
                                                                                              495www.cell-research.com | Cell Research, 15(7):495-503, July 2005

Ana GARCÍA-SACRISTÁN et alARTICLE

Protein kinase clk/STY is differentially regulated during erythroleukemia cell
differentiation: a bias toward the skipped splice variant characterizes
postcommitment stages
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ABSTRACT
Clk/STY is a LAMMER protein kinase capable to phosphorylate serine/arginine-rich (SR) proteins that modulate pre-

mRNA splicing. Clk/STY alternative splicing generates transcripts encoding a full-length kinase and a truncated catalyti-
cally inactive protein. Here we showed that clk/STY, as well as other members of the family (e.g. clk2, clk3 and clk4),
are up-regulated during HMBA-induced erythroleukemia cell differentiation. mRNAs coding for the full-length and the
truncated forms were responsible for the overall increased expression. In clk/STY, however, a switch was observed for
the ratio of the two alternative spliced products. In undifferentiated cells the full-length transcript was more abundant
whereas the transcript encoding for the truncated form predominated at latter stages of differentiation. Surprisingly,
overexpression of clk/STY did not alter the splicing switch upon differentiation in MEL cells. These results suggest that
clk/STY might contribute to control erythroid differentiation by a mechanism that implicates a balance between these
two isoforms.
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INTRODUCTION
Clk/STY (cdc-like-kinase, also known as Clk1) is a

protein kinase that was identified while searching for ty-
rosine kinases involved in mammalian cell cycle regulation,
differentiation programs and other cellular responses [1-
3]. What clearly differentiates clk/STY from other kinases
is a dual-specificity to phosphorylate tyrosine as well as
serine-threonine residues [1, 2, 4]. Clk/STY is consid-
ered an important member of the LAMMER subfamily of
protein kinases on behalf of a conserved amino acid mo-
tif reading “EHLAMMERILG”, that is found at the cata-
lytic subdomain X [5]. Members of the LAMMER sub-
family occur in a variety of organisms from yeast to hu-
man [5-11], showing a high degree of conservation in

those domains that are essential for phosphotransfer and
substrate recognition [12]. Furthermore, the ability of seve-
ral LAMMER kinases to modulate splicing could indicate a
common functional role [13-16].

Clk/STY is implicated in the regulation of constitutive
and alternative splicing through interactions with serine/
arginine (SR) rich proteins. In a yeast two-hybrid screen,
Colwill and co-workers identified several RNA-binding
proteins, all members of the SR family of splicing factors
[17]. It was also shown that clk/STY phosphorylates SR
proteins and that the phosphorylation status influences their
subnuclear localization [17, 18]. Clk/STY has been shown
to interact and phosphorylate other protein kinases [19] as
well as protein phosphatases [20].

Besides, clk/STY regulates its own splicing leading to
two alternative spliced transcripts encoding a full-length
catalytically active kinase and a truncated form lacking the
kinase domain and incapable of phosphorylation [4, 13].
When clk/STY is overexpressed in cultured cells, the ki-
nase together with SR proteins is homogeneously localized
throughout the nucleus. When the truncated form is
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overexpressed, however, both clk/STY and SR products
concentrate in storage compartments known as “nuclear
speckles” [10, 13, 17, 21, 22].

Three other clk proteins have been described in
mammals: clk2, clk3 and clk4 [8, 10, 23, 24]. As in the
case of clk/STY, the clk2, 3 and 4 kinases also show
alternative splicing and the exon/intron boundaries of the
originally described “exon B” [4] are conserved [8, 10].
Inclusion of the “B-like exon” in clk2, 3 and 4 produces a
full-length catalytically active protein. On the contrary,
the lack of “B-like exon” introduces a premature stop codon
giving rise to a protein missing the kinase domain. Like
clk/STY, all variants encode autophosphorylating proteins
that can phosphorylate and colocalize with SR proteins
[10, 25-27].

Regulation of the phosphorylation status of SR pro-
teins by clks has been shown to exert specificity. Mem-
bers of the clk family selectively regulate exon 10 usage
of the tau microtubule-associated protein, being clk2 the
kinase showing the strongest effect [28]. Kic1 kinase, an
orthologue of clk/STY in  Schizosaccharomyces pombe, was
also suggested to have preferential targets [11] and only
the inactive isoform of clk4 interacts with an SR-rich-
related protein [29]. It was recently reported that the abil-
ity of clk/STY to recognize different SR proteins is influ-
enced by the extent and nature of autophosphorylation
[30].

The biological role of clk/STY is not yet fully characte-
rized. Members of the LAMMER subfamily are implicated
in development and cell differentiation. Clk/STY triggers
neuronal differentiation in PC12 cells [31]. Expression of
stable transfectants mimics activation of the growth fac-
tor-dependent kinase cascades and results in a neuronal
phenotype. Clk/STY is also developmentally regulated in
P19 EC stem cells treated either with retinoic acid to pro-
voke differentiation into neural lineage or DMSO for car-
diac and skeletal muscle lineage [2]. In Drosophila, muta-
tions in the LAMMER kinase Doa alter sexual differentia-
tion and activity of the Doa locus is required for develop-
ment of embryonic tissues [14, 32]. It was recently shown
that the pk12 LAMMER kinase also modulates develop-
ment and gene expression in tobacco cells [16].

Here we showed that the expression of all members of
the clk family is modulated during murine erythroleuke-
mia (MEL) cell differentiation. While screening a cDNA
library searching for genes involved in the response to
HMBA (hexamethylene bisacetamide) in this cell line we
found clk/STY as a potential candidate. We found that
clk/STY as well as clk 2, 3 and 4 was up-regulated during
induced differentiation. Transcripts coding for the full-
length or the truncated form lacking the kinase domain
were responsible for the overall expression increase. The

ratio of these two transcripts, however, changed along
differentiation. After commitment, when most cells were
already differentiated, the truncated form of clk/STY ex-
ceeded that one including the “B-like exon”. When clk/
STY was overexpressed, a bias toward the truncated form
was still observed at latter stages of differentiation.

MATERIALS AND METHODS
Cell culture

MEL-DS 19 cells were maintained in Dulbecco’s modified Eagle’s
(DME) medium supplemented with 10% fetal bovine serum (FBS)
and 100 units/ml of penicillium and streptomycin (Gibco), in a hu-
midified incubator at 37ºC in the presence of 5% CO2. Differentia-
tion of MEL cells was induced by exposing logarithmically growing
cultures to 5 mM HMBA. MEL-R (MEL resistant) was established
by successive passes in the presence of the inducer and was rou-
tinely culture in DME with 5 mM HMBA. Hemoglobinized cells
were monitored by determining the proportion of benzidine-staining
positive cells (B+) in the culture.

Isolation of RNA and Northern analysis
Total RNA was isolated from 1×107 growing cells using the Trizol

reagent as described by the supplier (Gibco BRL). RNA samples (15
µg) were electrophoresed through formaldehyde-agarose gels and
transferred to Zeta-probe blotting membranes (Bio-Rad) in 10×SSC.

Radioactive  hybridization
Prehybridization was carried out in 50% Formamide, 50mM

NaH2PO4 pH 6.8, 0.1% SDS, 5×SSC, 0.1% Sodium Pyrophosphate,
5×Denhardt solution, and 300 µg/ml sonicated salmon sperm DNA
at 42ºC. After 3-4 h, 1×107 cpm/ml of DNA probe labelled with 32P-
dCTP by random priming was added and incubated at 42ºC overnight.
The membranes were washed successively in 2×SSC/0.1% SDS,
1×SSC/0.1% SDS, 0.5×SSC/0.1% SDS, 0.1×SSC/0.1% SDS at room
temperature and twice in 0.1×SSC/0.1% SDS at 65ºC.

Non-radioactive  hybridization
Prehybridization was carried out in 0.5 M NaH2PO4 pH 7.2, 7%

SDS, 1% BSA and 300 µg/ml sonicated salmon sperm DNA, at 65ºC.
After 3-4 h, DNA probe labelled with Random Primer Fluorescein
kit (NEN Life Sciences Products) was added and incubated at 65ºC
overnight. The membranes were washed twice in 40 mM NaH2PO4,
1% SDS at room temperature, for 10 min, followed by 30 min at 65ºC
in the same solution. Detection was performed with an antifluorescein-
AP conjugate and CDP-Star (NEN) according to the instructions
provided by the manufacturer.

Western blot analysis
Transfected MEL cells (1×107) were pelleted, washed twice in

cold PBS and lyzed in RIPA buffer (150 mM NaCl, 1% NP-40, 0.1%
SDS, 50 mM Tris-HCl pH 8.0, 1% Sodium deoxycholate) at 4ºC,
followed by sonication. Lysates were concentrated with Microcon-
amicon YM-3 (Millipore) and equal amount of protein (50 µg of
total protein) were resolved by 10% SDS-polyacrylamide gel
electrophoresis. Proteins were electrotransferred to IMMUN-BLOT
PVDF membranes (Bio-Rad), blocked with 5% nonfat milk in TBS-
T buffer (20 mM Tris pH 7.6, 137 mM NaCl, 0.1% Tween-20) for 1
h at room temperature and incubated with a rat monoclonal anti-HA
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antibody (1:500, Roche). The secondary antibody reaction was per-
formed with horseradish peroxidase-conjugated rabbit anti-rat anti-
body (1:1000, DAKO). HRP activity was detected using the
SuperSignalWest Pico chemiluminescent substrate (Pierce).

cDNA cloning and RT-PCR analysis
Clk/STY complete cDNA was amplified by PCR from the GST/

Clk plasmid (a gift from Dr. John BELL) using the primers forward
5'-CGC GGA TCC ATG AGA CAT TCA AAG AGA ACT-3' and
reverse 5'-ATA GTT TAG CGG CCG CCG TAT GCT TTT TAA
GTG-3'. Clk 2, 3 and 4 complete cDNAs were obtained by RT-PCR
using forward and reverse primers described in [10]. PCR products
were gel purified and cloned into the pSTBlue-1 plasmid (Novagen).
For RT-PCR reactions 5-15 µg of total RNA extracted from MEL
cells was reverse-transcribed at 42ºC for 45 min in the presence of
2.25 µM oligo-dT (Roche), 500 µM each nucleotide, 10 units RNasin
and 5 units M-MLV reverse transcriptase (USB). PCR reactions
were performed using 200 µM each nucleotide, 0.5 µM sense and
antisense primers and 5 units of Ampli-Taq polymerase (Perkin
Elmer) in a 50 µl total volume. PCR conditions were: 94ºC for 1 min,
55ºC for 1 min, and 72ºC for 2 min, 30 cycles. Exon exclusion/inclu-
sion in clk/STY, 2, 3 and 4 was analyze by PCR amplification using
the following primers: clk/STY forward 5'-ATG AGA CAT TCA
AAG AGA ACT-3', clk/STY reverse 5'-TCC ACC ACT TTT CCG
AAA GCA-3', clk2 forward 5'-TCC CCC GGG ATG CCC CAT
CCC CGA AGG TAC CA-3', clk2 reverse 5'-CTG CAC AAC TCG
GCC CGA ATG-3', clk3 forward 5'-ATG CAT CAC TGT AAG
CGA TAC CG-3', clk3 reverse 5'-AAG CAC TCC ACC ACC TTG
CCA AA-3' and clk4 forward 5'-CGG AAT TCA TGC GGC ATT
CCA AAC GAA CTC-3', clk4 reverse 5'-GCA CTC TAC AAC
TTT GCC AAA GGC-3'. PCR conditions were 94ºC for 30 sec,
55ºC for 1 min, 72ºC for 1 min, 30 cycles for clk1, 2 and 3; 94ºC for
30 sec, 65ºC for 1 min, 72ºC for 1 min, 30 cycles for clk4. Glyceral-
dehyde phosphate dehydrogenase (GAPDH) used as a control was
amplified with the primers: forward 5'-ACC ACA GTC CAT GCC
ATC AC-3' and reverse 5'-TCC ACC ACC CTG TTG CTG TA-3',
for 20 cycles.

Construction of clk/STY-expression vectors and cell trans-
fection

Clk/STY cDNA was amplified by PCR from the GST/STY plas-
mid (a gift from J. BELL) using BamH1 and NotI tagged primers:
forward 5'-CGC GGA TCC ATG AGA CAT TCA AAG AGA ACT-
3' and reverse 5'-ATA GTT TAG CGG CCG CCG TAT GCT TTT
TAA GTG-3'. Clk/STYtr cDNA was obtained by RT-PCR from
MEL cells. PCR reactions were performed using forward 5'-ATG
AGA CAT TCA AAG AGA ACT-3' and reverse 5'-ATA GTT TAG
CGG CCG CCG TAT GCT TTT TAA GTG-3' primers. PCR prod-
ucts were cloned into the pSTBlue-1 vector (Novagen) and selected

by colony PCR followed by sequencing confirmation. Clk/STYtr

cDNA was then amplified using BamH1 and NotI tagged primers:
forward 5'-CGC GGA TCC ATG AGA CAT TCA AAG AGA ACT-
3' and reverse 5'-ATA GTT TAG CGG CCG CAA GTA TCA ACA
ATT TCA-3'. Both clk/STY and clk/STYtr PCR products were intro-
duced into the pEBBpuro-HA expression vector, a gift from G.
CHENG, UCLA [33]. For stable transfections, 3 µg of each
pEBBpuroclk1-HA and pEBBpuroclktr-HA were introduced into
MEL cells using lipofectine (Gibco) as previously described [34].
Individual clones obtained by limited dilution were selected and main-

tained in medium containing 5 µg/ml puromycin. Clones were ex-
panded and analyzed by Western blot for expression of the clk
constructs. For transient experiments cells were transfected with the
GFP-C1 expression vector (Clontech) fused to clk/STY or clk/STYtr.
After 24 h cells were washed in cold PBS and processed for immuno-
fluorescence.

RESULTS
Expression of clk/STY, clk2, clk3 and clk4 in HMBA-
treated murine erythroleukemia cells

We identified clk/STY while screening MEL cDNA li-
braries constructed from poly A+ RNA isolated from MEL
cells grown in the presence of HMBA [34, 35]. After two
rounds of differential hybridization with complex probes
derived from uninduced and HMBA-induced cells and
Northern analysis, a 900 bp clone was identified as an up-
regulated cDNA during differentiation. When compared
to the Genbank/EMBL database we found that the DNA
sequence corresponded to a partial cDNA 95% homolo-
gous to the previously described clk/STY [2]. We next
examined the expression of clk/STY throughout HMBA-
induced differentiation. Fig. 1A shows a Northern blot of
total RNAs isolated from untreated cells or cells treated
from 1 up to 120 h with 5 mM HMBA. We confirmed that
the percentage of benzidine positive cells (B+) in the cul-
ture exceeded 90% after five days of treatment. Using the
full-length cDNA as a probe, two transcripts of about 3.2
and 1.8 kb were detected. This result agreed with previ-
ous observations made in several cell lines and tissues [1,
2, 4, 10]. The 3.2 kb band corresponded to an incom-
pletely processed transcript that accumulated in the nucleus
[4]. The 1.8 kb band exhibited a diffuse pattern probably
due to co-migration of two alternative spliced forms [4].
In untreated MEL cells we observed low levels of both the
3.2 and the 1.8 kb transcripts. After exposure of the cells
to HMBA there was a slight decline of expression at
precommitment stages that lasted 4-6 h. Afterward, the
level of clk/STY mRNA increased steadily reaching its high-
est value after 120 h of culture in the presence of the
inducer (Fig. 1A). Similar results were observed for clk2,
clk3 and clk4 cDNA probes in Northern analyses of un-
treated and differentiated cells (Fig. 1B). All three genes
were expressed at low levels in MEL cells (0 h) but their
expression became conspicuous after 120 h in the pres-
ence of HMBA. Expression of clk4 was very low in both
uninduced and differentiated cells, and only a weak signal
was detected after increasing the amount of total RNA in
the blot.

Expression of alternatively spliced forms throughout
MEL differentiation

Clk/STY is alternatively spliced to produce a 1.8 kb and
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a 1.7 kb transcripts that code for a complete active kinase
and a truncated form, respectively [4]. Differences be-
tween the two spliced forms reside in the inclusion/exclu-
sion of exon 4 (originally described as “exon B” [4] out of
13 exons present in the clk/STY genomic sequence (data
obtained from the Mouse Genome Sequencing Consor-
tium [36], http://www.ensembl.org/). Clk2, clk3 and clk4
follow a similar splicing mechanism [10] with exon 4 (out
of 13 exons) inclusion/exclusion at analogous locations.
Based on the observation that clk/STY as well as clk2, 3
and 4 isoforms are up-regulated along MEL differentiation,
we investigated whether or not both the 1.8 kb and the 1.7
kb transcripts followed the same pattern. RT-PCR reac-
tions were performed using primers that contained the
ATG initiation codon at the 5' end and primers located
after exon 4 for the 3' end of the amplified fragments for

each of the isoforms (Fig. 2). RT-PCR reactions were
carried out from uninduced MEL cells and cells treated for
120 h with HMBA (Fig. 3A). The two predicted bands,
products of alternative splicing were clearly observed. The
ratio between the two bands, however, was dramatically
altered. The 527 bp upper band that included exon 4 (+)
prevailed over the truncated form (-) in untreated MEL
cells but the situation was the reverse after differentiation.
When a similar experiment was performed with an MEL
resistant clone that does not differentiate when constantly
exposed to HMBA, prevalence of exon 4 inclusion was
observed (Fig. 3A). This indicated that inclusion/exclu-
sion of exon 4 is not affected by HMBA but directly corre-
lates with cell differentiation. RT-PCR reactions were also
performed for each of the clks from uninduced cells and
cells treated from 6 up to 120 h with HMBA (Fig. 3B). The
two expected bands were observed in all clks but the ratio
in each case varied between isoforms and throughout

Fig. 1 Clk/STY, clk2, clk3 and clk4 expression during HMBA-in-
duced MEL cell differentiation. (A) Fifteen micrograms of total RNA
isolated from untreated (0) or treated with 5 mM HMBA for 1 up to
120 h were analyzed by Northern blot hybridization. A fluorescein-
labelled fragment corresponding to the full-length clk/STY cDNA
was used as a probe. (B) Fifteen micrograms of total RNA for clk2
and clk3 and twenty five micrograms for clk4 isolated from un-
treated (0) or treated with 5 mM HMBAduring 120 h were analyzed
by Northern blot. Radioactive probes corresponded to complete
cDNA fragments from clk2, clk3 and clk4, respectively. Ethidium
bromide staining was used as a control of integrity and equal loading
of the samples in A and B.

A

B

Fig. 2 Schematic representation of clk/STY, clk2, clk3 and clk4 cDNAs.
Each segment is drawn in scale and includes the region between the
ATG initiation codon and the TGA stop codon of the full length
protein. Black areas inside the segments correspond to exon 4 (E4).
Arrows below each segment correspond to the full-length and trun-
cated protein, respectively, resulting from alternative splicing of exon
4. Amino acid values for full-length and putative truncated protein
are indicated. Arrowheads above each segment indicate the position
of the primers used in RT-PCR reactions to amplify both the com-
plete and the truncated isoforms.
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differentiation. Again for clk/STY the upper band prevailed
over the lower band in undifferentiated cells. This situa-
tion persisted after exposure of the cells to HMBA until
commitment and early differentiation. 96 h later we ob-
served the bias toward the truncated form that became
more conspicuous at 120 h. A high percentage of exon
exclusion was also observed for clk4 although in this case
the ratio between isoforms remained similar at every time-
point. There was a moderate increase of expression for
both isoforms at 6 h. Additional bands were also amplified

in this case even at very stringent PCR conditions (Fig.
3B). These extra bands corresponded to a different spliced
product that contained an additional putative exon
(unpublished results). Clk2 and clk3 amplification exhib-
ited a prevalence of the band including exon 4 with an
unforeseen exception at pre-commitment stages (6 and
12 h) in clk2. The alternative spliced transcript lacking
exon 4 was minoritary in clk3 throughout differentiation

Fig. 3 RT-PCR analysis of clks transcripts during MEL cell
differentiation. (A) Total RNA from undifferentiated (U), differenti-
ated (D) MEL and from MEL-R cells were reverse transcribed and
amplified by PCR using 5' primers that include the ATG-initiation
codon and 3' end primers flanking exon 4 (see Fig. 2). PCR products
were normalized to GAPDH, electrophoresed on a 1.8% agarose gel
and stained with ethidium bromide. Upper and lower bands corre-
spond to transcripts that include (+) or exclude (-) exon 4. M: marker.
(B) Total RNA from undifferentiated MEL cells (0) or cells treated
with 5 mM HMBA from 6 up to 120 h were reverse transcribed,
amplified and processed as in (A). M: marker.
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Fig. 4 Characterization of clk/STY MEL cell transfectants. (A) MEL
cell clones were selected in puromycin containing media. Total cellu-
lar protein extracts were prepared and the level of clk/STY-HA fu-
sion protein was determined by Western blot using a HA-antibody.
Clone numbers appear above each lane. (B) Total RNA from undif-
ferentiated MEL clone 3a2 (0) or cells treated with 5 mM HMBA for
24, 48, 72 or 100 h were reverse transcribed and amplified by PCR
using 5' primers that includes the ATG-initiation codon and 3' end
primers flanking exon 4 (see Fig. 2). PCR products were normalized
to GAPDH, electrophoresed on a 1.8% agarose gel and stained with
ethidium bromide. Upper and lower bands correspond to transcripts
that include (+) or exclude (-) exon 4. M: marker. (C) Percentage of
exon exclusion in the 3a2 transfectant.
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(Fig. 3B). In summary, we showed that both the com-
plete and the truncated isoforms of all clks were expressed
during differentiation. A switch in prevalence favoring the
truncated form, however, was significant for clk/STY.

Forced expression of clk/STY enhances exon exclusion
RT-PCR experiments showed that clk/STY exon ex-

clusion occurred primarily during latter stages of MEL
differentiation. This observation suggests that the ratio
between the complete and the truncated clk/STY isoforms
could be regulated during the process. To test whether an
unbalance of this ratio affects differentiation, clk/STY
cDNA fused in frame with a HA-tag was cloned into the
pEBB mammalian expression vector and used to generate
stable MEL transfectants. Clones growing in a selective
medium were checked for proper expression by Western
blotting (Fig. 4A). Selected clones were then induced to
differentiate with HMBA and we counted the percentage
of benzidine positive (B+) cells. No significant differences
were appreciated between mock and clk/STY stable
transfectants (data not shown). Next we carried out RT-
PCR experiments to look for the ratio of clk/STY com-
plete and truncated isoforms. Fig. 4B shows the results
obtained with clone 3a2. As expected for constitutive
expression, in untreated cells the clk/STY complete cDNA
exceeded the truncated form in a significant manner and
consequently the percentage of exon exclusion remained
low (Fig. 4B and C). As differentiation proceeded, however,
the ratio changed favoring the truncated isoforms. At lat-
ter stages the percentage of exon exclusion reached val-
ues close to 50%, similar to those observed for control
MEL cells (Fig. 3A and B). These results strongly suggest
a tight regulation between clk isoforms. Moreover, this
regulation seemed to favor an excess of the truncated form
toward the end of the differentiation process. Stable
transfectants were obtained also for the clk/STY-truncated
construction. In that case, however, no clktr-HA chimeric
protein was detected. We performed 3 independent trans-
fections and obtained a total of 113 clones from which
approximately a third was analyzed by Western blotting.
Some of the transfectants were randomly chosen to per-
form RT-PCR reactions and although significant amounts
of the mRNA truncated isoforms were present in some of
the clones, no protein was detected.

DISCUSSION
SR proteins are essential components of the splicing

machinery that exert its function through phosphoryla-
tion/dephosphorylation cycles [37, 38]. The clks LAMMER
proteins are among those kinases capable to phosphory-
late SR proteins [17]. Here we showed that the expres-
sion of clk/STY as well as other members of the clk family

was modulated throughout HMBA-induced differentiation
in MEL cells (Fig. 1A and B). Very low levels of clks ex-
pression are characteristic of untreated MEL cells, par-
ticularly for clk/STY. Almost immediately after the cells
were exposed to the inducer there was a further decline of
clks mRNA levels. This is a recurrent pattern during MEL
early differentiation stages that was already described for
a number of genes such as c-myc, c-myb, PU.1, GATA,
EKLF, Hsp70, ribosomal S5 and Ran [34 and references
therein]. This effect is probably a consequence of the pro-
longed G1 phase that takes place after exposure to the
inducer causing a temporal transcription delay [39].
Moreover, reprogramming MEL cells into terminal differ-
entiation requires also the inhibition of specific cyclin-de-
pendent kinases that is restricted to the G1 phase of the
cell cycle [40, 41]. After commitment, when the cells irre-
versibly resume their differentiation program [42], clk/STY
mRNA levels steadily increased (Fig. 1A). Similar results
were observed for P19 stem cells treated with retinoic
acid (RA) to differentiate into neurons and astroglia [2]. In
RA-treated cultures there is an overall increase in the level
of expression of clk/STY. However, when the same cells
are treated with DMSO to produce cardiac and skeletal
muscle cells, clk/STY transcripts decrease with time. These
findings are consistent with the high level of expression
observed in neural and hematopoietic tissues and cell lines
[1-3, 10]. Taken together, the results obtained with P19
and MEL cells suggest that modulation of clk/STY expres-
sion during cell differentiation does not follow a unique
pattern but is specific for different tissues and cell lines.

Here we confirmed that the clk/STY mRNA level in-
crease observed throughout MEL differentiation did not
correspond to an equal accumulation of the two alterna-
tive isoforms. The 1.8 kb transcript encoding the com-
plete active kinase predominated in untreated cells and early
committed stages. There was a shift toward the isoform
encoding the truncated protein, however, at latter stages
of differentiation (Fig. 3A and B). This switch was not
observed in MEL-R cells. This observation indicated that
prevalence of the truncated form was related to differen-
tiation itself and not to the presence of HMBA. These re-
sults suggest a regulation based on the balance between
the two isoforms. Duncan and co-workers showed that
clk/STY and clk-truncated proteins influence their own
splicing in a different manner [13] and support the hy-
pothesis that the truncated protein might be a natural an-
tagonist of clk/STY activity.

The results we obtained using stable transfectants
overexpressing clk/STY strengthened the idea of a com-
petitive regulation between the two isoforms. Constitutive
exogenous expression of clk/STY would trigger exon in-
clusion in untreated MEL clones. As differentiation
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resumed, a pressure favoring the truncated isoforms would
build-up in a percentage similar to exon exclusion in wild
type cells (Fig. 4B and C).

Unfortunately, we failed to detect the truncated protein
following selection of stable transfectants that constitu-
tively express the exon 4-exclusion isoform. Menegay and
co-workers generated polyclonal antibodies against clk/
STY N-terminal region [43] and observed abundant full
length, but not truncated clk/STY protein in PC12 cell
lysates. On the other hand, clk/STY full length and trun-
cated proteins were readily detected using epitope-tagging
expression vectors [4, 13, 26]. These vectors include clk/
STY tagged with a six-repeat Myc epitope increasing the
molecular mass of the proteins by approximately 10 Kda
[4]. We can speculate that the clk/STY-truncated protein
is very unstable or even not viable. The truncated form
might readily form and become stabilized, however, when
fused to other sequences.

Alternative splicing is emerging as an essential mecha-
nism for the regulation of gene expression [44, 45]. Ex-
pansion of the genome capacity by producing multiple func-
tional proteins is the most recognizable advantage.
However, alternative splicing can also produced isoforms
that would be recognized as targets for degradation. In
fact, one-third of alternative transcripts examined from
known human genes are potential targets for nonsense-
mediated mRNA decay (NMD) [46]. Clk/STY, as well as
clk2, 3 and 4, are all candidates for NMD. In all these
cases exclusion of exon 4 causes a frameshift resulting in
the introduction of premature stop codons. However, NMD
should lead to rapid mRNA degradation; instead we de-
tected an accumulation of the truncated clk/STY mRNA.
We speculate that either NMD proceeds in a slow fashion
or there is another mechanism involved in the processing
of mRNA. Autoregulation via alternative splicing and NMD
has been described for other members of the splicing ma-
chinery such as PTB [47], SC35 [48], TIA and TIAR [49],
Srp20 [50], ADAR2 [51] and hnRNPA1 [52]. These ob-
servations led Wollerton and co-workers to propose a com-
mon mechanism for gene expression control [47]. Exon 4
in clk/STY is flanked by introns containing several cis-
acting sequences optimal for the PTB protein binding (data
not shown). PTB is recognized to act as a splicing repres-
sor and is a candidate to promote exon exclusion in clks.

Regulation of alternative pre-mRNA splicing during
erythroid differentiation has been widely documented [53].
Special attention is given to the alternative splicing of pro-
tein 4.1, a structural component of the red blood cell cy-
toskeleton [54-56]. It was suggested that regulation of
protein 4.1 during erythroid maturation is a major and es-
sential event related to structural and functional differences
between proerythroblasts and mature red cells [55]. Also,

Lallena and co-workers demonstrated that protein 4.1 as-
sociates with factors involved in pre-mRNA splicing and
that 4.1 overexpression causes redistribution of the SR-
protein SC35 [57].
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