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Currently, most therapeutic approaches define a target as one protein, 
one gene or one function. Yet whole-transcriptome sequencing has con-
firmed that only a minority of genes produce a single protein1,2. Indeed, 
the vast majority of genes use alternative splicing to produce several 
protein isoforms. In eukaryotes, alternative splicing has a central role 
both in protein diversity and in post-transcriptional gene regulation. 
Although alternative splicing can introduce or remove regulatory ele-
ments to affect translation, localization or degradation of an mRNA3, 
in most cases it will produce multiple and functionally diverse protein 
isoforms4. Perturbations in alternative splicing are common and exten-
sive in cancer5 and can affect cancer development and maintenance6. 
For example, a switch in the alternative splicing of CD44 has been 
associated with the acquisition of metastatic potential7. Furthermore, 
a splicing switch in pyruvate kinase, a glycolytic enzyme, is essential for 
cancer metabolism and tumor growth8. However, the general impact of 
alternative splicing in cancer biology and its impact on drug targeting 
remain largely unexplored9. Indeed, it is not clear whether in many 
cases changing the proportion of a given set of splice variants may con-
tribute to cancer biology independently of gene expression levels.

RNA interference (RNAi) has become a preferred tool for discover-
ing and evaluating the impact of gene expression on the viability of 
cancer cells10. However, RNAi-based screens commonly target genes 
without considering the variety of alternative mRNA isoforms gener-
ated by alternative splicing. This limits our understanding of individ-
ual isoform functions and strongly reduces the numbers of potential 
drug targets. Our recent studies in ovarian11 and breast cancer12 
 identified 74 new cancer-associated splicing events. Here we describe 
a systematic isoform-specific functional screen of 41 alternatively 
spliced variants associated with breast and/or ovarian cancer, with 

the goal of evaluating the effect of alternative splicing on cancer biol-
ogy. Our targeting approach uses a dual system for isoform-specific 
silencing and modulation. This comprehensive approach harnesses 
the power of small interfering RNA (siRNA) for isoform-specific 
silencing13 and complements it with alternative splicing modulation 
using bifunctional antisense oligonucleotides14. Furthermore, this 
method uncouples the impact of splicing modulation on cell function 
from that of phenotypic defects caused by changes in gene expression 
levels. The results identify alternative splicing in genes associated 
with cell survival as important targets for breast and ovarian cancer. 
Changing the splicing pattern of the tyrosine kinase (SYK) altered 
cell survival and mitotic progression, whereas global knockdown of 
the same gene had no effect, suggesting that, at least for some genes, 
global knockdown of gene expression cannot mimic the effects of 
alternative splicing on cell survival and apoptosis.

RESULTS
Functional analysis of cancer-associated splice variants
Many alternative splicing events (ASEs) are modified in tumor cells5. 
However, little is known about the contribution of alternative splicing 
to cancer biology. To gain insight into this aspect of cancer, we have 
developed a platform for high-content functional analysis of alterna-
tive splicing events (FASE) (Supplementary Fig. 1) and have used it to 
examine the function of 29 ovarian11 and 21 breast12 cancer variants, 
including 9 that are common to both cancers (Supplementary Table 1).  
For a graphical representation of the protein domains affected in these 
variants, see http://palace.lgfus.ca/link/40_ases.

We classified these cancer-associated ASEs on the basis of their 
splicing pattern, and we then designed isoform-specific inhibitors for 
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Most human genes produce multiple mRNA isoforms through alternative splicing. However, the biological relevance of most 
splice variants remains unclear. In this study, we evaluated the functional impact of alternative splicing in cancer cells. We 
modulated the splicing pattern of 41 cancer-associated splicing events and scored the effects on cell growth, viability and 
apoptosis, identifying three isoforms essential for cell survival. Specifically, changing the splicing pattern of the spleen tyrosine 
kinase gene (SYK) impaired cell-cycle progression and anchorage-independent growth. Notably, exposure of cancer cells to 
epithelial growth factor modulated the SYK splicing pattern to promote the pro-survival isoform that is associated with cancer 
tissues in vivo. The data suggest that splicing of selected genes is specifically modified during tumor development to allow the 
expression of isoforms that promote cancer cell survival.
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all events with simple alternative 5′ events or cassette exons (Fig. 1  
and Supplementary Fig. 2). Two exon-specific siRNAs and one tar-
geted oligonucleotide silencer of splicing (TOSS)14 were designed for 
each splicing event, and we scored their effect on the phenotype of 
the SKOV3ip1 ovarian cancer cell line using multiplexed fluorescent 
dyes for cell count, viability and apoptosis assays (Supplementary 
Figs. 1 and 3). We carried out the assays in biological and technical 
triplicates and calculated quality metrics (Z factors) for each assay 
plate (Supplementary Figs. 1 and 3). Phenotypic defects reproduced 
by at least two independent isoform specific inhibitors (ISIs) against 
the same splicing event with a robust Z score of >3 were considered 
functionally relevant and retained for further analysis.

As expected, mock transfection or transfection of an unrelated siRNA 
or TOSS did not affect the cellular phenotypes, whereas transfection of 
an siRNA against the positive control transcript, encoding RNA-binding 
motif 8A (RBM8A), consistently induced apoptosis and reduced cell 
counts and viability (Supplementary Fig. 3). Although most of the 
targeted splicing events did not have any phenotypic effect (Z score <3), 
four splicing events in the genes encoding anterior gradient homolog-3  
(AGR3), fibronectin-1 (FN1), myeloid cell leukemia sequence-1 (MCL1) 
and spleen tyrosine kinase (SYK) produced robust apoptosis induction 
(Supplementary Table 2). We were unable to validate ISI-dependent 
changes in the expression of AGR3 by PCR because of this gene’s low 
expression level, and thus it was not pursued further.

The remaining three genes affecting apoptosis have previously been 
implicated in cell-survival pathways15,16. Inhibiting the expression of 
the long isoforms of these three genes by siRNA resulted in a three- 
to eight-fold increase in the ratio of apoptotic marker–positive cells 
(Fig. 2, left, and Supplementary Table 2). Similarly, we observed 4-fold 
to 12-fold increases in the ratio of propidium iodide–positive, nonviable 
cells by siRNA-mediated silencing of the long isoforms of these three 
genes (Fig. 2, left, Supplementary Table 2). Consistently, reprogram-
ming FN1 extra-domain B (FN1-EDB) and SYK splicing using TOSS 
resulted in increased apoptosis and decreased viability (Fig. 2a and 
Supplementary Table 2). In contrast, modulation of MCL1 alternative 
splicing with TOSS had a modest effect on apoptosis (Fig. 2b). Silencing 
of the genes encoding cyclin E1 (CCNE1) and ligase IV (LIG4) by splice 
isoform–specific siRNA produced marked decreases in cell viability 
(Z scores >3; Supplementary Table 2) but did not result in substantial 
apoptosis (Supplementary Table 2 and data not shown). Overall, the 
screen results indicate that 10% of the ASEs tested contribute to the 
viability of cancer cells in vitro.

Inhibition of tumor-associated variants induces apoptosis
The phenotypic effects we observed could be due to changes in alterna-
tive splice forms or to a general reduction in gene expression. To dif-
ferentiate between these two effects, we compared the impact of siRNA 
and TOSS silencing on global and isoform-specific expression. Global 
siRNAs equally inhibited the expression of constitutive, long and  
short splice isoforms of SYK, MCL1 and FN1 (Fig. 2, right).  

Isoform-specific siRNAs inhibited the accumulation of the long, but 
not the short, splice isoforms, while proportionally reducing the over-
all gene expression. In contrast, reprogramming splicing with TOSS 
simultaneously reduced expression of the long splice isoform and 
increased expression of the short splice isoform to various extents 
for SYK and MCL1 transcripts without altering overall mRNA levels 
(Fig. 2, right). TOSS against FN1-EDB decreased expression of the 
EDB+FN1 isoform while concomitantly decreasing the overall FN1 
transcript level. Notably, although decreasing the overall expression 
of these genes failed to trigger apoptosis, inhibiting the expression of 
the long splice isoforms of all three genes induced apoptosis by four- 
to eight-fold (Fig. 2, left), confirming the results of the high-content 
screen. Reprogramming the splicing of SYK with TOSS consistently 
induced apoptosis (Fig. 2a, left, white bars). TOSS targeting FN1-EDB 
produced apoptosis by decreasing the long EDB+ isoform and global 
FN1 expression, thus behaving in a manner similar to an isoform-
specific siRNA (Fig. 2c). A second TOSS that modulated the FN1-
EDB splicing ratio without decreasing overall FN1 expression did not 
produce apoptosis (data not shown). TOSS targeting MCL1 did not 
induce apoptosis, despite a substantial increase in RNA corresponding 
to the short isoform (Fig. 2b).

The inability of TOSS targeting MCL1 to induce apoptosis suggests 
that either the change in the splicing ratio of MCL1 is not sufficient to 
induce apoptosis or TOSS-induced changes in MCL1 mRNA expres-
sion do not lead to corresponding changes in protein isoforms. To 
differentiate between these two possibilities, we performed western 
blotting against MCL1 in cells transfected with MCL1 ISIs or control 
ISIs. MCL1 isoform–specific siRNAs diminished the expression of 
the long MCL1 protein (Supplementary Fig. 4a). However, MCL1 
TOSS did not change the level of the long MCL1 protein isoform, nor 
did it increase the short protein isoform (Supplementary Fig. 4a). 
Therefore, TOSS against MCL1 fails to induce apoptosis because it does 
not change the ratio of the corresponding protein isoforms, suggesting 
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Figure 1 Strategy for functional annotation of cancer-associated ASEs. 
Ovarian cancer–associated and breast cancer–associated alternative 
cassette exons were identified and their expression was modulated using 
isoform-specific inhibitors (ISIs). Each simple alternative cassette exon 
or alternative 5′ splice site was inhibited using two independent exon-
specific siRNAs, and its splicing was modulated using a TOSS. The impact 
of modulating the expression of splice isoforms on cell proliferation, 
viability and induction of apoptosis was monitored using the high-content 
FASE platform. Phenotypes caused by selective modulation of splice 
isoform ratios, and not the overall inhibition of gene expression, were 
considered indicators of alternative splicing isoform-specific functions.
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the existence of mechanisms that compensate 
for changes in the RNA expression of this gene 
in the cell line tested. Indeed, MCL1 tran-
scripts are known to be extremely unstable, 
and the MCL1 protein has a rapid turnover of 
about 30 min17. Furthermore, exon skipping 
of MCL1 produces a frameshift that results in a premature stop codon, 
thus making this message susceptible to nonsense-mediated decay 
and highly unstable18. In support of this, we failed to detect any endo-
genous MCL1 protein bands corresponding to the short isoform, even 
following TOSS treatment (Supplementary Fig. 4a). We also could 
not verify levels of the different FN1-EDB protein isoforms because of 
their large size (>220 kDa), which prevented their separation by SDS-
PAGE (data not shown), and the absence of suitable isoform-specific 
antibodies. Consequently, we focused our studies on SYK and did not 
pursue the analysis of FN1 and MCL1 any further.

To verify whether the SYK ISI-induced RNA splicing shifts had an 
impact at the protein level, we carried out western blot analyses using 
antibodies against SYK proteins following treatment with different 
ISIs or control oligonucleotides (Fig. 3 and Supplementary Fig. 4b). 
Addition of global siRNAs against constitutively spliced SYK exons 
decreased the levels of all protein isoforms, whereas siRNA against the 
long SYK isoform decreased the expression of the long but not the short 
protein isoform. In contrast, treatment of the cells with TOSS reduced 
the expression of the long and increased the expression of the short pro-
tein isoform of SYK (Fig. 3a and Supplementary Fig. 4b). Successful 
modulation of SYK alternative splicing was associated with enhanced 
cleavage of the apoptosis marker PARP, confirming the specific impact 
of alternative splicing on apoptosis (Supplementary Fig. 4b).

We also investigated the effects of SYK splicing modulation in vari-
ous normal and cancer cell lines expressing different levels and splicing 
isoform ratios of SYK RNA, to evaluate the specificity of the observed 
effects on apoptosis. As expected, transfection of SYK-specific ISIs 
into cells that do not express SYK (for example, MDA-MB231 and 
Hs578t breast cancer cell lines) or normal cells (that is, MCF-10A 
mammary epithelial cells or BJ-Tielf fibroblasts) did not promote 
apoptosis (data not shown and Supplementary Fig. 5c). In contrast, 
cells showing the same SYK splice isoform ratio as observed in can-
cer tissues (for example, HCT116 colorectal carcinoma and TOV-
112D endometrioid carcinoma cells) entered into apoptosis upon the 

modulation of SYK alternative splicing (Supplementary Fig. 5a,b).  
We conclude that the alternative splicing of cancer-associated genes 
can specifically influence cancer cell viability and apoptosis, in a man-
ner that is largely independent of the overall level of gene expression.

Alternative splicing of SYK controls cell cycle and mitosis
Previous reports suggested that SYK splice isoforms are localized dif-
ferently in the cell19,20. Therefore, we investigated the possibility that 
changes in SYK alternative splicing induce apoptosis by changing the 
cellular localization of the protein. We fractionated the cytoplasmic 
and nuclear proteins following treatment with different SYK ISIs, and 
carried out western blotting to detect the SYK protein isoforms. In 
untreated cells, the long SYK isoform, SYK(L), was predominantly 
nuclear and the short isoform, SYK(S), was predominantly cytoplas-
mic (Fig. 3a). Treatment of the cells with ISIs reduced the expression 
of the long isoform of SYK in the nucleus, and most SYK proteins 
became cytoplasmic. This suggests that altering the cellular localiza-
tion of the protein may induce apoptosis.

To determine whether the effect of SYK alternative splicing is 
limited to the regulation of apoptosis and cell survival or extends 
to other known SYK cellular activities such as cell proliferation, we 
monitored the impact of the ISIs on cell-cycle progression. Upon close 
visual examination of cell images from SKOV3ip1 cells treated with 
SYK ISIs, we noted an increased amount of cells displaying abnormal 
nuclear morphology with larger, aberrant nuclei, and of cells bearing 
two or more nuclei (Fig. 3b,c), indicating that SYK(L) is involved in 
mitotic exit and cytokinesis. Changing the alternative splicing of SYK 
led to an accumulation of cells in the G2–M phase of the cell cycle 
(Fig. 3d), which is consistent with defective mitosis. The mitotic arrest 
was confirmed by the increase in phospho-histone H3 (Fig. 3c). This 
mitotic arrest was isoform specific, as we did not observe it following 
general SYK knockdown with global siRNAs (Fig. 3d). Notably, SYK 
TOSS produced the opposite effect to that of SYK siRNAs, that is, 
TOSS caused a decrease in abnormal mitosis and phospho-histone H3  
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Figure 2 Targeting of SYK, MCL1 or FN1-EDB 
alternatively spliced isoforms induces apoptosis. 
(a–c) The impact of TOSS and siRNAs targeting 
the pre-mRNAs encoding SYK (a), MCL1 (b) 
and FN1 (c) proteins on cellular phenotype (left) 
and RNA expression monitored by qPCR (right) 
were evaluated and compared to that in mock-
transfected (LF) SKOV3ip1 ovarian cancer cells. 
Experiments were performed in three biological 
and three technical replicates, and an average for 
each cellular phenotype was calculated for each 
ISI. Left, the impact of TOSS and alternative 
exon–specific siRNAs (L1, L2) on cell count (gray), 
loss of viability (black) and apoptosis (white) are 
shown as bar graphs. Right, the qPCR relative 
expression values for the overall gene expression 
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levels (Fig. 3c), suggesting that increasing the expression of the  
short SYK isoform can compensate for the long isoform–dependent 
effect on mitosis.

Given the importance of mitogenic signaling in oncogenesis and cell 
proliferation, we investigated the effect of oncogenic growth factors on 
SYK splicing. We observed the pro-survival alternative splicing pattern 
of SYK in vitro upon exposure to epidermal growth factor (EGF, Fig. 3e),  
which is known to promote cell proliferation and differentiation, 
underscoring the role of alternative splicing in regulating the activity 
of this gene. Therefore, we conclude that cancer cell mitosis is regu-
lated by both the amount and the ratio of SYK splicing isoforms.

SYK(L) isoform induces JUN-dependent cell survival
To understand how SYK alternative splicing promotes malignant 
growth, we used quantitative PCR (qPCR) to test the impact of the 
different SYK ISIs on the expression of a panel of genes involved in 
apoptosis, the cell cycle and cancer. Reducing the expression of the 
long isoform of SYK resulted in prominent increases in the expression 
of JUN21, as measured by qPCR in SKOV3ip1 cells (Supplementary 
Table 3). Notably, we observed this result when targeting the expres-
sion of the long SYK isoform by either siRNA or TOSS, but not 
when the overall expression of SYK was downregulated by siRNA 
against constitutive exons (Supplementary Table 3). This suggests 
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that changing the splicing pattern of SYK and not the global expres-
sion affects the MAPK–JNK signaling pathway that acts as a conduit 
for apoptosis22.

To directly test this hypothesis, we evaluated the effect of the JNK 
inhibitor SP600125 (ref. 23) on SYK-induced apoptosis. The inhibi-
tion of JNK with SP600125 partly rescued the apoptosis induced by 
modulation of SYK(L) isoform expression in SKOV3ip1 cells (Fig. 4a),  
indicating that the SYK-induced phenotype is mediated at least in 
part by JUN activation. We conclude that the production of SYK(L) 
by alternative splicing promotes JNK-dependent cell survival.

SYK(L) promotes tumor malignancy
Our results suggest that increased expression of the SYK long iso-
form in tumors may increase not only cell survival but also cellular 
proliferation and tumor aggressiveness. To test this hypothesis, we 
monitored SYK splicing in a total of 18 ovarian cancer tissues from 
tumors of low malignant potential (LMP), grade 1 tumors (G1) and 
the aggressive grade 3 tumors (G3). Consistent with the idea that 
SYK regulates tumor aggressiveness, the expression of the SYK long 
isoform was higher in G1 tumors than in in LMP tissues, and higher 
still in G3 tumors (P value between LMP and G3 = 0.001; Fig. 4b). 
To further dissect the mechanism by which SYK splicing promotes 
aggressive tumor growth, we monitored the impact of silencing the 
SYK(L) isoform on anchorage-independent growth in vitro. The 
ability of SKOV3ip1 cells to form colonies in soft agar was mark-
edly inhibited in the presence of siRNAs against the long isoform 
or against both long and short isoforms (Fig. 4c). This indicates 
that—unlike the impact of SYK on apoptosis and mitosis, which 
requires a minimum expression of the short isoform—the effect 
on tumorigenesis is influenced by the expression level of only the 
long form, independent of the splicing ratio. We conclude that the 
expression level of the SYK long splicing isoform regulates tumor 
aggressiveness by promoting anchorage-independent growth and 
cell proliferation.

Splicing regulation is a common feature of the MAPK–JNK pathway
To determine whether alternative splicing–dependent regulation of 
gene function is limited to SYK or extends to other members of the 
MAPK–JNK pathway, we tested the functional impact of all cancer-
associated ASEs5 in this pathway. We examined a list of all cancer-
associated splicing events in genes with ontology terms related to 
phosphoinositide-3 kinase (PI3K) signal transduction or MAPK–JNK 
(http://palace.lgfus.ca/link/pheno_screen_pi3k-akt) for function  
in vitro as described in Figure 1. From this, we identified 13 cancer-
associated isoforms (see http://palace.lgfus.ca/link/mapk-jnk_anno-
tation for an annotation table) and validated previously undefined 
isoform-specific function for the MAP3K7 (TAK1) and MINK1 
kinases. In both cases, silencing the long splicing isoform of these 
two genes reduced cell viability by inducing apoptosis in SKOV3ip1 
cells (Supplementary Fig. 6). We conclude that alternative splicing 
has a crucial role in modulating the production of isoforms of players 
regulated by the MAPK/JNK pathway.

DISCUSSION
In this study we have presented a procedure for evaluating the func-
tional impact of alternative splicing on phenotypic parameters that 
are relevant to cancer. Moreover, we have uncovered cancer-specific 
alternative splicing events that promote cell proliferation and survival. 
Approximately 10% of all tested breast cancer–associated and ovarian 
cancer–associated splicing events significantly affected cell viability 
in vitro, confirming that splicing pattern changes in cancer are not 
simply an inconsequential anomaly of diseased cells, but instead may 
have been selected for functional advantages.

The strongest effect we observed on apoptosis resulted from inhibit-
ing the expression level of the long isoform of MCL1, a member of the 
BCL2 mitochondrial apoptotic regulator family. MCL1 is primarily 
localized to the outer mitochondrial membrane, where it promotes 
cell survival by interacting with other Bcl-2 family members24. Active 
MCL1 promotes cell viability by inhibiting the activation of caspases, 
leading to apoptosis. MCL1 has a short half-life because of its regula-
tion at multiple levels, including alternative splicing, allowing the 
rapid induction by survival signals or elimination of the protein by 
apoptotic signals25. Alternative splicing leads to skipping of MCL1 
exon 2 and deletion of the C-terminal transmembrane domain, result-
ing in protein mislocalization to the cytosol24.

Our results suggest that apoptosis is regulated by the expression 
level of the long isoform of MCL1 (Fig. 2 and Supplementary Fig. 4a).  
This observation is somewhat different from the results of earlier 
experiments, which showed that overexpression of the MCL1 short 
isoform, which lacks the pro-survival transmembrane and BH2 
domains, causes apoptosis18,26. In our hands, apoptosis was induced 
upon decreasing the expression level of the long isoform, even when 
the expression of the short isoform was not detectable by western 
blotting (Supplementary Fig. 4a). This suggests that apoptosis is not 
strictly dependent on increasing the amount of the short isoform. 
Apoptosis was not induced to the same levels by siRNAs against 
constitutive exons compared with those targeting the long isoform. 
However, close inspection of the level of knockdown suggests that 
global inhibition in these experiments did not reduce the amount of 
the long isoform to the same degree observed with the long isoform–
specific siRNA (Supplementary Fig. 4a and data not shown). Once 
again, the results are consistent with a long isoform–specific effect on 
apoptosis. Indeed, inhibition of the MCL1 long isoform by itself in 
skin cancer cell lines was also shown to cause apoptosis27. Therefore, 
in the case of MCL1, apoptosis seems to be regulated at least in part 
by changes to the expression level of the long isoform.

In addition to regulating the splicing of apoptotic genes, tumori-
genesis also impairs apoptosis by altering the splicing of kinases such 
as SYK28. We have found that ovarian tumors preferentially express 
the long isoform of SYK. Intriguingly, SYK is required for leuke-
mic B-cell proliferation and survival through regulation of MCL1 
expression15,16. This isoform was previously reported to affect the 

SYK(L)

SYK(L)

Cell survival
Proliferation

Mitosis

Microtubules

Cytoplasm

EGF

JUN
Nucleus

Figure 5 A model of the different functions of the SYK(L) pro-survival 
isoform. Extracellular growth factors such as EGF activate signal 
transduction pathways. The EGF signal promotes a splicing shift in 
the SYK long isoform, which affects SYK protein isoform subcellular 
localization and activities. SYK(L) can have at least two distinct functions 
depending on its cellular location: it can either enter the nucleus where 
it normally represses JUN expression and promotes cell survival, or in the 
cytoplasm it can associate with the centrosome and microtubules, where 
it is essential for mitotic spindle assembly and cytokinesis.
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 subcellular distribution of the SYK protein kinase via a nonclassical 
nuclear localization signal (NLS) located in the alternative exon19. 
Indeed, our data show that the SYK(L) isoform is nuclear, and changes 
in SYK splicing affect its nuclear localization, consistent with these 
observations. In addition, we find that modulation of SYK splicing 
causes cell-cycle perturbations and defective mitosis.

The involvement of SYK in cell proliferation and mitotic progres-
sion has been documented in breast cancer cells29,30. Furthermore, 
SYK has been shown to localize to the centrosomes, where it asso-
ciates with γ-tubulin31. SYK is also found in microtubules32 and it 
phosphorylates α-tubulin33, thus providing a possible explanation 
for why changing the splicing of this gene impairs mitosis. However, 
the mechanism by which SYK splicing exerts its effect on apoptosis 
seems to be mediated by the activity of c-JUN. The expression of this 
protein, which regulates the cell cycle and apoptosis22, was found to 
be modified upon changing SYK splicing (Supplementary Table 3). 
In addition, the SYK isoform–dependent apoptotic phenotype was 
rescued in the presence of JNK inhibitors, underlining the importance 
of c-JUN expression for the induction of SYK-dependent apoptosis. 
Together, the results are consistent with a model in which cancer cells 
promote cell survival by inducing the expression of the SYK pro-
 survival isoform, which in turn suppresses the expression of c-JUN 
and its target genes, thereby inhibiting apoptosis (Fig. 5).

SYK acts as a tumor suppressor in breast cancer, and loss of its 
expression is required for malignant growth and tumor cell inva-
sion29. Paradoxically, SYK can also act as an oncogene in other types 
of tumors, and SYK overexpression has been associated with T-cell 
lymphomas34 and chronic leukemias35 as well as gastric cancer36 and 
head and neck carcinomas37, in which its expression correlates with 
tumor progression and has prognostic value. These contradictory 
expression profiles of SYK in different tumor types are difficult to 
explain based on global gene expression. Confusion about the role of 
SYK in different cancers may be due in part to the methods used in 
these studies to evaluate the expression and the functional impact of 
SYK, because no distinction was made between the global and splice 
isoform–specific increase in SYK expression. It is possible that dif-
ferential expression of SYK(L) and SYK(S) may contribute to these 
disparate observations in different cancers.

In support of this, Wang and co-workers19 observed elevated SYK(S) 
expression in human breast carcinomas, but not in matched normal 
mammary tissues, suggesting a role for SYK(S) in mammary tumor 
progression. Consistent with a role for SYK alternative splicing in 
tumorigenesis, Goodman et al. have observed aberrant SYK splicing 
in childhood acute B-cell leukemias38. Alternatively, the differences in  
SYK behavior in different cancer types may be due to differences 
in the contribution of SYK to tumor biology. In this study, we have  
found that whereas apoptosis is affected only by changes in the splic-
ing pattern of SYK (Fig. 2a), mitosis and cell proliferation are affected 
by changes in both SYK splicing and expression (Fig. 3). In contrast, 
anchorage-independent growth (Fig. 4c) is driven mostly by overall 
SYK expression and not splicing. Accordingly, tumors that depend 
on SYK for viability will be mostly dependent on SYK splicing and its 
impact on c-JUN, which is cell-type specific, whereas those tumors 
that use SYK to modulate cell adhesion will be mostly affected by 
changes in the overall expression level of SYK. In our hands, we found 
that ovarian cancer and colorectal cancer cell lines are most sensitive 
to changes in SYK splicing whereas invasive breast cancer cell lines 
generally do not express SYK29 and therefore are not sensitive to SYK 
modulation in vitro (Supplementary Figure 5 and data not shown). 
Indeed, SYK splicing pattern was linked to ovarian and not breast 
cancer in vivo11,12. In all cases, our observations underline the need 

to re-examine previously established links between SYK gene expres-
sion and tumor behavior, with a clear distinction between isoform and 
global changes in gene expression.

The functional contribution of alternative splicing to cancer cell 
biology reported here is not static but responds to extracellular 
signals. Indeed, we observed increased exon inclusion in SYK 
and FN1-EDB alternative exons with short-term EGF treatment 
(Fig. 3e). This finding is consistent with previous reports indicating 
that FN1 alternative splicing is regulated by growth factors through 
the phos PI3K-AKT and Ras signal transduction pathways39. The 
effect of EGF on alternative splicing of SYK and FN1 is likely to be 
mediated by splicing modulators such as proteins of the serine– 
arginine-rich (SR) or heterogeneous nuclear ribonucleoproteins 
(hnRNP) families40. Indeed, knocking down hnRNP-K in SKOV3ip1 
cells changes the splicing pattern of these genes and promotes 
 apoptosis (Supplementary Fig. 7). Notably, EGF has been reported 
to regulate hnRNP-K expression and activity41, suggesting that the 
effect of EGF on SYK and FN1 alternative splicing could be mediated 
by hnRNP-K.

Components of the exon junction complex have recently been 
shown to regulate MAPK splicing and EGF signaling in Drosophila 
melanogaster42,43. It is therefore tempting to speculate on the exist-
ence of an additional layer of complexity involving alternative splicing 
in the EGF–Ras signaling axis that has functional consequences in 
tumor progression (Supplementary Fig. 8). Indeed, we found that 
apoptosis is induced by alteration of the splicing of the MAP3K7 
and MINK genes, both part of the MAPK cell survival pathway and 
previously linked to ovarian and breast cancers5 and to Ras-induced 
growth arrest in ovarian epithelial cells44, respectively. On the basis of 
these data, we propose that splicing acts as a modulator of cancer cell 
survival or cell death by regulating the EGF–MAPK–JNK pathway. 
It is also important to note that the impact of alternative splicing on 
the cell survival pathway is likely to be stronger than reported in this 
study, as the functional effect of many splicing events associated with 
cancer in vivo might be missed owing to the limited conditions and 
cell types that can be sampled in vitro.

METHODS
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/nsmb/.

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website.
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ONLINE METHODS
Cell culture and transfection. All cell lines were cultured in antibiotic- and 
antimycotic-free medium (Wisent). The ovarian adenocarcinoma SKOV3ip1 
cell line was grown in DMEM/F12 (50/50) medium supplemented with 10% 
(v/v) FBS and 2 mM l-glutamine. TOV112D endometrioid carcinoma cells 
and HCT116 colorectal adenocarcinoma were propagated in OSE medium 
or McCoy’s modified 5a medium (Wisent), respectively, supplemented with 
10% (v/v) FBS and 2 mM l-glutamine. Cell propagation and passaging were as 
recommended by the American Type Culture Collection (ATCC). Recombinant  
human EGF (Pepro-Tech) was used at 50 ng ml−1 for the EGF induction experi-
ment. For image analyses and RNA extractions, SKOV3ip1 cells were seeded in 
96-well tissue culture–treated imaging plates (BD Biosciences) at a density of 
5,000 cells per well. For immunoblotting and fluorescence-activated cell sorting 
(FACS) analyses, cells were seeded at 350,000 cells per well in six-well plates (BD 
Biosciences). Transfections were performed in suspension using Lipofectamine 
2000 (Invitrogen) according to the manufacturer’s protocol and 10 nM of 21-mer 
siRNA duplexes or 400 nM of TOSS oligonucleotides with 2-OMe chemical modi-
fications (IDT). Each oligonucleotide was transfected in randomly positioned 
wells in triplicate (technical replicates) on at least three different transfection 
dates (biological replicates). The transfection efficiencies were confirmed by 
transfecting a fluorescent AlexaFluor 488–conjugated negative control siRNA 
(AllStars siRNA, Qiagen) in every plate. For the rescue experiments, JNK inhibi-
tor II (SP600125, EMD Biosciences) was added 24 h after transfection at a final 
concentration of 10 µM.

Small interfering RNA and targeted oligonucleotide silencer of splicing oligo-
nucelotide design. To design long isoform–specific siRNA and TOSS, we used an 
algorithm identifying the alternatively included region46. All possible stretches of 
19 nt (siRNA) or 20 nt (TOSS) were extracted and scored (Supplementary Fig. 2).  
The top-scoring siRNAs and TOSS were used for the FASE screen. Refer to 
http://palace.lgfus.ca/data/related/1059 for all sequences. To perform global 
gene knockdown using siRNA, a global gene junction-ranking algorithm was 
developed (J.F.L., unpublished).

RNA extraction and quantitative PCR. Total RNA extractions were performed 
in 96-well plates with the Absolutely RNA Microprep Kit (Stratagene) as recom-
mended by the manufacturer, except that DNase treatments were done at 37 °C. 
RNA quality and the presence of contaminating genomic DNA were verified as 
described46. RNA integrity was assessed for 11 random samples per 96-well plate 
with an Agilent 2100 Bioanalyzer. Reverse transcription was performed at 55 °C 
on a fixed volume (5.5 µl) of RNA sample with Transcriptor (Roche Diagnostics), 
random hexamers, dNTPs and 10 units of RNaseOUT (Invitrogen) in a total 
volume of 10 µl. All cDNAs were diluted by adding 65 µl of RNase DNase-free 
water. Quantitative PCR reactions were performed on 1 ng cDNA as described46.  
Relative expression levels were calculated using the qBASE framework47 using 
PSMC4 and SDHA as reference genes. Primer design and validation were evalu-
ated as described46. Additionally, an algorithm was developed to design primer 
pairs targeting constitutive exon junctions of a given gene and were tested as 
described46. In every run, a no-template control and a no–reverse transcription 
control (no RT) on a mock-transfected sample were performed for each primer 
pair. These controls were consistently negative.

Apoptosis, viability and cell enumeration triplex assay. A 96-well multiplex 
assay was performed to simultaneously monitor viability, apoptosis and cell count 
in each well. Cells were stained 96 h after transfection with the following three 
fluorescent dyes: 1 µg ml−1 of propidium iodide (Invitrogen), 1:350 of annexin 

V–Alexa Fluor 647 (Invitrogen) and 800 ng ml−1 of Hoechst 33342 (Invitrogen) in 
an annexin-binding buffer (pH 7.4) composed of 10 mM HEPES, 140 mM NaCl 
and 2.5 mM CaCl2. High-content endpoint fluorescence images were acquired 
on a BD Pathway 855 BioImager (BD Biosciences) using a 20× objective with a 
laser-based auto focus and excitation and emission filters appropriate for each 
fluorescent dye. Experimental error was reduced with the acquisition of nine 
images (800 µm gap between each frame) per well per dye. Image pre-processing 
and segmentation were performed with Attovision 1.6 software (BD Biosciences). 
Thresholds were applied manually to identify propidium iodide and annexin V 
positive cells.

Soft agar colony formation assay. SKOV3ip1 cells were seeded at 5,000 cells 
per well and transfected in 96-well tissue culture–treated plates. At 24 h after 
transfection, the cells were trypsinized and seeded in a 1.2% agar base layer (MJS 
BioLynx) containing DMEM/F12 supplemented with 20% (v/v) FBS and 4 mM 
l-glutamine. Once the cell layer was solidified, 100 µl of medium was added 
to each well and the plates were incubated for 7 d at 37 °C under 5% CO2. On 
the seventh day, medium was removed, and the cells were stained for 1 h with 
Hoechst 33342 (5 µg ml−1). Fluorescence was measured on a FLX800 microplate 
fluorescence reader (BioTek Instruments).

Immunoblotting. Cells were collected from six-well plates 72 h after transfec-
tion, pooled and lysed as described48. Refer to Supplementary Methods for the 
conditions and the antibodies used.

Statistical analysis and quality-control metrics. A pilot screen was used to estab-
lish the dynamic range and robustness of the assay with Z-factor scores routinely 
in excess of 0.5 (Supplementary Fig. 3). The Z factor49 was determined by cal-
culating the average and s.d. of the randomly distributed triplicate wells of the 
positive-control RBM8A versus the Lipofectamine control wells for each plate.

Data processing and hit identification. The primary screening assay produced a 
multiplex readout of cell count, viability and apoptosis by a combination of three 
vital dyes (Fig. 1). Triplicate technical replicates of triplicate biological transfec-
tions were performed. A complete randomization of the plate was used each 
time to eliminate systematic instrument measurement errors (Supplementary 
Fig. 1). All valid plates were normalized by comparing to lipofectamine treat-
ment (Supplementary Fig. 9). A stringent statistical cut-off of 3 median absolute 
deviations50,51 above the median measurements per assay (corresponding to a 
robust Z score >3) was used to minimize false positives and ensure true-positive 
phenotypes50. This method is robust to outliers and can identify weak hits and is 
thus deemed ideal for RNAi screens50. All the steps for data processing, normali-
zation and hit calling are outlined in Supplementary Figure 9.

46. Brosseau, J.P. et al. High-throughput quantification of splicing isoforms. RNA 16, 
442–449 (2010). 

47. Hellemans, J., Mortier, G., De Paepe, A., Speleman, F. & Vandesompele, J. qBase 
relative quantification framework and software for management and automated 
analysis of real-time quantitative PCR data. Genome Biol. 8, R19 (2007). 

48. Venables, J.P. et al. Multiple and specific mRNA processing targets for the major 
human hnRNP proteins. Mol. Cell. Biol. 28, 6033–6043 (2008). 

49. Zhang, J.H., Chung, T.D. & Oldenburg, K.R. A simple statistical parameter for use 
in evaluation and validation of high throughput screening assays. J. Biomol. Screen. 4, 
67–73 (1999). 

50. Birmingham, A. et al. Statistical methods for analysis of high-throughput RNA 
interference screens. Nat. Methods 6, 569–575 (2009). 

51. Chung, N. et al. Median absolute deviation to improve hit selection for genome-scale 
RNAi screens. J. Biomol. Screen. 13, 149–158 (2008). 

©
 2

01
1 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.


	Alternative splicing of SYK regulates mitosis and cell survival
	RESULTS
	Functional analysis of cancer-associated splice variants
	Inhibition of tumor-associated variants induces apoptosis
	Alternative splicing of SYK controls cell cycle and mitosis
	SYK(L) isoform induces JUN-dependent cell survival
	SYK(L) promotes tumor malignancy
	Splicing regulation is a common feature of the MAPK–JNK pathway

	DISCUSSION
	Methods
	ONLINE METHODS
	Cell culture and transfection.
	Small interfering RNA and targeted oligonucleotide silencer of splicing oligonucelotide design.
	RNA extraction and quantitative PCR.
	Apoptosis, viability and cell enumeration triplex assay.
	Soft agar colony formation assay.
	Immunoblotting.
	Statistical analysis and quality-control metrics.
	Data processing and hit identification.

	Acknowledgments
	AUTHOR CONTRIBUTIONS
	COMPETING FINANCIAL INTERESTS
	References
	Figure 1 Strategy for functional annotation of cancer-associated ASEs.
	Figure 2 Targeting of SYK, MCL1 or FN1-EDB alternatively spliced isoforms induces apoptosis.
	Figure 3 SYK alternative splicing regulates cell-cycle progression and mitosis.
	Figure 4 SYK(L) promotes malignancy and anchorage-independent growth.
	Figure 5 A model of the different functions of the SYK(L) pro-survival isoform.




