 min. Mass specto-
metry data were collected in a data-dependent fashion. From
each full mass scan, up to six precursor ions were selected for
fragmentation. After being selected, each ion was placed on an
exclusion list for 30 s. Both full mass and fragment ion spectra
were collected at a rate of 4 Hz. Data were converted tomzData
using Agilent’s supplied tool. Converted data files were
searched against the ENSEMBL human data base and the cRap
data base using X!Tandem. The preliminary search assumed
tryptic specificity, quantitative carbamidomethylation of cys-
teine, and possible oxidation of methionine. Refinement
searches considered non-tryptic cleavage, deamidation of
asparagine and glutamine, oxidation of tryptophan, and double
oxidation of methionine and tryptophan. All searches used a
mass tolerance of 50 ppm for both precursors and fragments.
Western Blot Analysis—Cells were incubated in radioim-

mune precipitation assay buffer (10 mM sodium phosphate, pH
7.2, 150 mM NaCl, 1% Nonidet P40, 1% sodium deoxycholate,
0.1% SDS, 2 mM EDTA, 1 mM DTT, 1 mM PMSF, 100 units/ml
Benzonase) and protease inhibitors on ice for 20 min, and the
lysate was cleared by centrifugation and kept at �80 °C (41).
Proteins (5 �l aliquot from RNA affinity assay or 10 �g cell
lysate) were separated by SDS-gel electrophoresis, transferred
to nitrocellulose membranes, and probed with antibodies for
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hnRNPA1, hnRNP L, hnRNPH, or hnRNPK (each at 1 �g/ml)
followed by infrared-labeled secondary antibody (LI-COR Bio-
sciences, Lincoln, NE). GAPDH was detected with 1:5000
diluted mouse anti-GAPDH primary antibody (Abcam, Cam-
bridge, UK). Signals were detected with the Odyssey Infrared
Imaging System (LI-COR Biosciences).
UV Cross-linking and Immunoprecipitation Assays—For

UV-cross-linking experiments, radiolabeled RNAs (100,000
cpm/�l) were incubated in equimolar HeLa nuclear extract or
S100 cytoplasmic extract under conditions that support in vitro
splicing (in 12.5 �l total volume, 25% extract). Protein concen-
trations were measured by the Bradford Assay. Reaction mix-
tures were incubated for 15 min at 30 °C, placed on Parafilm
wrapped around a heat sinkmetal block on ice, and irradiated at
254 nm at a distance of �0.5 cm (Spectroline, model ENF-
240C, 115 V, 60 Hz, 0.20 Amps) for 30 min. Samples were then
treated with RNase A (4mg/ml final concentration) at 37 °C for
20 min. Proteins were boiled for 5 min in cracking buffer (80
mM Tris-Cl, pH 6.8, 0.1 M dithiothreitol, 2% sodium dodecyl
sulfate, 10% glycerol, and 0.2% bromphenol blue), and sepa-
rated on 12.5% SDS-polyacrylamide gels. Binding of proteins to
the RNA was visualized using Kodak XAR-5 film after 24 h.
Immunoprecipitation was performed as described with

slight modifications (42). Briefly, radiolabeled RNAs (100,000
cpm/�l) subjected to cross-linking and RNase A digestion were
mixed with 175 �l of NET2–150 buffer (50 mM Tris-HCl, pH
7.5, 150mMNaCl, 0.05%Nonidet P-40, 0.5mM dithiothreitol, 1
mMMgCl2). 1 �l of specified antibody was added, and the mix-
ture was rotated at 4 °C for 24 h. Anti-hnRNP A1 (4B10) was
provided by Dr. Gideon Dreyfuss, and anti-hnRNP L, anti-
hnRNPH, and anti-hnRNP Kwere purchased from Santa Cruz
Biotechnology. The next day, 30 �l of activated protein G-Sep-
harose CL-4B (Amersham Biosciences) in NET2–150 buffer
was added to the reaction samples and rotated at room temper-
ature for 2 h. Samples were stringently washed 3 times in
NET2–500 buffer (with 500 mM NaCl) and 2 times in NET2–
150 buffer. Proteinswere boiled for 5min in cracking buffer and
separated on 12.5% SDS-polyacrylamide gels. Binding of pro-
teins to the RNA was visualized using Kodak XAR-5 film after
24 h.
Immunofluorescence—Twenty-four hours before treatment,

cells were seeded in an 8-well chamber slide at a density of 4 �
104 cells/well for MDA-MB-468. Then cells were treated with
600 mM sorbitol or left in growth medium for 2 h the following
day. Cells were fixed with 4% p-formaldehyde in PBS for 15–30
min at room temperature followed by incubation for 10 min in
0.2% Triton X-100. For detection of nuclear material, DAPI
staining was used at a 1:2000 dilution. Endogenous hnRNP A1
and hnRNPU (Santa Cruz Biotechnology, 3G6) were visualized
with a 1:1000 dilution using an Olympus IX81 Inverted micro-
scope with Q Imaging Retiga 2000R cooled CCD camera with
Image Pro Plus Version 6.3 imaging software and 40�
magnification.

RESULTS

Identification and Characterization of Exon Regulatory Ele-
ment (ERE) Controlling Alternative Splicing of Exon 7—We
recently showed that breast cancer specimens displayed

expression of both short and long cytoplasmic domain splice
variants of CEACAM1 as compared with normal breast tissues
that predominately express the S-isoform, suggesting that
alteration of CEACAM1 splicing could be a common feature of
breast cancer. We also demonstrated that regulatory cis-acting
elements in exon 7 play a role in the alternative splicing of
CEACAM1-L and CEACAM1-S (16). To further study the reg-
ulatory factors involved in breast cancer and to narrow the
regions of exon 7 that are important for controlling alternative
splicing, we performed scanning mutagenesis across the exon
following themethod described recently by Salati and co-work-
ers (40). In this method a 10-nt block random sequence (see
“Experimental Procedures”) was sequentially introduced span-
ning exon 7 in the context of our pre-mRNA reporter CAM
6-7-8 (Fig. 1A). To prevent disruption of the 3� splice-site signal
that could potentially activate an unknown cryptic splice site,
the last three nucleotides at the 3�-end were not disrupted.
Because mRNAs harboring premature termination (nonsense)

FIGURE 1. Identification of cis-acting regulatory elements in exon 7.
A, shown is a schematic of scanning mutagenesis across exon 7 in CAM 6-7-8
reporter and derivative mini-genes. The splicing of CAM 6-7-8 yields
CEACAM1 long and short cytoplasmic domain splice variants, CEACAM1-S
and CEACAM1-L. The black rectangle represents exon 6, the gray rectangle
represents exon 7, and the white rectangle represents exon 8 of CEACAM1.
The black arrow represents the CMV promoter. The 10-nt block mutations are
indicated: E7-1, bases 1–10; E7-2, bases 6 –15; E7-3, bases 11–20; E7-4, bases
16 –25; E7-5, bases 21–30; E7-6, bases 26 –35; E7–7, bases 31– 40; E7-8, bases
36 – 45; E7-9, bases 41–50. B and C, RT-PCR analysis of RNAs derived from ZR75
cells transiently transfected with indicated mini-genes or no plasmid mock
control is shown. ERE-1, ERE-2, and ERE-3 refer to ERE 1, 2, and 3, respectively.
M refers to a 100-bp DNA ladder (New England Biolabs). L and S refer to
CEACAM1-L and CEACAM1-S. The data shown are representative of three
independent experiments. The mean � S.E. is shown for percent exon 7 inclu-
sion calculated as the % CEACAM1-L/(CEACAM1-L � CEACAM1-S) mRNA. *,
p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 versus CAM 6-7-8 control.
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codons can be subjected to selective degradation, we confirmed
that the 10-nt block random sequence does not contain a pre-
mature stop codon. Moreover, this sequence does not contain
any of the previously reported ESEs or ESSs as verified by two
independent Web-based programs (43, 44).
To determine the effects of nucleotide substitutions on splic-

ing regulation, 9 mini-gene reporter constructs (E7-1 to E7-9)
were transiently expressed inZR75 breast cancer cells, and after
24 h, total RNAwas isolated followed by RT-PCRwith plasmid-
specific primers. The wild-type reporter CAM 6-7-8 produced
both CEACAM1-S and long CEACAM1-L splice variants (Fig.
1B). In contrast, the splicing of E7-1-, E7-2-, and E7-3-driven
transcripts produced predominantly the CEACAM1-S iso-
form, suggesting that mutations in the first 20-nt disrupted a
splicing responsive element that regulates exon 7 alternative
splicing (Fig. 1B, compare lane 3 with lanes 4–6). A similar
analysis with splicing reporters E7-4, E7-5, and E7-6 that carry
sequence mutations from nt 16 to 35 produced predominantly
theCEACAM1-L isoform (Fig. 1,B, lane 3 comparedwith lanes
7–9, and C), indicative of the presence of a second splicing
regulatory element. The mutations of the sequence from nt 36
to 50 (E7-7, E7-8, and E7-9) resulted in both short and long
splice isoforms, albeit with different S:L ratios compared with
the CAM 6-7-8 control. We note that althoughmutations of nt
31–40 and 41–50 favored exon 7 inclusion, mutations of nt
36–45 shifted splicing toward exon 7 excludedmRNA (Fig. 1B,
compare lane 3 with lanes 10–12). These results indicate that
the spatial organization of nt 31–50 contains a third splicing
regulatory element with putative overlapping signals that
can repress and/or promote exon 7 splicing. We observed no
significant differences in phenotypes across other cell lines
tested, i.e. HeLa and HEK-293 cells (data not shown).
Together these results indicate that mechanistic control of
alternative splicing events for CEACAM1 are regulated by
three EREs that can be grouped into ERE-1, ERE-2, and
ERE-3 for exon 7 RNA (Fig. 1B).
Exon 7 Contains ESE and ESS Elements—Previous studies

have demonstrated that splicing regulatory elements control
alternative splicing by virtue of short sequence motifs of 4–6
bases (e.g. ESE and ESS) (45, 46). To further characterize puta-
tive ESEs and ESSs located in exon 7, we constructed additional
mini-gene reporters that contained minimal sequence muta-
tions (Fig. 2A). Because substitution of nt 6 through nt 15 in
E7-2 showed the greatest abrogation of splicing regulation, we
reasoned that these nucleotides might confer ESE activity to
ERE-1. Although not particularly purine-rich, a correlative fea-
ture seen in other ESEs, we noticed that the preferred binding
site involving the CAGC sequence found in wild-type exon 7 in
this region related to several ESE sites (e.g. CAGC, GAGC,
CAGCC, GCAGC, ACAGC, AGCAG, CAGCA, CCAGC, and
CCCAG; see Table 2 for a complete list in Ref. 47) associated
with SRp55, SRp40, SC35, and SF2/ASF when spatially
arranged around a tandem3� splice site (Fig. 2A) (47). Although
this genetic organization is notably absent surrounding exon 7,
the fact that the region of overlap between E7-2 and E7-3 in Fig.
1A showed such a strong shift to CEACAM1-S strongly sug-
gested nt 11–14 was an important target for ESE activity.

To test whether the CAGC motif contributed to the ESE
activity in ERE-1, a splicing reporter E7-2�was constructed and
transiently expressed in ZR75 cells (Fig. 2, B and C). We
observed that compared with the splicing of E7-2mRNA, E7-2�
showed an �25-fold increase in CEACAM1-LmRNA (Fig. 2, B
and C, compare lanes 4 and 5). The fact that exon 7 inclusion
was higher in CAM 6-7-8 versus the E7-2 � reporter (66 versus
25%; Fig. 2, B and C, lanes 3 versus 5) suggested that the
sequences flanking the CAGC motif also contribute to ESE
activity.
Similarly, as E7-5 showed the greatest abrogation of

CEACAM1-S in ERE-2, we next considered whether this exon
region encoded an ESS. Examination of this region identified a
cluster of CA-rich elements (nt-22–25 and nt-29–32) that
could be a major cis-acting RNA signal. Recent studies show
intronic polymorphic CA-repeat regions in the human endo-
thelial nitric-oxide synthase gene bind specifically to hnRNP L
(48). To test the hypothesis that E7-5 abolished an ESS, we
chose to study the first CAmotif in exon 7 that overlapped with
E7-4 andE7-5.We constructed a derivative of E7-5, called E7-5�
(Fig. 2A), and this mutant was transiently expressed in ZR75
cells (Fig. 2, B and C). Although we observed production of

FIGURE 2. Identification of an ESE and ESS encoded within ERE-1 and
ERE-2 of exon 7. A, nucleotide comparison of target ESE and ESS sequences is
shown. E7-2 � and E7-5� contain the wild-type sequence except where indi-
cated with substitutions. RNAs were of equal length in relation to exon 7 but
for simplicity only those nucleotides under study are depicted. B and C, RT-
PCR analysis and quantitation of RNAs derived from ZR75 cells were as
described in the Fig. 1 caption. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p �
0.0001 versus CAM 6-7-8 control.
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CEACAM1-L mRNA for the E7-5� construct, we unexpectedly
observed the additional expression of CEACAM1-S mRNA
(Fig. 2B, compare lanes 6 and 7). We interpret this finding as
indicating the ESS is comprised of at least these nucleotides but
include other nucleotides that play a role in controlling the
production of CEACAM1-SmRNAand are part of a larger ESS.
In sum, we conclude the existence of an ESE in ERE-1 and ESS
in ERE-2, and both are determinants for regulation of exon 7
splicing.
Exon 7 EREs Can Function in a Heterologous Splicing Sub-

strate in Vivo—We next investigated whether exon 7 could
direct CEACAM1 alternative splicing independent of flanking

intron 6 and intron 7 RNA.We constructed mini-gene splicing
reporters that contained ERE-1, ERE-2, or ERE-3 sequences
expressed in the middle exon flanked by introns from chicken
cTNT (cardiac troponin T (34)) and tested whether we could
recapitulate CEACAM1 splicing in breast cancer cells (Fig. 3).
For comparison, enhancer and scrambled sequences from the
IgM substrate (49) and an intronic splicing silencer identified in
CEACAM1 intron 65 denoted CAM1-I6D5 were included (Fig.
3B). The wild-type and scrambled reporters (RG6 and IgM-SC)
produced both short and long splice variants when expressed in
ZR75 cells (Fig. 3C, lanes 2 and 3). In contrast, the splicing of
ERE-1 strongly influenced variable exon 7 inclusion, similar to
the control enhancer reporter IgM-E (Fig. 3C, lanes 5 and 6).
When wild-type ERE-2 or ERE-3 was tested, we observed
strong splicing repression similar to the control CAM1-I6D5
(Fig. 3C, lanes 7 and 8). To further strengthen our conclusion
that these 20-nt fragments (e.g. ERE-1, ERE-2, and ERE-3) can
adopt functional representative structures in vivo, we forced
their expression in HEK-293 cells and looked again at changes
in CAM 6-7-8 mini-gene splicing (Fig. 3D). We hypothesized
that endogenous splicing factors, titrated by these ERE-con-
taining constructs, would be unavailable to regulate exon 7 and
thereby cause similar splicing phenotypes to that observed pre-
viously (Fig. 1). In the case of ERE-1, we observed a dose-depen-
dent shift from CEACAM1-L to CEACAM1-SmRNA (Fig. 3D,
lanes 4 and 5, compared with lanes 2 and 3). By contrast, either
concentration of ERE-2 plasmid could enhance activation of
exon 7 inclusion to produce CEACAM1-L mRNA (Fig. 3D,
lanes 6 and 7 compared with lanes 2 and 3). Quite surprisingly,
overexpression of ERE-3 does not lead to CEACAM1-LmRNA
as expected with a marked shift in exon 7 inclusion from 63.2
to 45.0% toward CEACAM1-S (Fig. 3D, lane 9 compared
with lane 2). Apparently, the pool of available splicing fac-
tors persists in fine balance, and the sequestration by ERE-3
over-expression frees this restriction, allowing unrestrained
access of an unidentified splicing factor to interact with ERE-2
which leads to an exon 7 exclusion phenotype. We conclude
that maintenance of authentic alternative splicing mechanisms
are independent of the CEACAM1 intron sequence context
and are fine-tuned to respond to changes in the cellular
micro-environment.
ASpecific Protein ComplexAssembles on Exon 7—To identify

proteins that associate with exon 7, we used an electrophoretic
mobility shift assay designed to capture spliceosome-contain-
ing complexes (38) and UV-induced cross-linking assays using
nuclear extracts prepared fromHeLa cells, a cell line that faith-
fully recapitulates CEACAM1 splicing when transfected with
mini-gene CAM 6-7-8 (data not shown). We generated RNA
probes containing the exon 7 sequence as well as a control non-
specific (NS) RNA sequence (see “Experimental Procedures”).
As shown by our native RNAmobility shift assay, slow migrat-
ing complexes are visible upon incubation of 32P-labeled exon 7
RNAwith nuclear extract (Fig. 4A, lane 2). The specificity of the
gel-shift complex was tested by the addition of unlabeled NS
and exon 7 RNA.We found that assembly of an exon 7-depen-

5 K. J. Dery, S. Gaur, M. Gencheva, Y. Yen, J. E. Shively, and R. K. Gaur, unpub-
lished data.

FIGURE 3. Exon 7 EREs can function in a heterologous context. A, shown is
a diagram of middle exon replacement strategy in RG6 mini-gene. Black rect-
angles represent exons of RG6, black lines represent chicken cardiac troponin
T (cTNT) introns, and the black arrow represents the CMV promoter and
restriction sites unique to the middle exon (B is BamHI, and E is EcoRI). Flank-
ing intronic sequences to the variable exon are shown in italics. The locations
of vector-specific primers flanking the first and last exons are indicated with
small black arrows. B, shown is a nucleotide comparison between constructs
to show purine content and similarity in variable exon length. Bold nucleotides
represent unique sequence inserted into middle exon of RG6. IgM-Sc and
IgM-E are scrambled control (IgM-SC) and enhancer sequences from IgM sub-
strate, respectively. CAM1-I6D5 contains an intronic splicing silencer from
intron 6 of CEACAM1. C, RT-PCR after transfection in ZR75 cells with the indi-
cated mini-genes is shown. D, titration by ERE-containing constructs alters
CEACAM1 alternative splicing. RT-PCR after transfection in HEK-293 cells of
CAM 6-7-8 mini-gene influenced by overexpression of indicated constructs is
shown. M is Benchtop PCR marker (Promega). The mean � S.E. for at least n �
3 is shown for percent exon 7 inclusion. *, p � 0.05; **, p � 0.01; ***, p � 0.001
versus RG6 or CAM 6-7-8 control.
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dent complex is nearly completely abolished by the addition of
unlabeled exon 7 RNA, as low as 1-fold, but is not inhibited by
the addition of excessNSRNA (Fig. 4A, lanes 3–5 and 6–8). To
rule out the possibility that the splicing complexes were
degraded and to prove that these complexes were out-com-
peted for when treated with specific competitor, we show the
splicing complexes can be inhibited in a dosage-dependent
manner (Fig. 4A, right panel). We note the addition of our NS
RNA titrated endogenous RNA nucleases, which had the effect
of stabilizing the splicing complex (Fig. 4A, lanes 3–5).

To more directly investigate the role of exon 7-associated
proteins, we used UV photocross-linking to covalently attach
bound proteins to the labeled RNA. Two proteins cross-linked
to exon 7 RNA in HeLa extract, the most prominent migrating

close to the 34- and 75-kDaprotein standards (Fig. 4B, lane 6) as
compared with the control NS RNA (Fig. 4B, lane 4). We note
that many auxiliary splicing factors bind weakly to RNA in the
molecular weight range of 34-kDa, and this could account for
the cross-linked protein observed in theNSRNAsample,which
has a similar migration pattern to the exon 7 cross-link. Impor-
tantly, the S100 extracts (the cytoplasmic fraction of the HeLa
splicing extract preparation) did not show the 34- and 75-kDa
proteins cross-linked to exon 7. We can conclude these pro-
teins are nuclear in origin (Fig. 4B, compare lanes 5 and 6).
To rule out the possibility that we had identified only non-

specific protein interactions associating with exon 7 RNA, we
next addressed binding specificity by using competition exper-
iments with either excess unlabeled NS RNA or exon 7 RNA
(Fig. 4C). Our data show that the cross-linked proteins we iden-
tified were specifically competed for upon introduction of
excess unlabeled exon 7 RNA, whereas control NS RNA had no
significant influence on the association of these protein factors
(Fig. 4C, lanes 6 compared with 4). This assay also revealed the
presence of a cross-linked doublet, indicating more than one
protein migrated in the range we estimate as 34-kDa. Taken
together, we demonstrate the presence of a group of unknown
proteins that bind specifically to exon 7.
Identification of hnRNP L, hnRNP A1, and hnRNPM Associ-

ation with Exon 7 RNA—To identify the protein components of
the exon 7-specific complex, we performed RNA affinity isola-
tion as described recently (40). We observed protein bands

FIGURE 5. RNA affinity purification of hnRNPs associated with exon 7.
A, RNAs produced by transcription were used to link to adipic acid beads
followed by incubation with 250 �g of HeLa nuclear extract under splicing
conditions followed by SDS-PAGE electrophoresis and mass spectrometry or
analyses by silver staining as shown. B, a Western blot of samples used for
SDS-PAGE gel from panel A with specified antibodies is shown.FIGURE 4. A spliceosome regulatory complex specifically assembles on

exon 7. A, unlabeled competitor RNA can titrate an exon 7-associated nuclear
complex. Left panel, 32P-labeled exon 7 RNA (0.28 pmol) was incubated in the
presence (�) (lanes 2– 8) or absence (�) (lane 1) of HeLa nuclear extract (NE)
under splicing conditions and resolved on a native gel. Unlabeled competitor
RNA was also added to the reactions as indicated. Right panel, an overexposed
membrane (lanes 6 – 8) of the left panel is shown. B, UV light-induced cross-
linking to exon 7 reveals nuclear and cytoplasmic proteins. S100 extract (con-
taining cytoplasmic proteins) cross-linking reactions were loaded in lanes 3
and 5. The HeLa extract (containing nuclear proteins)-cross-linking reactions
were loaded in lanes 1, 2, 4, and 6. Mock-treated reactions that did not include
UV cross-linking but did include proteinase K (PK) were loaded in lanes 1 and
2, respectively. C, unlabeled competitor RNA titrates cross-linked proteins
associated with exon 7. HeLa nuclear extract was incubated with no unla-
beled RNA competitor (lane 2), NS competitor (lanes 3 and 4) or exon 7 com-
petitor RNA (lanes 5 and 6) as indicated. A mock-treated reaction that did not
include UV cross-linking was loaded as a control (lane 1). The protein size
markers (kDa) are indicated to the left, and arrows denote sites of cross-linking
bands of interest.
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migrating in the proximity of the UV cross-links in the exon 7
RNA sample, notably in the samemolar ratio, as comparedwith
the control sample (Fig. 5A). The regions of the gel close to the
75- and 34-kDa protein were excised and analyzed by LC-MS/
MS.Multiple peptides corresponding to hnRNP L (17), hnRNP
A1 (3), and hnRNP M (7) were identified in the screen. These
splicing factors mediate alternative splicing through high affin-
ity repeat elements. In the case of exon 7, cytidine-adenosine
elements in ERE-2 suggested a putative RNA-protein interac-
tion with hnRNP L (75 kDa). By contrast, the high affinity
SELEX-derivedUAGRG(A/U) hnRNPA1 (34 kDa) binding site
was notably absent in exon 7. In the case of hnRNPM (75 kDa),
our interest to investigate this further derived from its putative
role as a surface expression receptor for soluble CEACAM5/
CEA (50).
The binding of hnRNP L and hnRNPA1 to exon 7 regulatory

elements was verified using specific antibodies inWestern blot
analyses (Fig. 5B, lanes 2 and 3). By contrast, hnRNP M could
not be verified by this assay, indicating a potential protein-pro-
tein and not protein-RNA interaction. To control for non-spec-
ificity, the blots were probed for hnRNP K and hnRNPH activ-
ity (Fig. 5B, lanes 2 and 3). We could not detect any significant
difference in levels for these two proteins. Our native purifica-
tion conditions could not distinguish between proteins associ-
ated through a splicing regulatory complex or through direct
RNA interaction. To address how these splicing factors associ-
ate with exon 7, we next performed RNA immunoprecipita-
tions of these hnRNP splicing factors.
An hnRNP L ESS in Exon 7 RNA—Our linker-mutagenesis

screen suggested the presence of an ESS that regulates the
ERE-2 region of exon 7.We also observed a 75-kDa cross-linked
protein that by LC-MS/MS and Western blot analyses was
likely hnRNP L. We were, therefore, interested in determining
the exon 7 binding motif using a modified RNA immunopre-
cipitation assay using anti-hnRNP L antibodies. We addressed
the identity of the 75-kDa cross-link observed in Fig. 4 by test-
ing the ability of exon 7 to precipitate hnRNP L (Fig. 6A, lane 4
versus lane 2). Having established that a binding site for hnRNP
L existed along exon 7, we askedwhether sequences comprising
ERE-2 could pull down hnRNP L. To distinguish among the
possible binding sites, we made RNA transcripts derived from
templates used in our linker mutagenesis screen (e.g. E7-3
through E7-6) and compared the binding of these constructs to
our control wild-type and NS RNA. Our data demonstrate the
inability of E7-4 and E7-5 RNA to interact with hnRNP L, sug-
gesting we had identified the core sequences in the hnRNP L
bindingmotif, nt 22–30 (Fig. 6A, lanes 8 and 10, comparedwith
lane 4). To test whether hnRNP L mediates exon 7 skipping in
vivo, we performed RNAi and overexpression analysis studies
(Fig. 6,B andC). Plasmid-encoded shRNAs to control luciferase
(sh-Luc) or hnRNP L (sh-L) or overexpression hnRNP L plas-
mid (FLAG-L) were transiently co-expressed with mini-gene
CAM6-7-8 inHEK-293 cells, and total proteinwas isolated and
tested for the success of down-regulation and overexpression of
hnRNP L. Our results show that we could down-regulate the
expression of hnRNP L to 56% of wild type (Fig. 6B, lane 2,
compared with lane 1). When total RNA was isolated followed
by RT-PCR, we observed the production of CEACAM1-L

mRNA under limiting hnRNP L expression, whereas strong
production of CEACAM1-S mRNA under high levels of this
protein (51% exon 7 inclusion and 7.2% exon 7 inclusion,
respectively; Fig. 6C, lanes 2 and 3). Thus, we were able tomod-
ulate the switch in isoform production simply by controlling
the levels of a trans-acting factor regulating exon 7.
An hnRNP A1 ESS in Exon 7 RNA—To test whether hnRNP

A1 interacts specifically with exon 7 or through an auxiliary
splicing factor, we immunoprecipitated the cross-linked ex-
tracts with anti-hnRNP A1 in the presence of competitor RNA
(Fig. 7A). We reasoned that a competition analysis would show
conclusively whether hnRNPA1 could bind to exon 7 in light of
the absence of a canonical binding site. To start, we considered
whether exon 7 can act as a ligand for hnRNP A1. This was
evidenced by a significant pulldown as compared with our NS
RNA control (Fig. 7A, compare lane 5 to 2). Next we showed
that the introduction of excess unlabeled exon 7 could signifi-

FIGURE 6. Binding and gene dosage analyses of hnRNP L in exon 7.
A, 32P-labeled RNA was prepared using the DNA templates described in Fig. 1.
Nuclear extract was incubated under splicing conditions with 0.28 pmol of
uniformly labeled RNA as indicated, treated with UV light, digested with
RNase A, and then either directly resolved on a 12.5% SDS-PAGE gel (odd
lanes) or immunoprecipitated with anti-hnRNP L (even lanes). B, depletion and
overexpression of hnRNP L results in the increased production of CEACAM1-L
and CEACAM1-S, respectively. Immunoblot analyses of HEK-293 cells using
anti-hnRNP L is shown. C, RT-PCR analysis of mini-genes from B (sh-Luc is
directed to luciferase, sh-L is directed to hnRNP L, and FLAG-L is overexpres-
sion) is shown. The mean � S.E. for at least n � 3 is shown. The arrow denotes
cross-linking and/or immunoprecipitated hnRNP L. **, p � 0.01 versus sh-Luc
control.

Alternative Splicing of CEACAM1 Pre-mRNA

16046 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 18 • MAY 6, 2011



cantly decrease the amount of hnRNP A1 pulldown (Fig. 7A,
lane 7 compared with lane 3). This, however, was not the case
when unlabeled NS RNA was used as a competitor for exon
7-hnRNP A1 binding (Fig. 7A, lane 6). This control was impor-
tant to establish that cross-links observed in the NS sample do
not associate with exon 7 (Fig. 4B, lane 4). Taken together we
conclude that hnRNP A1 associates with exon 7 RNA.
Having established that our control RNA did not bind

hnRNP A1, we prepared hybrid RNA probes that contained a
partial sequence from exon 7 and a partial sequence from the
NS RNA (Fig. 7B, upper panel, and see “Experimental Proce-
dures”). Using this approach we were able to narrow the bind-
ing site of hnRNP A1 to within the last 18 nt of exon 7 as dem-
onstrated for the NS:ERE-3 probe where the signal for hnRNP
A1 is stronger than for the other constructs tested (Fig. 7B,
compare lanes 6, 8, and 10 compared with lane 4). To also test
whether hnRNP A1 mediates exon 7 skipping in vivo, we per-
formed RNAi and overexpression analysis studies (Fig. 7,C and
D). Plasmid encoded shRNAs to control green fluorescent protein
(sh-GFP) or hnRNP A1 (shA1B) or overexpression hnRNP A1
plasmid (T7-A1) were transiently co-expressed with mini-gene
CAM 6-7-8 in HEK-293 cells, and total protein was isolated and
tested for the degree of down-regulation and overexpression of
hnRNP A1. Our results show that we could down-regulate the
expression of hnRNP A1 to 29% of wild type (Fig. 7C, lane 3
compared with lane 2). RT-PCR of these samples showed a

modest increase of CEACAM1-L mRNA from 42% in control
samples to 55% when hnRNP A1 expression was limiting (Fig.
7D, lane 2 comparedwith lane 3). In contrast, a high increase of
CEACAM1-S mRNAwas observed when hnRNP A1 was over-
expressed (88% exon 7 exclusion; Fig. 7D, lane 4).
hnRNPA1 Requires NoOther Cellular Factors to Bind Exon 7

RNA—Because the binding site for hnRNP A1 was non-canon-
ical, we were curious whether hnRNP A1 can interact directly
with exon 7 in the absence of other cellular factors using an
RNA-protein gel mobility shift assay with recombinant hnRNP
A1 protein and naked RNA (Fig. 8A). As our control, we chose
the regulatory splice elements in CD44 variant exon (v.5) con-
taining a canonical hnRNP A1 binding site (51). RNA-protein
mixtures were fractionated on a native polyacrylamide gel. The
RNA mobility shift data shows that hnRNP A1 binds to CD44
v.5 RNA with an apparent Kd of �0.9 �M, whereas when we
tested exon 7RNAweobserved an apparentKd of�1.6�M (Fig.
8B). At the highest concentration tested (26 pmol), the amount
of hnRNP A1 complexed is less than the CD44 v.5 substrate,
suggesting the binding site in exon 7 is not as efficient at binding
hnRNP A1 (Fig. 8A, compare lane 10 to lane 5).
hnRNP M Activates Alternative Splicing of CEACAM1-L

mRNA—Our screen for splicing factors that associate with
exon 7 RNA also revealed a putative association with hnRNPM
(collectively isoforms M1-M4), a protein with unclear dual
functions as a pre-mRNA-binding protein (29), as well as a sur-

FIGURE 7. Binding and gene dosage analyses of hnRNP A1 in exon 7. A, unlabeled competitor RNA titrates hnRNP A1 association with exon 7 from nuclear
extracts. Nuclear extract was incubated under splicing conditions with 0.28 pmol of uniformly labeled 32P-labeled NS RNA, 32P-labeled exon 7 RNA, and
unlabeled competitor as indicated, treated with UV light, digested with RNase A, and then either directly resolved on a 12.5% SDS-PAGE gel (lanes 1 and 4) or
immunoprecipitated with anti-hnRNP A1 (lanes 2, 3, 5, 6, and 7). B, hybrid NS and exon 7 RNA probes were used to narrow the hnRNP A1 binding site to the 3�
terminal end of exon 7. The schematic above the figure shows the NS RNA (white box), E7 RNA (black box), and the 20-nt ERE-1, ERE-2, and ERE-3 RNAs (black box)
fused to NS RNA to make a 53-nt RNA molecule. C, depletion and overexpression of hnRNP A1 results in the increased production of CEACAM1-L and
CEACAM1-S, respectively. Immunoblot analyses of HEK-293 cells using anti-hnRNP A1 is shown. D, RT-PCR analysis of mini-genes from C (sh-GFP is directed to
GFP, sh-A1B is directed to hnRNP A1, and T7-A1 is over-expression) is shown. The mean � S.E. for at least n � 3 is shown. Arrows denote cross-linking and/or
immunoprecipitated hnRNP A1. **, p � 0.01 versus vector control.

Alternative Splicing of CEACAM1 Pre-mRNA

MAY 6, 2011 • VOLUME 286 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 16047



face receptor in colon cancer cells and tissue (52). For example,
in CEA-stimulated THP-1 macrophages, activated endothelial
cells increase cell-cell adhesion of colorectal cancer cells
through the binding of surface expression of hnRNP M (also
called CEA-R) (50). Our laboratory’s long interest in CEA (53)
led us to investigate whether we could establish a direct rela-
tionship between hnRNP M and CEACAM1, which contains
the PELPK sequence previously characterized (Fig. 9) (54).
Transient transfection of plasmid-encoded hnRNP M com-
pared with hnRNP A1 (now serving as our positive control) or
vector alone in HEK-293 cells demonstrated a strong shift to
CEACAM1-L mRNA (Fig. 9, A and B, lane 5 compared with
lanes 3 and 4). Thus, hnRNP M has the opposite effect of
hnRNP L and A1 on exon 7. This evidence shows that exon 7
splicing involves spliceosome-containing hnRNP M, defining
one mechanism that leads to the production of CEACAM1-L
mRNA.
Deregulation of CEACAM1 Splicing Caused by Stress-in-

duced Cytoplasmic Accumulation of hnRNP A1—Mammalian
cells have evolved mechanisms to respond to cellular stressors,
i.e. heat shock, osmotic shock, or oxidative stress by accumu-
lating hnRNP A1 to cytoplasmic granules (55, 56). These are
cytoplasmic domains that contain translationally arrested
mRNAs that in the case of phosphorylated hnRNP A1 can be

activated by theMKK3/6-p38 signal transduction pathway (56).
We hypothesized that if modulation of alternative splicing reg-
ulation in vivo correlates with functional hnRNP A1, then dis-
ruption of its cellular localization by stress should reveal dereg-
ulation of CEACAM1 splicing from CEACAM1-S mRNA to
CEACAM1-L mRNA (Fig. 10). First, we show that upon expo-
sure of MDA-MB-468 breast cancer cells to a high osmolarity
medium, hnRNP A1 relocalizes to stress granules in the cyto-
plasm as compared with non-treated cells (Fig. 10A, compare
panels�OSMversus�OSM, hnRNPA1).We included staining
to non-shuttling protein hnRNPU as a control and detected no
evidence of cytoplasmic accumulation of stress granules. We
next isolated RNA from stress-induced cells and observed
deregulation of CEACAM1 splicing as predicted (Fig. 10, B
andC). The percent of exon 7 inclusion increases almost 3-fold
(7.5–19.7%) in response to osmotic shock stress as compared
with untreated cells (Fig. 10B, lanes 4 compared with 2). This
provides additional evidence for the existence of a hnRNP A1
binding site in exon 7.

DISCUSSION

Because we previously identified cis-regulatory elements in
exon 7 of CEACAM1 (16), it was likely that exon 7 was capable
of recruiting various trans-regulatory proteins to direct splice-
site recognition. Herein we identified three splicing regulatory

FIGURE 8. HnRNP A1-exon 7 electromobility shift assay. A, 20 fmol of CD44
variant exon v.5 RNA or 20 fmol exon 7 RNA incubated in the presence of
varying amounts of His-hnRNP A1 protein (0.113– 0.9 �g) and 1.0 �g of yeast
tRNA to quench nonspecific interactions is shown. Reactions were electro-
phoresed on a 5% acrylamide gel and set to an autoradiograph. B, the appar-
ent KD determination where the RNA-protein complexes (protein concentra-
tion for which 50% of the input is shifted to an RNP complex) were calculated
as a function of increasing hnRNP A1 concentrations. The Kd values were
calculated using Prism Software Version 4 (GraphPad Software). The mean �
S.E. for n � 3 was too small to be visualized with p value � 0.05 versus control.

FIGURE 9. HnRNP M activates alternative splicing of CEACAM1-L mRNA.
A and B, shown is transient co-transfection of CAM 6-7-8 (lane 3) and plasmid-
encoded hnRNP M (lane 6) compared with hnRNP A1 (lane 5) or vector (lane 4)
alone in HEK-293 cells. RT-PCR analysis and quantitation of RNAs were exactly
as described in caption to Fig. 1. *, p � 0.05; **, p � 0.01 versus CAM 6-7-8.
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domains in CEACAM1 exon 7 that associate with a splicing
complex made up of hnRNP proteins that oppositely effect the
alternative splicing of this exon.
The critical observation that led to this study was that

sequential exon 7 mutations in a mini-gene transfected into
ZR75 cells revealed numerous cis-sequence elements that pro-
duced a phenotypic reduction of CEACAM1 isoforms (Fig. 1).
Notably, our dissection of exon 7 revealed a tripartite structure
that is required for the production of CEACAM1-L and
CEACAM1-S isoforms. The result for the ESE located in ERE-1
suggested the recruitment of a splicing factor required to pro-
mote exon inclusion. This was encouraging given that most
splicing enhancers are located near the 3� splice site and are not
active if locatedwithin 100 nt of the exon-intron boundary (57).
In ERE-1, we established its spatial proximity to within the first
15 nt of the 3� splice-site of intron 6.We also demonstrated the
presence of an ESS in ERE-2 and ERE-3, whichwas downstream
of the ESE in ERE-1, demonstrating a molecular arrangement
for exon 7 similar to observations for HIV-1 tat exon 2 and 3
(58, 59). There it was shown that juxtaposition of the ESE/ESS
binding sites represses splicing by hnRNPA/B protein binding,
inhibiting the bridging interactions between adjacent SR pro-

teins, SC35, and other essential splicing factors such as
U2AF65/U2AF35. We further showed that cis elements within
exon 7 were authentic in that they could direct CEACAM1
alternative splicing independent of flanking introns 6 and 7
RNA using a reporter constructed of a middle exon flanked by
introns from chicken cTNT (Fig. 3).
Wenext identified hnRNPL and hnRNPA1 as specific trans-

acting factors that associate with exon 7 using RNA affinity
purification and RNA immunoprecipitation pulldown assays.
In contrast to the HIV-1 tat exon study, we found only hnRNP
proteins bound to CEACAM1 exon 7. Although our proteom-
ics analyses provided a clue that hnRNP M was in the spliceo-
some-containing complex (Fig. 4), we could not establish a
physical interaction of hnRNP M with exon 7 using our RNA
immunoprecipitation pulldown. We conclude that hnRNP M
regulates CEACAM1 alternative splicing via heterophilic pro-
tein-protein interaction such as the association that exists for
hnRNP L with hnRNP A2 (60).
The discovery that exon 7 contained an hnRNP A1 target

sequence was surprising considering the obvious lack of simi-
larity to the high affinity canonical sequences identified by the
selection/amplification approach (UAGRG(A/U)) (61). This

FIGURE 10. Cytoplasmic accumulation of hnRNP A1 in stress-induced breast cancer cells dynamically shifts the production of CEACAM1 from the
S-isoform to the L-isoform. A, HnRNP A1 localizes to stress granules in the cytoplasm. MDA-MB-468 cells cultured on an 8-well chamber slide were left
untreated (�OSM) or treated (�OSM) with 0.6 M sorbitol for 2 h at 37 °C. The cells were fixed and immunostained with anti-hnRNP A1 or anti-hnRNP U
antibodies to detect the endogenous proteins. BF, bright field. B and C, RT-PCR analysis and quantitation of RNA derived from cells from panel A were exactly
as described in caption to Fig. 1. M is Benchtop PCR marker. *, p � 0.05 versus 0 M control.

Alternative Splicing of CEACAM1 Pre-mRNA

MAY 6, 2011 • VOLUME 286 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 16049



could be explained by the fact that typically in the selection of
high affinity binding sites for hnRNP A1, non-physiological
non-equilibrium techniques are used. In the case of
CEACAM1, we used competition of exon 7 ligand to titrate
hnRNP A1 binding (Fig. 7) to first show the authenticity of this
interaction. However, to rule out possible contributions to
hnRNPA1 fromother protein-protein interactions in the splic-
ing complex,we used purified hnRNPA1 andperformedEMSA
studies using naked exon 7 RNA (Fig. 8). Our results show that
no other cellular factors are required for hnRNP A1 to bind
exon 7 RNA.
How do hnRNP A1, hnRNP L, or hnRNPMmechanistically

regulate CEACAM1 splicing? A likely scenario should involve
hnRNP heterophilic protein-protein interactions similar to
hnRNPL associationwith hnRNPA2 as they bind the 3�UTRof
Glut1mRNA (60).Whether the association depends on tether-
ing to the RNA or is free in complex during exon definition
remains unclear. Fromour data (Fig. 3D), amost intriguing clue
comes from the apparent regulation that hnRNP L and hnRNP
A1 exert over each other. Our view is that splicing reverts to a
normal CEACAM1-S phenotype when overexpression of
ERE-3 RNA causes sequestration of hnRNP A1. In this event,
hnRNP L is allowed unrestrained access to the middle portion
of exon 7 (ERE-2). It is worth mentioning that the converse is
not true, i.e. overexpression of ERE-2 does not lead to the
CEACAM1-S isoform. This is suggestive that hnRNP A1 nega-
tively regulates hnRNP L, and the latter plays the dominant role
in the formation of CEACAM1-S in breast tissues. In other
considerations, in vitro and in vivo studies show that hnRNPA1
has the potential to influence 5� splice-site selection, albeit in
pre-mRNAs that containmultiple 5� splice sites (62) or 3� splice
site selection by a cooperative spreading model elaborated
recently by Okunola and Krainer (63). Here it was shown that
hnRNPA1binds toRNA initially at the 3�-end of the ESSHIV-1
tat exon 3 RNA. This signals the spreading in a 3� to the 5�
direction, antagonizing the binding of any SR protein-ESE
interaction, inhibiting splicing at the alternative 3� splice site
(63).We demonstrate the existence of a strong ESE upstreamof
the hnRNPA1 binding site in exon 7, and therefore, it is tempt-
ing to speculate that production of CEACAM1-S proceeds in a
similar manner. However, because no SR proteins were identi-
fied in our study, an alternate mechanismmay operate. By con-
trast, the mechanisms by which hnRNP L and hnRNPM stim-
ulate exon repression or activation have yet to be elucidated,
but it is likely that RNA sequences aremarked by these hnRNPs
for removal or inclusion by the splicing machinery. It is worth
noting that yeast two-hybrid and GST pulldown experiments
can detect physical interactions between hnRNP L, hnRNP-I/
PTB, and hnRNP E2 (64). It is possible that cooperative binding
of hnRNP M to hnRNP L and hnRNP A1 might increase the
overall stability of the CEACAM1 exon 7 regulatory complex
and may be important for mediating exon 7 inclusion. Further
mapping the precise sites of association of these hnRNPswill be
required to better understand the potential contribution of
these proteins to the overall activity of CEACAM1 splicing.
Because CEACAM1-S is the major splice form in human

breast epithelial cells and we now show that hnRNP L and
hnRNPA1 play a role in its production, it is interesting to ask if

these hnRNPs have a general role in themaintenance of human
epithelial cells. It is known that overall expression levels of
hnRNP A1 is tightly regulated during development (65) and
that increased expression of hnRNPs in general has also been
reported in human lung carcinogenesis (66), colorectal cancer
(67), and other cancers (68). It is unknown currently whether
this deregulation is a consequence of, or a driving force for,
tumorigenesis. We showed that differentially expressed
CEACAM1 in various human tissues and alteration in the splic-
ing pattern of CEACAM1 is linked to tumorigenesis (16). We
also have shown that forced expression of CEACAM1-S in the
mammary epithelial cell lineMCF7,withminimal expression of
the long splice variant, reverts the growth of these cells to a
normal acinar morphology in three-dimensional culture (69).
Thus, it is likely that a role for hnRNP L or hnRNP A1 exists in
the expression of the short cytoplasmic domain splice variant
for normal breast morphogenesis, and inappropriate expres-
sion of the L-isoform may disrupt this process. In this respect,
the L-isoform is induced by IFN-�,5 a cytokine associated with
inflammation. Further studies will be needed to fully assess the
potential value of this biomarker splicing candidate.
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