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Overexpression of the oncogene HER2 occurs in 20–30% of invasive breast cancer and is associated with poor
prognosis. A number of different splice variants of HER2 have been identified which produce functionally different
proteins. Previously these splice variants have been investigated separately, but in the present study we collectively
look at the expression and regulation of a group of HER2 splice variants produced by a splicing hotspot. Initial
investigation in a cohort of tumor samples showed large variations in HER2 variant expression between patient
samples. RNA interference studies identified 2 splicing factors involved in the regulation of splicing within this region,
hnRNP H1 and SRSF3. siRNA targeting hnRNP H1 increases levels of X5 and the oncogenic variant D16HER2.
Furthermore RNA chromatography assays demonstrated binding of hnRNP H1 to RNA in this region. Additionally the
proto-oncogene SRSF3 was also identified as an important regulator of splicing with SRSF3 knockdown resulting in
changes in all the splice variants located at the hotspot. Most notably knockdown of SRSF3 resulted in a switch from
the oncogenic D16HER2 to p100 which inhibits cell proliferation. Binding of SRSF3 to RNA within this region was also
demonstrated by RNA chromatography and more specifically 2 SRSF3 binding sites were identified within exon 15.
SRSF3 and hnRNP H1 are the first splicing factors identified which regulate the production of these functionally distinct
HER2 splice variants and therefore maybe important for the regulation of HER2 signaling.

Introduction

HER2 is one of the key prognostic and treatment indicators
measured in breast cancer, and is overexpressed in 20–30% of
breast cancer cases. These elevated levels of HER2 are associated
with more aggressive tumors and a poor prognosis.1 Specific
treatments for HER2-positive patients such as the monoclonal
antibody trastuzumab (Herceptin�) have improving outcomes.
This is particularly the case in the early stages of the disease when
there is reduced disease recurrence and significantly improved
survival rates.2,3 Despite these advances resistance to trastuzumab
remains a problem, with only 26% of metastatic disease respond-
ing to trastuzumab when given as a single agent, and with almost
all initial responders going on to develop resistance.2,4 Therefore
understanding HER2 biology is essential for determining the
mechanism of resistance to these therapies.

HER2 (ErbB2) along with HER1 (ErbB1, EGFR), HER3
(ErbB3) and HER4 (ErbB4) are members of the erythroblastic
oncogene B (ErbB) family of receptor tyrosine kinases. This family
of receptors form homodimers and heterodimers after binding of
ligands to their extracellular domain. Upon dimerization their intra-
cellular tyrosine kinase domains are activated allowing for auto-
phosphorylation. The phosphorylated tyrosines then act as docking
sites for proteins which activate various signaling cascades including

the RAS/RAF/MEK and PI3K/AKT pathways.5 Although HER2
has no known ligand it maintains a continuously active conforma-
tion and can form heterodimers with other members of the EGF
family, or homodimers when expressed at high concentrations.
HER2 is the preferred binding partner of all the other ErbB recep-
tors,6,7 and also appears to amplify the signaling of the other recep-
tors resulting in heterodimers with potent mitogenic activity.8

Three splice variants of HER2 have currently been identified
(Fig. 1) and found to have vastly different biological activities and
roles in cancer development.9 Two of the splice variants p100 and
herstatin produce secreted proteins, both of which inhibit cell pro-
liferation.10-12 Herstatin is produced by the inclusion of intron 8
which encodes an alternative 79 amino acid C-terminus,10 whereas
p100 is produced by inclusion of intron 15 which introduces a
premature stop codon.11 The other well documented splice variant
of HER2 is D16HER2 which is produced through the skipping of
exon 16.13,14 Loss of exon 16 causes an in-frame deletion of 16
amino acids within the juxtamembrane domain resulting in the
formation of disulphide-bonded homodimers which are constitu-
tively active.13,15 Consequently this variant has been shown to be
highly tumorigenic14-18 compared to the canonical HER2 iso-
form, as well as being associated with increased invasive properties
and metastasis.15,18 A number of studies have also linked
D16HER2 with trastuzumab resistance.15,16
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The splice variants p100 and D16HER2 involve splicing events
that occur in close proximity to each other (Fig. 1A), raising the
possibility that they may be jointly regulated. Also within this
region there is a predicted splice variant (NCBI predicted ERBB2
transcript variant X5 (XM_006721767)) which splices in part of
intron 14 resulting in the inclusion of a stop codon. Therefore this
variant is predicted to produce a truncated protein with an alterna-
tive 61 amino acid C-terminus. In addition to these splice variants
there have also been reports of alternative translation initiation sites
with exons 15 and 17 producing 611-CTF and 687-CTF.19 These
two proteins are also functionally different with 687-CTF appear-
ing to be inactive and 611-CTF demonstrating potent oncogenic
activity due to formation of disulphide-bonded constitutive active
homodimers.20 Additionally, 611-CTF has also been shown to
promote migration, invasion and metastasis,20,21 as well as being
implicated in trastuzumab resistance.19 The presence of these trans-
lation initiation sites within this highly spliced region may be sig-
nificant as there are some RNA-binding proteins that can affect

both splicing and IRES mediated
translation initiation. Therefore it is
important to understand how this
region is regulated as it produces a
range of HER2 proteins that are
functionally very different.

Here we investigate both the
expression of the HER2 variants
produced by this region as well as
studying their regulation. RNAi
was used to demonstrate the cen-
tral role of SRSF3 and hnRNP H1
in determining which variant is
produced.

Materials and Methods

Cell culture
SKBR3 breast cancer cells

(ATCC) were maintained in
McCoy’s 5a plus GlutaMAX
medium (GIBCO by Life Tech-
nologies) supplemented with 10%
Foetal Calf Serum (Sigma-Aldrich)
and 1unit/ml Penicillin/Strepto-
mycin (Sigma-Aldrich) and incu-
bated at 37�C with 5% CO2.

Transfections
SKBR3 cells were transfected

with Silencer� Select siRNA
(Ambion; Table 1), Silencer�

Negative Control siRNA
(Ambion), Silencer� Select
GAPDH Positive Control siRNA
(Ambion) using INTERFERin�

Transfection Agent (Polyplus
transfectionTM) according to the manufacturer’s instructions. At
least 2 siRNA oligonucleotides were used for each splicing factor.
Following optimisation SKBR3 cells were seeded at 3.5 £ 104

cells/well in 24 well plates, or 1.75£105 cells/well into 6 well
plates. After 24 hours cells were transfected with 5nM siRNA
with 4 ml/ml of INTERFERin� transfection agent. Cells and
siRNA were incubated together at 37�C in an atmosphere of 5%
CO2. RNA was collected 48 and 72 hours post-transfection and
protein collected 72 hours post-transfection. In all experiments
levels of knockdown by RNAi were assessed at the RNA and pro-
tein level by PCR and immunoblotting, as described. SKBR3
cells were also used for transfection experiments with
SmartFlareTM RNA detection probes (Millipore) specific for
HER2 and a negative control probe. Following optimisation 2 £
104 cells/well were treated with 4 mL diluted probe (1:20 in ster-
ile PBS) and Incubated overnight (16 hours) at 37�C in an atmo-
sphere of 5% CO2. Intracellular HER2 mRNA expression was
measured by Confocal Microscopy.

Figure 1. Production of HER2 variants. (A) A regulation hotspot in HER2. The region between exon 14 and
exon 17 produces of a number of different HER2 variants. Including D16HER2 which has exon 16 excluded,
p100 which has intron 15 included, and X5 which splices in part of intron 14. In addition to these splice var-
iants there are 2 further variants produced by alternative translation initiation in exon 15 and 17 (CTF-611
and CTF-687). (B) The other splice variant of HER2 (Herstatin) is produced by the inclusion of intron 8.
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Tissues
Frozen breast tumor tissue was obtained from a Newcastle

University/Queen Elizabeth Hospital Gateshead tissue bank and
used in accordance with Gateshead Local Research Ethics Com-
mittee approval Ref 52/02. Tissue was obtained from consenting
patients and ‘snap-frozen’ in liquid nitrogen before storing at
¡80�C. Corresponding formalin fixed paraffin embedded
(FFPE) breast tumor was used at Queen Elizabeth Hospital for
histocytopathological analysis in accordance with local ethics
approval.

The cohort of samples included ductal carcinoma in-situ
(DCIS), and HER2 positive and HER2 negative invasive breast
carcinomas of varied stage and grade. HER2 status was deter-
mined by HercepTest (DakoCytomation), which employs a
C-terminal anti-HER2 antibody, at the Histocytopathology
Department at Queen Elizabeth Hospital.

RNA isolation and PCR
Total RNA from cultured cells was extracted with RNeasy

spin columns (Qiagen) and treated with DNase I (Qiagen)

following manufacturer’s instructions. For tumor samples 30mg
of tissue was ‘snap-frozen’ in liquid nitrogen and ground to a
powder then added to 175ml RNA Lysis Buffer (Promega). Total
RNA was then isolated using the SV Total RNA Isolation System
(Promega) according to manufacturer’s instructions.

One mg of total RNA from cultured cells and 500 ng of total
RNA from tissue samples was reverse transcribed using oligo
(dT) primers and Superscript II Reverse Transcriptase (RT)
(Invitrogen, Life Technologies) following manufacturer’s instruc-
tions. PCRs were performed with the cDNA, specific primers
(Table 2) and PCR master mix (Promega). Primers for HER2
were designed so that they could detect specific splice variants of
HER2. The primers to detect exon 16 inclusion or deletion were
previously validated by Mitra et al.15 The cDNA products were
separated by electrophoresis on 1.5% (w/v) agarose gels and
visualised under UV following ethidium bromide staining.

Real-time PCR was performed on cDNA using the Quanti-
Fast SYBR Green PCR Kit (Qiagen) and HER2 splice-specific
primers. GAPDH primers were used as an endogenous control.
Standard curves were performed with all primer pairs to deter-
mine efficiency. The assay was performed in triplicate and the
PCR amplification performed using the StepOnePlus real-time
PCR system (Applied Biosystems). All experiments were per-
formed in triplicate with a minimum of 3 independent
experiments.

Protein extraction and Western Blotting
Tumor samples were ‘snap-frozen’ in liquid nitrogen and

ground to a powder. 200ml of RIPA buffer (25 mM Tris-HCl,
pH 7.6, 150 mM NaCl, 1% NP-40, 0.1% sodium deoxycholate
and 0.1% SDS) supplemented with Protease Inhibitors (PI;
Sigma-Aldrich) was added to each sample before being sonicated
and centrifuged at 4�C, 9000xg for 10 minutes. The supernatant
was aliquoted and stored at ¡20�C. Insufficient tissue was avail-
able to extract protein from sample 7. SKBR3 cells were washed
in ice cold PBS and then collected in RIPA buffer supplemented
with protease inhibitors. The cell lysate was passed through a 25
gauge needle, aliquoted and stored at ¡20�C.

Table 1. siRNA sequences

Target
gene Sense (50->30) Antisense (50->30)

SRSF1 (1) GGAUAACACUAAGUUUAGAtt UCUAAACUUAGUGUUAUCCag
SRSF1 (2) GCAUCUACGUGGGUAACUUtt AAGUUACCCACGUAGAUGCgg
SRSF2 (1) GCACGAAGGUCCAAGUCCAtt UGGACUUGGACCUUCGUGCgg
SRSF2 (2) UGUCCAAGAGGGAAUCCAAtt UUGGAUUCCCUCUUGGACAct
SRSF3 (1) GCAACAAGACGGAAUUGGAtt UCCAAUUCCGUCUUGUUGCca
SRSF3 (2) CGCUGUCUCGGGAGAGAAAtt UUUCUCUCCCGAGACAGCGat
SRSF5 (1) CCACCUGUAAGAACAGAAAtt UUUCUGUUCUUACAGGUGGag
SRSF5 (2) CCUCUUAUGGUGACUUAAAtt UUUAAGUCACCAUAAGAGGca
hnRNP A1

(1)
AUUGAAUAAUGGUACCAGAtt UCUGGUACCAUUAUUCAAUtt

hnRNP H1
(1)

GAAGCAUACUGGUCCAAAUtt AUUUGGACCAGUAUGCUUCaa

hnRNP H1
(2)

GAGUAACUGGUGAAGCAGAtt UCUGCUUCACCAGUUACUCtg

YB1 (1) GUAAAAUGGUUCAAUGUAAtt UUACAUUGAACCAUUUUACtg
YB1 (2) CGAAGGUUUUGGGAACAGUtt ACUGUUCCCAAAACCUUCGtt

Table 2. Primer sequences

Target gene Forward primer (50->30) Reverse primer (50->30) Cycle number

SRSF1 GCCCCGCAGGGAACAACGAT CGTCTCGCGGGTCCTCGAAC 26
SRSF2 AGTCTCGGTCCCGCACTCGT CCAAAGGTGAGTAACCTCCGAGCAG 28
SRSF3 CGTGTGGATTTGAGCCGCCGC TGGAGATCTGCGACGAGGTGGAGGA 24
SRSF5 TTGCGGATGCACACCGACCT TCCGGCTCCTGCTCCTGCTT 24
hnRNP A1 GCAAAACTCGCCATTTTACTACAC CTACCTTCGCCCTCTCTTTTTTAC 35
hnRNP H1 TCCTGACACGGCCAATGATG TTGGCACGATTTCCAACCCT 28
YB1 AAGGAGAAAAGGGTGCGGAG CCTACGACGTGGATAGCGTC 20
HER2 - WT GTGTGGACCTGGATGACAAGGG GCTCCACCAGCTCCGTTTCCTG 21(35)
HER2 - D16 CACCCACTCCCCTCTGAC GCTCCACCAGCTCCGTTTCCTG 26(35)
HER2 - p100 TGGACCGGAGGCTGACCAG AGACCGTTGGACTCACGAGTGG 25(35)
HER2 - X5 TGTGAATGCCAGGCACTGTT ACGCATTACCGGTCCAAAAC 29(35)
HER2 - pre-mRNA AACCTGCAAGTAATCCGGGG CAAAGCTTCCCACAGGGACT 40

AACCTGCAAGTAATCCGGGG CAAAGCTTCCCACAGGGACT 40
GAPDH CTGCCGTCTAGAAAAACC CCAAATTCGTTGTCATACC 20(35)
B Actin GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG 25(35)
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Following protein quantification 30mg of protein extracted
from tissue samples and 10mg of protein extracted from SKBR3
cells was heat denatured at 95�C for 5 minutes with SDS loading
buffer (0.125M Tris-HCl pH6.8, 2% SDS, 10% glycerol,
10% (v/v) b-mercaptoethanol, 0.1% (v/w) bromophenol blue).

Protein lysates were separated using either 7% or 12% SDS-
polyacrylamide gel electrophoresis (PAGE) gels and transferred
electrophoretically onto nitrocellulose membranes. After block-
ing with 10% dried milk powder in 1x PBS membranes were
probed with either rabbit anti-GAPDH (1:1000, Santa Cruz),
rabbit anti-HER2/ErbB2 (C-terminal, 1:1000, Cell Signaling
Technology), rabbit anti-HER2/ErbB2 XP (N-terminal, 1:1000,
Cell Signaling Technology), mouse anti-SRp20 (1:1000, SRSF3,
Zymed), rabbit anti-hnRNP H1 (1:1000, GeneTex) diluted in
PBS plus 1% milk and incubated overnight at 4�C. After wash-
ing in PBS the appropriate HRP-conjugated secondary antibod-
ies (Dako) diluted in PBS were added. ECL and Super Signal
Femto ECL (Pierce) were used for protein detection.

RNA Immunoprecipitation
MCF-7 cells were washed in ice cold PBS and then collected

in lysis buffer (10 mM Tris-HCl (pH 7.5), 150 mM NaCl,
0.5% NP-40, 1% Triton X-100) containing protease inhibitors
(Sigma-Aldrich) and RNase OUT (Invitrogen). Equal amounts
of cell lysate were then incubated overnight at 4�C with 2 mg of
either rabbit anti-hnRNP H1 antibody (GeneTex) and rabbit
IgG control (Santa Cruz) or mouse anti-SRSF3 antibody (LSBio)
and mouse IgG control (Santa Cruz). Cell lysates and antibodies
were then incubated with Dynabeads Protein G (Invitrogen) for
a further hour at 4�C. Beads were then washed 5 times with lysis
buffer before the immunoprecipitated RNA was collected in Tri-
zol reagent (Invitrogen) according to manufacturer’s instructions.
RT-PCR and Real-time PCR experiments were performed as
before but half of the RNA obtained from the immunoprecipita-
tion was used in each reaction. Fold enrichment of target mRNA
was determined after normalization to the input and rabbit IgG
controls.

Nuclear extract
Cells (3 £ 75 cm2 flasks) were washed with ice cold PBS

before being collected in ice cold PBS using a cell scraper and
centrifugation at 1000 rpm for 5 minutes at 4�C to pellet the
cells. After removal of the PBS the pellet was resuspended in
500 ml of Buffer A (10 mM HEPES pH7.9, 1.5 mM MgCl2,
10 mM KCl, 0.5 mM DTT and 5 ml/ml Protease Inhibitor

Cocktail), and incubate on ice for 15 minutes. NP-40 substitute
was then added to a final concentration of 0.5 % and the cells
were vortexed for 10 seconds. The nuclei were pelleted by centri-
fugation at 6500 rpm for 1 minute, and the supernatant (cyto-
plasmic fraction) recovered. The nuclear pellet was resuspended
in 150 ml of Buffer C (20 mM HEPES pH7.9, 1.5 mM MgCl2,
420 mM NaCl, 0.2 mM EDTA, 25 % (v/v) Glycerol and 5 ml/
ml Protease Inhibitor Cocktail) and incubate on ice with vigor-
ous agitation for 30 minutes, followed by centrifugation at
12000 rpm for 10 minutes at 4 �C, and recovery of the superna-
tant (nuclear fraction).

RNase-assisted chromatography
Oligonucleotide sequences, containing potential binding sites

for RNA-binding proteins were designed to be used in RNase-
assisted chromatography. Sequences were positioned downstream
from a T7 RNA promoter to promote transcription (Table 3).
These oligonucleotides and a complementary T7 promoter oligo-
nucleotide were annealed by diluted in annealing buffer (10 mM
Tris, pH 7.5 - 8.0, 50 mM NaCl, 1mM EDTA), they were then
heated to 95�C followed by slow cooling to room temperature.

In-vitro-transcribed RNAs were synthesized from the oligonu-
cleotide sequences by run-off transcription using a T7 RNA poly-
merase (NE Biolabs) according to manufacturer’s instructions.
DNA oligonucleotides were degraded with TURBOTM DNase
(Ambion) and RNA was purified by phenol-chloroform extrac-
tion. RNA was then used for RNase assisted chromatography
which was performed as previously described.22 In brief, 1 nmole
of each RNA was conjugated to adipic acid dihydrazide agarose
beads followed by incubation with SKBR3 nuclear extract. After
washing RNA bound proteins were removed from the beads by
RNase digestion and then separated on a NuPage pre-cast gel
(Invitrogen, Life Technologies) and visualised by with Sim-
plyBlue Safestain (Invitrogen, Life Technologies) or by
immunoblotting.

Results

Due to the close proximity of D16HER2, p100 and X5 splic-
ing events within the HER2 RNA sequence there may be over-
lapping regulation. Therefore, the expression of these
alternatively spliced HER2 mRNAs was investigated in a cohort
of breast tumor samples and SKBR3 cells using conventional
RT-PCR (Fig. 2). Tumor tissue was of varied grade, type and

Table 3. Oligonucleotide sequences for RNase-assisted chromatography

Name Sequence (50->30)

H1 AGTAAGAGCCCCAGAAAGACCCCTGAAAGGAAAGTCCTCCTTTCTGCAGAAAAGACCGTTGGACTCACGAGTGGGTGCAGTTCTATAGTGAGTCGTATTA
H2 TCAGGTTTCACACCGCTGGGGCAGCGGGCCACGCAGAAGGGAGGGTCCTTATAGTGGGCACAGGCCACACACTGGTCAGCCTCTATAGTGAGTCGTATTA
H3 GTGCAGTTGATGGGGCAAGGCTGGCATGCGCCCTCCTCATCTGGAAACTTCCAGATGGGCATGTAGGAGAGGTCAGGTTTCACTATAGTGAGTCGTATTA
H3D GTGCAGTGGGCAAGGCTGGCATGCGCCCTCCTCATCTGGAAACTTCCGGCATGTAGGAGAGGTCAGGTTTCACTATAGTGAGTCGTATTA
H4 GGGTCCAGGCCAACCTGGCTCTCTGCTCGGCGGGGCAGCCCTTGTCATCCAGGTCCACACAGCTGCAGGAGAAACAGTCTCATTATAGTGAGTCGTATTA
H5 CCACACAGCTGCAGGAGAAACAGTCTCATCAACAATTCTGGGAACCACCCTCTTGGGAACCACCTTTCCAGCCTCACAACAACTTATAGTGAGTCGTATTA
H6 TACAGCAGTGACCACCCAGCATCCAGTGGGGGAGTGAAGGGCAATGAAGGGTACATCCTGGGGTCCAGGCCAACCTGGCTCTTATAGTGAGTCGTATTA
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HER2 status; with three HER2
positive samples (HER2 overex-
pression), 6 HER2 negative sam-
ples (normal HER2 expression)
and 2 ductal carcinoma in situ
(DCIS) a non-invasive breast
cancer. Splice-specific targeted
primer sets which annealed to
exon-exon or exon-intron
junctions were used to ensure
amplification of desired mRNA
transcripts only.

SKBR3 breast cancer cells
expressed high levels of canonical
HER2 (wild-type (WT)) mRNA
as demonstrated by
SmartFlareTM RNA detection
probes which show levels of
canonical HER2 transcript in
live cells (Fig. 2B). SKBR3 cells
also showed strong expression of
all 4 alternative splicing events by
conventional PCR, while in
comparison expression varied
between tissue samples. Exon 16
inclusion (WT), exon 16 skip-
ping (D16HER2), intron 15
inclusion (p100) and exon 15a
inclusion (X5) occurred collectively within the same tumor sam-
ples. Two samples expressed mRNA for all 4 alternative splicing
events; one sample was HER2 positive (sample 10) but the other
was DCIS (sample 11). The rest of the sample cohort expressed
alternatively spliced mRNA in varying ratios.

Three samples expressed strong bands for exon 16 inclusion
(canonical HER2); a HER2 negative sample (sample 1), a HER2
positive sample (sample 5) and a DCIS sample (sample 11). This
was also true for exon 16 skipping (D16HER2), for which strong
bands were detected again in a HER2 negative sample (sample
6), a HER2 positive sample (sample 10) and a DCIS sample
(sample 11). Strong bands for intron 15 retention (p100) were
detected in both DCIS samples and the HER2 positive samples.
Exon 15a retention was a less common splicing event only occur-
ring in 2 samples, one of which was a HER2 positive (sample 10)
and the other being a DCIS sample (sample 11).

HER2 protein variants were also investigated by immunoblot-
ting with both C-terminal and N-terminal anti-HER2 antibod-
ies. This was important to maximise detection of potential
HER2 proteins specifically detection of truncated proteins such
as p100 which does not encode the C-terminal. SKBR3 cells
express a strong band corresponding to the molecular weight of
canonical HER2 (185kDa), as well as bands denoting smaller
potential HER2 proteins with both the C-terminal and N-termi-
nal anti-HER2 antibodies. However, before these could be con-
firmed as HER2 proteins, the specificity of the anti-HER2
antibodies required verification. RNAi was employed to
‘knockdown’ HER2 in SKBR3 cells, with 2 different siRNAs

targeting HER2. Figure 3A and B demonstrate verification of
the specificity of C-terminal anti-HER2 antibody and N-termi-
nal anti-HER2 antibody respectively. Efficient reduction of full
length HER2 (185kDa) was achieved after treatment with both
HER2 specific siRNA. Increased membrane exposure also dem-
onstrated efficient ‘knockdown’ of smaller protein bands detected
by Western blotting, confirming these were also HER2 proteins.
These bands include bands at around 100kDa detected by the
C-terminal antibody which may represent the CTF proteins
(CTF-611, CTF-687, and CTF-648), and bands detected by the
N-terminal antibody at around 95kDa which may be p100 or
X5 and at 65kDa which may be Herstatin. Additionally both the
N-terminal and C-terminal HER2 antibodies detected bands
between 130–170kDa. Currently there are no known variants at
this size therefore these may represent new uncharacterised
HER2 variants.

In addition to the SKBR3 cells the levels of HER2 protein
variants were investigated in tumor samples by immunoblotting
(Fig. 3C). This was carried out on the same cohort of tumor
samples used for RT-PCR, although one sample was not
included in protein studies as insufficient tissue was available.
HER2 proteins were expressed in 6 of 10 tumor samples available
for protein studies, including all of the HER2 positive samples as
well as the DCIS samples and one HER2 negative sample
(sample 8). Of these, the C-terminal anti-HER2 antibody
detected proteins in 4 samples. The N-terminal anti-HER2 anti-
body detected proteins in 5 samples. Significant levels of the
smaller potential HER2 proteins were present in the tumor

Figure 2. HER2 mRNA expression in breast tumor tissue and SKBR3 breast cancer cells. (A) HER2 mRNA expres-
sion was investigated in a cohort of 12 breast tumor tissue samples and the HER2 positive SKBR3 breast cancer
cell line. Splice-specific primers for exon16 inclusion (WT), exon16 exclusion (D16HER2), intron 15 inclusion
(p100) and exon 15a inclusion (X5) were used to determine expression of HER2 splice variants along with 2
housekeeping genes GAPDH and b-actin. (B) Intracellular expression of WT HER2 mRNA in live SKBR3 breast
cancer cells using SmartFlareTM RNA detection probes.
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samples and often showing equal or greater expression compared
to canonical HER2 (185kDa). Bands were detected at 100kDa
with the N-terminal anti-HER2 antibody which may be p100 or
X5 proteins. Additionally, bands were detected at 95kDa with
the C-terminal anti-HER2 antibody and these may represent
CTF proteins (CTF-611, CTF-687, and CTF-648) which are
produced by both alternative translation initiation as well as pro-
teolytic degradation. Finally as exon 16 is only 48bp, skipping of
this exon has little effect on the size of the protein therefore it is
difficult to estimate which samples express D16HER2. The
expression profile of D16HER2, p100 and X5 in the breast
tumors showed different ratios of the HER2 variants among the
samples, therefore the mechanisms which might regulate these
alternative splicing events needed to be investigated. Previously

we have used siRNA screens to
identify splicing factors involved
in alternative splicing events in
MCF7 and JAR cells.23 cDNA
from these screens was used with
the HER2 specific primers and
showed that knockdown of
SRSF3 resulted in decreasing lev-
els of the p100 splice variant in all
cell lines (data not shown).

These screens were per-
formed in cell lines with low
levels of HER2 expression
therefore the role of SRSF3 in
HER2 splicing was investigated
in the HER2 overexpressing
SKBR3 cell line. SKBR3 cells
were transfected with a siRNA
targeting SRSF3 and knock-
down was confirmed at
48 hours for SRSF3 mRNA
(Fig. 4A) and at 72 hours for
SRSF3 protein (Fig. 4B).
Resulting effects on HER2
splicing events were determined
by using the splice-specific pri-
mers as canonical HER2 and
D16HER2 variants cannot be
separated by western blotting
due to their similar sizes.
Knockdown of SRSF3 resulted
in a switch in splicing, increas-
ing intron 15 inclusion (p100),
decreasing exon 16 exclusion
(D16HER2) and increasing
exon 15a inclusion (X5) as
shown by classical PCR (Sup-
plementary Fig. 1A). This
switch was also quantified by
real-time PCR (n D 3 ) using
the same splice-specific primers
and showed that there was a

significant increase in p100 and X5 and a significant decrease
in D16HER2 after knockdown of SRSF3 (Fig. 4C). Levels of
canonical HER2 mRNA did not appear to change, but as the
expression levels of canonical HER2 mRNA were much
higher than the other variants the slight changes produced by
the switch in splicing may not have been observable in the
mRNA expression. In addition the switch in splicing seems
to occur between p100 and D16HER2 and therefore canoni-
cal HER2 mRNA may remain unaffected. A second siRNA
targeting SRSF3 was used to confirm to switch in splicing
after knockdown of SRSF3 (Supplementary Fig. 1B). This
siRNA also resulted in a significant increase in p100 and a
significant decrease in D16HER2, although unlike the first
siRNA there was no change in the X5 variant. Expression of

Figure 3. HER2 proteins expressed in breast tumor tissues and SKBR3 cells. (A and B) Reduction of HER2 pro-
tein expressed by SKBR3 cells was achieved via RNA interference using 2 different siRNA sequences (lanes 1–
4). Four controls comprising a positive transfection control (GAPDH siRNA (G)), a negative scrambled
sequence control siRNA (NC), a vehicle only control (V) and untreated cells (UT) were included (lanes 5–8).
Levels of HER2 proteins were determined by immunoblotting using C-terminal (A) and N-terminal (B) anti-
HER2 antibodies (C) Immunoblotting using C-terminal and N-terminal anti-HER2 antibodies and protein
extracted from tumor tissue samples and SKBR3 cells. GAPDH was used as a loading control.
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SRSF3 was further investigated
in the original cohort of breast
tumor samples and did show
some variability between differ-
ent samples (Supplementary
Fig. 2).

To try and identify more fac-
tors involved in splicing within
this region of HER2, siRNAs
targeting various RNA-binding
proteins were screened for their
effect on HER2 splicing in the
SKBR3 cell line. RNA-binding
proteins were selected for the
screen which had predicted bind-
ing sites within this highly
spliced region of HER2 (data
not shown). Figure 5A shows
the reduction in expression by
classical RT-PCR of these
selected RNA-binding proteins
48 hours after treatment with
their specific siRNAs. The subse-
quent effects on the HER2 splice
variants were determined at
72 hours by real time PCR using
the splice-specific primers
(Fig. 5B). This showed no effect
on the splicing of canonical
HER2 isoform or p100 HER2
after knockdown of these RNA-
binding proteins. However, expression of the D16HER2 and the
X5 variants were significantly affected by the knockdown of a
SRSF1, SRSF2, hnRNP H1 and YB1. Specifically levels of
D16HER2 mRNA were increased by SRSF1 and hnRNP H1
siRNA and levels of the X5 variant increased with SRSF2,
hnRNP H1 and YB1 siRNAs and decreased with SRSF1 siRNA.

To confirm these observations a second siRNA for each of
these 4 proteins were used to knockdown the splicing factors and
determine the effect on the HER2 spliced variants (Fig. 6). Both
siRNAs targeting hnRNP H1 resulted in a significant increase in
both D16HER2 and X5 variants without any effect on the levels
of canonical HER2 isoform or p100 HER2. Again the lack of
observable change in the canonical HER2 isoform may be due to
its high expression levels compared with the other HER2 var-
iants, making small switches in splicing difficult to observe.
D16HER2 was also significantly upregulated by both of the
SRSF1 siRNAs, although knockdown of SRSF1 also affects the
levels of hnRNP H1 as both siRNAs targeting SRSF1 resulted in
a decrease in hnRNP H1 mRNA (Supplementary Fig. 3). The
second siRNA targeting SRSF1 (SRSF1(2)) also reduced the lev-
els of SRSF3 mRNA, possibly resulting in the increase observed
with this particular siRNA in the p100 variant. All of the other
changes observed were only found with one siRNA and therefore
are likely to be off target effects.

Since SRSF3 and hnRNP H1 appear to be involved in the
control of these splicing events RNA immunoprecipitation was
performed with anti-SRSF3 and anti-hnRNP H1 antibodies to
demonstrate binding of their target proteins to the HER2 pre-
mRNA transcript (Fig. 7A). Both antibodies showed enrichment
of the transcript with SRSF3 in particular showing strong bind-
ing with 577.63 fold enrichment over the control antibody.

Further confirmation of the binding of these 2 proteins to
HER2 mRNA as well as pinpointing more defined regions to
which they bind was achieved by using RNase-assisted RNA
chromatography.22 DNA oligonucleotides were initially designed
to cover the region surrounding the p100 splice site (Fig. 7B),
including one oligonucleotide covering the beginning of intron
15 (H1) and 2 oligonucleotides covering exon 15 (H2 and H3).
Two potential SRSF3 binding sites within H3 were also mutated
as SRSF3 siRNA produced the strongest effect on the p100 vari-
ant (Intron 15 inclusion) and these 2 binding sites are located
close to this splice site. RNA was synthesized from these oligonu-
cleotides before being bound to adipic acid dihydrazide beads
and protein extract. Proteins bound to RNA were collected by
RNase treatment before electrophoretic separation. A control of
beads and protein only (without RNA) was used to identify non-
specific binding. Although some proteins do bind to the beads in
the control there are no proteins released in the RNase

Figure 4. Effect of the splicing factor SRSF3 on HER2 mRNA transcripts in SKBR3 cells. RNA interference was
used to reduce the levels of SRSF3 in SKBR3 cells (SRSF3 (1)). Four controls comprising a positive transfection
control (GAPDH siRNA (G)), a negative scrambled sequence control siRNA (NC), a vehicle only control (V) and
untreated cells (UT) were also used. Reduction of SRSF3 mRNA was determined at 48 hours by classical PCR
(A) and reduction of SRSF3 protein was determined by immunoblotting at 72 hours after transfection (B). (C)
Alternative splicing events were measured using splice specific primers by qPCR at 72 hours post-transfection.
(mean (nD 3)§ SEM). * P � 0.05, *** P � 0.001.

www.tandfonline.com 1145RNA Biology



Figure 5 . Screening splicing factors for effects on HER2 mRNA transcripts in SKBR3 cells. RNA interference was used to reduce the levels of splicing fac-
tors (SRSF1, SRSF2, SRSF5, hnRNP A1, hnRNP H1, and YB1) in SKBR3 cells. Four controls comprising a positive transfection control (GAPDH siRNA (G)), a
negative scrambled sequence control siRNA (NC), a vehicle only control (V) and untreated cells (UT) were also used. (A) Reduction of mRNA was deter-
mined at 48 hours by classical PCR. (B) HER2 alternative splicing events were measured using splice-specific primers by qPCR at 72 hours post-transfec-
tion (mean (n D 3) § SEM). * P � 0.05, ** P � 0.01, *** P � 0.001.
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supernatant (Supplementary
Fig. 4A and B), as the only
bands present are the RNases
(20kDa band). A combination
of mass spectrometry and pro-
tein gel blotting were then used
to identify proteins bound to
this region.

Immunoblotting with the
RNase supernatant demonstrated
binding of hnRNP H1 to the H2
RNA oligonucleotide which cov-
ers the beginning of exon15
(Fig. 7B). The hnRNP H1 anti-
body detects 2 bands in the west-
ern blot but only the top band is
hnRNP H1 as this is the only
band reduced after hnRNP H1
siRNA treatment (Supplemen-
tary Fig. 4C). RNA interference
using hnRNP F-specific siRNAs
confirmed that the lower band
is hnRNP F (Supplementary
Fig. 4C)-hnRNP H1 and
hnRNP F are highly homologous
proteins. Immunoblotting was
also performed using an anti-
SRSF3 antibody and showed
SRSF3 binding to H1 and H3
RNA oligonucleotides which
cover the end of exon 15 and the
beginning of intron 15 and over-
lap at a potential SRSF3 binding
site (Fig. 7B). Additionally, the
deletion of the 2 SRSF3 binding
sites on H3 (H3D) completely
abolished the binding of SRSF3
to this RNA oligonucleotide.

DNA oligonucleotides were
also designed to cover the region
surrounding exon 16 (Fig. 7C)
and include an oligonucleotide
covering exon 16 (H4) and oligo-
nucleotides covering the sur-
rounding introns (H5 and H6).
RNase-assisted chromatography
followed by immunoblotting
with an anti-SRSF3 antibody
demonstrated binding of SRSF3
to exon 16 (H4) as well as the
introns immediately upstream (H5) and downstream (H6) of
exon 16. hnRNP H1 also bound to sequences in the region but
its binding was restricted to the introns surrounding exon 16
(H5 and H6), with particularly strong binding to intron 16.

Additional proteins that bind to the regions were identified by
mass spectrometry of protein bands produced by the RNase

supernatant (Supplementary Fig. 4A and B). RNAs produced
from the oligonucleotides showed multiple protein bands bind-
ing to them. Some of these proteins appear in all 6 lanes and
therefore appear to be nonspecific binding to RNA, other bands
appear to be specific for a particular oligonucleotide. A selection
of these specific bands were identified by mass spectrometry and

Figure 6. Confirming effect of splicing factors on HER2 mRNA transcripts in SKBR3 cells. A second siRNA
sequence was used to reduce the levels of splicing factors (SRSF1, SRSF2, hnRNP H1, and YB1) in SKBR3 cells.
Four controls comprising a positive transfection control (GAPDH siRNA (G)), a negative scrambled sequence
control siRNA (NC), a vehicle only control (V) and untreated cells (UT) were also used. (A) Reduction of mRNA
was determined at 48 hours by classical PCR. (B) HER2 alternative splicing events were measured using
splice-specific primers by qPCR at 72 hours post-transfection (mean (n D 3) § SEM). * P � 0.05, ** P � 0.01,
*** P � 0.001.
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confirmed by immunoblotting. Some additional RNA-binding
proteins were also identified by immunoblotting of the RNase
supernatant. Proteins identified included PTBP1 which bound
to H1 (intron 15) and H5 (intron 15), hnRNP A1 which bound
to H2 (exon 15), H4 (exon 16), H5 (intron 15) and H6 (intron
16) and hnRNP K which bound to H4 (exon 16) and H6 (intron

16). A number of hnRNPs (A/B,
A2/B1 and D) were also found to
bind to RNA produced from the
3 oligonucleotides surrounding
exon 16 (H4, H5 and H6).

Discussion

Here we demonstrate that
RNA transcripts for canonical
HER2, D16HER2, p100 and X5
can occur collectively within the
same tumor sample, but poten-
tially more significantly they can
be present in varying ratios.
Immunoblotting also confirmed
the presence of different HER2
variants within different tumor
samples. Some discrepancies did
occur between mRNA and pro-
tein expression and may be due to
either the heterogeneous nature of
invasive breast tumors or differen-
ces in post-transcriptional or post-
translational processes. Many of
the HER2 variants currently char-
acterized have been shown to be
functionally different to each
other as well as to canonical
HER2. For example the secreted
variants p100 and herstatin func-
tion as inhibitors of HER2 signal-
ing and inhibit transformation,10-
12 whereas CTF-611 (p95) and
D16HER2 can form constitutively
active homodimers and have been
found to be highly oncogenic var-
iants.13-21 Therefore the variations
observed in HER2 variants may
be clinically relevant, particularly
as some of these truncated HER2
variants were expressed at fairly
high levels sometimes showing
equal or even stronger expression
than canonical HER2.

The two HER2 antibodies
used in this study detected a large
number of bands, all of which
were confirmed to be HER2 pro-

teins by RNA interference. A number of bands corresponded to
known variants, but there other bands at sizes where no known
HER variant has been described. These new variants may also
possess different properties to canonical HER2. Therefore future
identification and characterization of these variants is important
to fully understand HER2 biology within tumors.

Figure 7. Identification of RNA binding proteins bound to the splicing hotspot of HER2. (A) Binding of splic-
ing factors to endogenous HER2 mRNA (exons exon16-exon17/18) and pre-mRNA (exon11-intron11) was
determined by RNA immunoprecipitation using antibodies that target SRSF3 and hnRNP H1. Fold enrichment
of target mRNA was determined by qPCR. (B) DNA oligonucleotides were designed to cover the regions sur-
rounding exon 15 (B) and exon 16 (C). A further oligonucleotide was designed which is identical to oligonu-
cleotide H3 apart from having 2 potential SRSF3 binding sites mutated. RNase-assisted RNA chromatography
was carried out on RNA produced by the oligonucleotides along with a control (CT) where no RNA was added
to the beads. Immunoblotting was performed with the RNase treated supernatant using antibodies against
SRSF3, and hnRNP H1 and nuclear protein extract (NE) was included as a positive control.
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Results presented here demonstrate that SRSF3 plays a central
role in regulating the production of different splice variants
within this region of the HER2 transcript. The switch in splicing
in the presence of SRSF3 from p100 which is an inhibitor of
tumor cell proliferation and oncogenic signaling11 to the highly
tumorigenic D16HER213-18 is likely to increase malignant trans-
formation. This observed switch is consistent a previous report
which described SRSF3 as a proto-oncogene.24 SRSF3 has been
shown to have increased expression in a range of different cancers
including breast cancer.24,25 SRSF3 expression in breast cancer
has also been shown to be associated with tumor progression and
a poorer prognosis.24 Additionally, loss of SRSF3 had consistently
been found to cause growth arrest by preventing cell cycle pro-
gression as well as increasing apoptosis.24-26 Conversely, overex-
pression of SRSF3 is able to promote cell transformation and is
able to induce tumor formation and maintenance in nude mice.24

Through the use of RNA chromatography we have demon-
strate binding of SRSF3 to RNA corresponding to exon 15 and
intron 15 and more specifically identified 2 binding sites within
exon 15 required for SRSF3 binding. Binding of SRSF3 to these
exon splicing enhancer sites (ESE) may therefore inhibit produc-
tion of the p100 variant through the recruitment of the spliceo-
some to this 50 splice site therefore preventing intron inclusion.
We were also able to demonstrate the SRSF3 bound to regions
surrounding exon 16. This binding may be mediated through the
3 predicted SRSF3 binding sites within this region which are
located in the region where H4 and H5 overlap and in the middle
of the H6 oligonucleotide (2 binding sites). Although SRSF3, like
most SR proteins, is traditionally thought of as a splicing enhancer,
it has also been shown to bind to and silence the splicing of exons
such as exon i9 within p53.27 Another interesting possibility is that
the binding sites within exon 15 may also control the splicing of
exon 16, as SRSF3 has been shown in Caspase2 mRNA to cause
the skipping of an exon (exon 9) by binding to ESS in an upstream
exon (exon 8).28 Therefore SRSF3 may promote the proximal
splice site selection and inhibit distal splice site selection.

HnRNP H1 was also identified as a regulator of splicing
within this region, significantly changed 2 of the 3 variants.
Although currently the functional properties of the X5 variant
are unknown, the increase observed in the oncogenic D16HER2
variant after knockdown of hnRNP H1 would indicate that loss
of this splicing factor may trigger a more oncogenic phenotype.
Evidence for the role of hnRNP H1 in cancer development is so
far fairly mixed. On the one hand some studies have shown
hnRNP H1 is overexpressed in some cancers implicating it in the
process of malignant transformation,29,30 however Hope et al
have shown that in colorectal cancer strong nuclear hnRNP H1
staining was associated with increased patient survival.31 hnRNP
H1 has also been shown to regulate the splicing of cancer associ-
ated genes including genes involved in the regulation of apopto-
sis.32 The action of hnRNP H1 remains complex since it is able
to up regulate both anti-apoptotic isoforms such as MADD30 as
well as pro-apoptotic splice variants such as Bcl¡xS.

33

The effect of hnRNP H1 on these 2 splicing events but not on
the splicing of p100 which is positioned in the middle seems to
indicate that hnRNP H1 may regulate these splicing events

separately. hnRNP H1 has previously been shown to be able to
both inhibit as well as promote the use of a splice site, with its
activity often dependent on the location of its binding site. In
general binding of hnRNP H1 to intronic regions particularly in
the region downstream of the 50 splice site usually results in
enhance use of the splice site.34,35 This is a possible mechanism
by which hnRNP H1 increases the inclusion of exon 16 as RNA
chromatography demonstrated hnRNP H1 binding to the
introns surrounding exon 16 with particularly strong binding to
intron 16. Indeed there are predicted binding sites for hnRNP
H1 in introns 15 and 16 in the regions covered by H5 and H6
oligonucleotides. On the other hand when hnRNP H1 binds to
exonic regions it usually acts as a silencer resulting in exon skip-
ping.30,35 As hnRNP H1 appears to increase exclusion of exon
15a this may be the mechanism by which the X5 variant is regu-
lated. Despite hnRNP H1 not appearing to effect the splicing of
p100 variant it was found to bind to H2 RNA, possibly at a pre-
dicted binding site within this RNA right at the start of exon 15.
Whether or not this binding is important for the regulation of
splicing within this region remains to be determined. Of course
the binding of hnRNP H1 to this region may not be related to
its splicing activity but to another function such as enhancing
alternative polyadenylation. hnRNP H1 in particular but also
other splicing factors such as SRSF3 have been implicated stimu-
lation of alternative cleavage and polyadenylation.36-38

hnRNP F and H1 are closely related proteins that bind to very
similar sequences (usually G tracts). Therefore the identification
of hnRNP F by mass spectrometry on the same RNA that
hnRNP H1 binds to is unsurprising. Previously these 2 proteins
have been shown to bind to the same region and have similar
effects on splicing, indicating hnRNP F may also be involved in
the regulation of this region. Binding of other members of the
hnRNP H/F family to hnRNP H1 binding sites may also be able
to partially compensate for the loss of hnRNP H1, therefore
greater changes in spicing may be observed when more members
of the family are reduced.

Although silencing of SRSF1 did affect the splicing within this
region the effects observed appear to be mediated through other
splicing factors. Firstly the second siRNA targeting SRSF1
(SRSF1(2) siRNA) also reduced SRSF3 mRNA to a similar level
to that observed with SRSF3 targeted siRNA. This is likely to be
an off target effects of this siRNA as SRSF3 was unaffected by
the other siRNA targeting SRSF1. In addition both of the siRNA
that targeted SRSF1 resulted in reductions in the levels of hnRNP
H1, possibly resulting in the increases observed in the D16HER2
variant. Although the reductions may be due to off target effects
of the siRNAs it is more likely that SRSF1 is involved in the reg-
ulation of hnRNP H1 as both siRNAs had the same affect.
Many splicing factor have been shown to regulated themselves as
well as each other, therefore it is highly likely that SRSF1 is
involved in some form of regulation of hnRNP H1 mRNA.39

This study demonstrates the key roles that SRSF3 and hnRNP
H1 play in regulating this important splicing hotspot within
HER2. Particularly the oncogene SRSF3 which switches the
splicing of HER2 mRNA from the p100 variant to the oncogenic
D16HER2 variant.
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