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Abstract

Alternative splicing has emerged as a vital way to expand the functional repertoire of a set number
of mammalian genes. For example, such changes can dramatically alter the function and cellular
localization of transcription factors. With this in mind, we addressed whether EKIf/KIf1 mRNA,
coding for a transcription factor that plays a critical role in erythropoietic gene regulation, is
alternatively spliced. We find that EkIf mMRNA undergoes exon skipping only in primary tissues
and that this splice variant remains at a very low level in both embryonic and adult erythroid cells,
and during terminal differentiation. The resultant protein is truncated and partially encodes a non-
EKLF amino acid sequence. Its overexpression can alter full-length EKLF function at selected
promoters. We discuss these results in the context of stress and with respect to recent global
studies on the role of alternative splicing during terminal erythroid differentiation.
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Introduction

Methods

Hematopoiesis is the process by which all terminally differentiated blood cells develop from
a pool of uncommitted stem and progenitor cells. They comprise a small number of cells
that have the ability to differentiate into larger numbers of lineage restricted progenitor cells,
which in turn terminally differentiate into all the mature cell types belonging to the various
myeloid and lymphoid lineages (reviewed in [1]). Transcription factors direct expression of
lineage-restricted target genes that exert intracellular control of these commitment steps,
resulting in the correct homeostatic balance of proliferation versus differentiation [2].

Among these lineage-restricted regulators is EKLF/KLF1 (erythroid Kriippel-like factor), an
erythroid-enriched transcription factor with well-defined and critical roles in transcriptional
control of genes relating to red cell differentiation, proliferation, and survival [3-5]. We and
others have had a long-standing interest in dissecting the various post-translational
modifications and protein-protein interactions that fine-tune EKLF’s function as a regulator
of erythroid gene expression [6].

Despite the presence of a classical nuclear localization signal (NLS) in the EKLF
transactivation region, and a zinc finger domain that itself functions as an NLS [7, 8], a large
proportion of cellular EKLF localizes to the cytoplasm in primary erythroid cells and
erythroid cell lines [9-12]. The differential localization of KLF6 splice variants [13] raises
the question whether cytoplasmic EKLF might also arise from a differentially spliced
isoform. In addition, EKIf isoforms arising from testis-specific promoters have recently been
described [14]. To obtain a more complete understanding of EKLF function in
erythropoiesis, we investigated whether there are alternative EKIf transcripts in erythroid
cells.

K562 cells were maintained in RPMI (Gibco) supplemented with 10% FBS (Cellgro). 293T,
MEL, and Cos7 cells were maintained in DMEM (Gibco) supplemented with 10% FBS.
Cells were cultured at 37°C and 5% CO2. DMSO induction of MEL cells was performed
using 0.6x1076 cells/ml in 1.5% DMSO for five days. Fetal livers were cultured under
extensively self-renewing erythroblast conditions and differentiated as described [15].

Full length EKIf expression vector (pSG5/FLAG-EKLF) has been described [16]. The EKLF
SV version was constructed by PCR cloning of exons 1 and 3 and placement back into
pSG5/Flag. The B-HS2/luciferase, BkIf(1b) promoter/luciferase, Ahsp promoter/luciferase,
and p21 (site 3) promoter/luciferase reporter constructs have been described [17-20].

For analysis of stress effects, spleens were isolated from three phlebotomized female mice
along with three untreated females as previously described [21].

RNA isolations were performed using TRI reagent (Sigma). For non-quantitative analyses,
cDNA was synthesized using the Promega Reverse Transcription System with a
combination of random primers and oligo dT(15). PCR amplification of EKIf transcripts was
carried out with primers [22] for 30-35 PCR cycles. For quantitative analyses, RNA was
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subjected to DNAse digestion and cDNA synthesis using iScript cDNA synthesis kit (Bio
Rad). qPCR was performed using Quantitect SYBR green reagent (Qiagen). Absolute
quantification of splice variant (SV) Ekif and full length (FL) EKIf transcripts was done using
standard curves generated with serial dilutions of SV EkIf or FL EkIf cDNA containing
template plasmids and SV EKLF-specific (FP5’GGAGGACTTCCTCAAGGAGAGY;
RP5'CAGAGGTGACGCTTCATGTG3?') or FLEKIf-specific (FP:
5GAGGACTTCCTCAAGTGGTGY; RP: YGGAACCTGGAAAGTTTGTAAGGY)
primers. Primer specificity and size of the qPCR products was confirmed on an agarose gel.

Transfections for transactivation studies were performed using DMRIE-C (Invitrogen)
according to the manufacturer’s protocol as adjusted for K562 cells [23]. Luciferase reporter
activity was assayed with the Dual-Luciferase Reporter Assay System (Promega).

Constructs coding for FLAG-EKLF and FLAG-SV proteins were transfected into COS7
cells using DMRIE-C. Protein extracts for analysis were derived from cells lysed with NP40
buffer [22]. Western blot analysis of the small EKLF SV protein was performed after slow
electophoretic separation of proteins in a 16.5% Tris-Tricine gel (Biorad) followed by
transfer to 0.2 uM PVDF (Hybond). FLAG-tagged Proteins were detected with anti-FLAG
M2 antibody (Sigma) and normalized to GAPDH (Pierce).

An alternatively spliced variant of EkIf is expressed in primary hematopoietic tissue

RT-PCR was performed on mRNA expressed in the murine erythroleukemia (MEL) cells
using primers that spanned the full-length transcript. Only one PCR product (approximately
1.3 kb) corresponding to full length EkIf is observed from cDNA obtained from MEL cells
(Fig. 1A). The absence of any isoforms other than full length in MEL cells that contain
EKLF protein in both nucleus and cytoplasm (as monitored by western blot and
immunofluorescence [10]) suggests that differential EKLF subcellular localization is not due
to alternative splicing.

However, the same test using mRNA from primary murine E13.5 fetal liver and adult bone
marrow cells unexpectedly reveal a second, much smaller transcript of 400 bp (Fig. 1B). We
determined the sequence of the PCR product by direct sequencing. To confirm the sequence
and to determine the existence of other lower abundance EKIf transcripts, we TA-cloned the
PCR products and sequenced the resulting plasmids. In both cases, Sanger sequencing show
that this transcript lacks exon 2, which is normally present in full-length EkIf (Fig. 1C);
analysis of the TA-cloned PCR cloned products also show that full-length EkIf and the
smaller splice variant presented here were the only Ekif-derived gene products that were
amplified with our primers. These data uncover the presence of an additional EKIf splice
variant (SV) that is expressed in primary murine hematopoietic tissues.

EkIf SV expression is not developmentally regulated and is expressed at a very low level in
primary erythroid cells

To quantitatively determine the levels of SV expression, we designed isoform-specific PCR
primers to monitor expression of the splice form by gqRT-PCR (Fig. 2A). Using these
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primers, we find that the relative abundance of EKIf SV to full-length is consistently less
than 2% in primary fetal liver, adult spleen, and bone marrow, demonstrating that SV
expression remains quite low in embryonic and adult erythroid tissues (Fig. 2B).

To determine if the presence of SV is regulated during erythroid differentiation, we cultured
murine fetal liver cells under conditions that favor proliferation or terminal differentiation
[15]. This protocol entails an expansion phase where robust generation of actively renewing
erythroblasts are generated, followed by a differentiation phase that yields a high percentage
of terminally maturing cells that include enucleated reticulocytes. While full-length
transcripts increase during erythroid terminal differentiation consistent with increased
expression of EKLF target genes, the levels of SV transcript remain constant (Fig. 2B). We
also assayed SV expression by end-point PCR in MEL cells induced to differentiate with
DMSO, and do not observe any new expression of SV (Fig. 2C). Collectively, these data
indicate that SV expression in primary tissues is not regulated during development or
differentiation, in contrast to full-length EKIf.

By comparing SV levels across conditions, there is little variation except for a small but
significant (~3-fold) increase in the relative SV level in the spleen from an adult pregnant
female (Fig. 2B), raising the possibility of a stress-induced effect. To more directly address
this, we determined the SV levels in spleens from phlebotomized female mice and compared
them to those from untreated animals. We find they are also increased to a similar relative
extent (~4-fold) as that seen in the pregnant mouse (Fig. 2D).

Expression of predicted protein from the SV transcript

EkIf SV contains exon 1 in common with full-length and thus encodes the expected first 29
amino acids (aa). Skipping exon 2 predicts a frame-shift that causes truncation of an open
reading frame after an additional 21 aa, followed by a long 3'UTR (Fig. 3A). Due to the
absence of exon 2, the 400 bp EkIf SV is predicted to yield a small protein of 50 aa that does
not contain any EKLF functional domains (as described in [6]).

To test whether this small region can be translated in cells, we transfected FLAG-tagged
full-length EKIf and/or SV expression constructs into cells and probed for their presence by
western blot analysis. We find that the SV protein can be expressed (Fig. 3B), although its
levels are quite low compared to full-length.

Alternative splicing occurs in erythroid cells as a mechanism to control gene expression via
nonsense-mediated MRNA decay of splice variants [24, 25]. However, gRT-PCR of EKIf +/-
fetal liver shows similar levels of splice variant expression when compared to wild-type fetal
livers. Together with our data demonstrating that splice variant production is not altered
during erythroid terminal differentiation, we conclude that alternative splicing of EkIf is not
a mechanism by which to control full-length EKLF protein synthesis during differentiation.

Overexpression of EKIf SV downregulates EKLF function at specific target promoters

KLF6 splice variant proteins antagonize the transcription activity of full length KLF6 [13].
To determine if this was also the case for EKLF, we co-transfected EKLF target promoters
fused to luciferase reporters into K562 cells along with equimolar amounts of EKLF full-
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length and/or SV expression constructs (Fig. 4). We expected that the EKLF SV would enter
the nucleus, as molecules smaller than 40kDa in size can passively diffuse through the
nuclear pore complex [26]. In the presence of the splice variant, EKLF activity is reduced at
the p21 and AHSP promoters but remains unaffected at the f-globin and BKIf promoters.
This demonstrates that SV antagonizes EKLF at specific loci, suggesting that the splice
variant may be one factor that contributes to context-specific regulation of EKLF
transactivation ([27] and discussed in [6]) when expressed at significant levels.

Discussion

EKLF/KLF1 plays a global role in erythropoiesis as a master regulator of transcription [4,
6]; however, a significant level of protein resides in the cytoplasm [9-12]. Our initial
impetus for these studies had been the precedent of KLF6 alternative splicing, which not
only leads to altered subcellular localization of the variant protein, but also affects the
function of full-length KLF6 [13]. In the present studies we find that an alternatively spliced
EkIf product results from exon skipping. However, the expression level of EKIf SV is quite
low, and the resultant out of frame protein product is only 50 amino acids. This variant is not
only missing the carboxyl-located NLS and zinc finger sequences, but also the amino
terminal-located PEST sequences [23], TFIIH interaction region [28], and ubiquitin binding
domain [29], making it unlikely that EKLF SV functions as a transcription factor or that it
has contributed to EKLF visualization in the cytoplasm.

However, its small size suggests that it can freely diffuse into the nucleus [26]. The exon 1-
encoded portion potentially allows it to act as a competitor for EKLF binding partners or
serve as a structural component in protein complexes, as this small amino-terminus encodes
the CKII modification site [30] and partially encompasses the region that comprises the
EKLF minimal activation domain [31]. Our studies suggest that that the SV could have such
an effect at selected EKLF target promoters when expressed at appropriate levels. Although
these levels are not altered in primary tissues, the elevated SV amounts in the spleen of a
pregnant mouse and during phlebotomy-induced anemia imply that SV levels change during
stress erythropoiesis.

Recent studies have shown that alternative splicing plays a major role in altering gene
expression patterns during terminal erythroid differentiation [24, 25, 32], leading to a
significant degree of splicing switches by both exon inclusion and skipping, possibly via
RBM38 [33] or MBNL1 [32]. We suggest that post-transcriptional, splicing-mediated
regulatory mechanisms postulated to occur during terminal differentiation [24] may also be
operant in erythropoietic tissues in response to stress.

EKLF utilizes alternate modes of activation at different target promoters [6, 27]. We have
shown that co-expression of the splice variant with full-length EKLF down-regulates its
transactivation activity at the Ahsp and p21 promoters, but not the f-globin and BkIf
promoter. These data suggest that the splice variant may regulate EKLF interactions with
protein partners at target promoters that are selectively regulated in a context specific
manner. Of note, downregulation of p21 by the splice variant may function to facilitate
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proliferation of erythroid progenitors during situations of physiological stress, e.g., during
pregnancy or during times of extreme anemia.
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Figure 1.
EKIf is alternatively spliced. Multiple samples of RNA from the MEL cell line (A) or from

primary cells (B; bone marrow or fetal liver) were analyzed by RT-PCR using primers
spanning the complete transcript. Controls (‘water’ or ‘—RT”) were included as indicated.
(C) Sequence analysis of the gel-purified full length or splice variant is shown along with a
schematic of the deduced exon-skipped product.
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Figure 2.

Quantitative analysis of splice variant levels. (A) Specificity of full-length (FL) or splice
variant (SV) primer pairs was tested with plasmid DNA encoding the indicated isotype. (B)
Quantitative analysis of FL (black) and SV (grey) levels in RNA derived from the indicated
primary tissues is shown. Fetal liver cells underwent an erythroblast expansion phase (dO)
followed by a terminal differentiation phase (d2, d3) [15]. All levels are normalized to the
SV level seen in dO fetal liver cells (=1"). Note the discontinuity in the Y-axis as indicated.
*p<10E-4 (based upon comparison of SV levels in spleens from pregnant compared to non-
pregnant females). (C) RNA from MEL cells that had been induced for 96 or 120 hours with
DMSO was analyzed for FL and SV expression by endpoint PCR along with uninduced and
negative controls. (D) SV levels in spleens from phlebotomized or untreated adult females
were determined and compared; SV level of untreated was given a value of “1”. Biological
triplicates were each analyzed in triplicate. *p<0.002.
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Figure 3.
Expression testing of SV protein. (A) Predicted protein following exon skipping; bold

indicates amino acids not encoded by full-length EKLF. (B) Plasmids expressing either
FLAG-tagged FL or SV EKIf were transfected as indicated into COS7 cells. Inclusion of
MG132 to inhibit proteasome degradation of the small SV product had no effect (not
shown). Molecular weight markers are on left; anti-GAPDH was monitored as a loading
control (bottom). Exposure of the bottom half of the gel was ~30x greater than the top half.
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BKLF

Effect of SV expression on transactivation of EKLF targets. Cotransfections of the indicated
luciferase reporters (#-globin, BKIf, Ahsp, p21) were performed with combinations of EKLF
FL or SV as indicated. *p<0.05; **p<0.1. All values were normalized to cotransfected

Renilla plasmid.
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