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The enzyme choline kinase (CK), which catalyzes the phosphorylation of
choline to phosphorylcholine in the presence of ATP, has an essential role
in the biosynthesis of phosphatidylcholine, the major constituent of all
mammalian cell membranes. CK is encoded by two separate genes express-
ing the three isoforms CKal, CKo2 and CKp that are active as homodi-
meric or heterodimeric species. Metabolic changes observed in various
cancer cell lines and tumors have been associated with differential and
marked up-regulation of the CKa genes, and specific inhibition of CKa
activity has been proposed as a potential anti-cancer strategy. As a result,
less attention has been given to CKp and its interaction with CKa. With
the aim of profiling the intracellular roles of CKa and CKp, we used RNA
interference (RNAI) as a molecular approach to down-regulate the expres-
sion of CK in HeLa cells. Individual and simultaneous RNAi-based silenc-
ing of the CK o and B isoforms was achieved using different combinations
of knockdown strategies. Efficient knockdown was confirmed by immun-
odetection using our isoform-specific antibodies and by quantitative real-
time PCR. Our analyses of the phenotypic consequences of CK depletion
showed the expected lethal effect of CKa knockdown. However, CK3- and
CKa + CKp-silenced cells had no aberrant phenotype. Therefore, our
results support the hypothesis that the balance of the o and B isoforms is
critical for cancer cell survival. The suppression of the cancer cell killing
effect of CKa silencing by simultaneous knockdown of both isoforms
implies that a more effective CK-based anti-cancer strategy can be achieved
by reducing cross-reactivity with CKp.

Abbreviations

AKT, serine/threonine-specific protein kinase, a downstream target of PI3K; CCl,, carbon tetrachloride; CK, choline kinase; FITC, fluorescein
isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GL2, Photinus pyralis luciferase gene; MAPK, mitogen-activated protein
kinase; PAH, polycyclic aromatic hydrocarbon; PCho, phosphocholine; PI3K, phosphatidylinositol 3-kinase; RNAi, RNA interference; siRNA,
small interfering RNA, or silencing RNA; TUNEL, TdT-mediated biotin-dUTP nick-end labeling.
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Introduction

Choline kinase (CK) (EC 2.7.1.32) catalyzes the phos-
phorylation of choline by ATP in the presence of
Mg>" to yield phosphocholine (PCho) and ADP [1].
This step commits choline to the so-called Kennedy or
CDP-choline pathway for the biosynthesis of phospha-
tidylcholine, which represents the most abundant class
of phospholipids in eukaryotic cells, constituting 40—
60% of the phospholipid content in cell membranes
[2]. In addition to forming the major structural compo-
nent of the membrane bilayer, phosphatidylcholine
also serves as a precursor for the production of lipid
second messengers [3].

In mammals, including humans, CK is encoded by
two separate genes named ck-o and ck-fi. While ck-f8
codes for a single protein, CKB (395 amino acids;
NCBI accession number NP_005189), ck-o undergoes
alternative splicing and is thus responsible for produc-
ing the two CK isoforms, ol (439 amino acids; NCBI
accession number NP _997634) and o2 (457 amino
acids; NCBI accession number NP _001268), which dif-
fer by the presence of an 18-residue insert in o2 [4].
Human CKal and CKp are 60% identical. Multiple
genes, splice variants and studies showing differential
regulation of multiple isoforms suggest that modula-
tion of CK activity may occur predominantly at the
level of gene expression [5]. However, in vivo and in vitro
evidence for protein kinase-dependent phosphorylation
of yeast and human CK indicates that the regulation
of CK may also take place at the protein level [6-9].
Mammalian CK o and B isoforms are ubiquitously
expressed in different tissues, as shown by northern
and western blots [10]. One of the most intriguing
characteristics of mammalian CK is its inducibility
under various experimental conditions [1]. Polycyclic
aromatic hydrocarbon (PAH) carcinogens caused long-
lasting activation of rat and mouse hepatic CK [11,12],
and the hepatotoxin carbon tetrachloride (CCly) also
caused strong, but transient, induction of hepatic CK
activity. The induction of hepatic CK by PAH and
CCly was found to be associated with increased expres-
sion of CK genes [11,13].

Interaction between the CK o and B isoforms to gen-
erate different combinations of dimeric complexes was
first shown in mouse tissues [10]. More recently, physi-
cal interaction between the CK o and B isoforms to
form different, enzymatically active, dimeric complexes
was confirmed by the co-expression of mouse CKao and
CKp in COS-7 cells [4]. It was shown that about 60%
of the total CK activity in mouse liver was attributable
to the o/P heterodimeric species of the enzyme [10]. It
has also been reported that the specific activity of a/o
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can be much higher than that of B/B [4]. Thus, the
activity of CK in a given cell type could be regulated
not only at the level of each isoform, but also through
combination of the three isoforms (al, o2 and p).
However, the effect of interaction between different
isoforms on the catalytic properties of dimeric (or
higher oligomeric) CK still awaits further investigation.
Recently, several essential domains and amino-acid res-
idues important for the formation of active dimers
have been identified by structural and mutational anal-
yses of human and mouse CKao and CKp [14,15].

Both CK and its reaction product, PCho, have been
implicated in cell proliferation and transformation [16].
Generation of PCho was described as an essential
event in growth factor-induced mitogenesis in fibro-
blasts [17,18] and PCho was found to cooperate with
several mitogens [19]. Increased CK activity was
reported in human breast cancer, and overexpression
of CK is frequently observed in lung, prostate and
colorectal cancers [20]. Increased levels of CKa were
also detected in epithelial ovarian cancer [21] and in
bladder carcinomas [22]. Furthermore, overexpression
of several oncogenes (ras, src and mos) induces
increased levels of CK and of PCho [23-26]. CK is
activated by Ras proteins through a signaling pathway
that involves two of their best-known effectors: Ral
guanine nucleotide dissociation stimulator (Ral-GDS)
and phosphatidylinositol 3-kinase (PI3K) [24]. CK,
itself, was also shown to behave as an oncogene and
was found to lie downstream of the RhoA GTPase-
dependent signaling cascade [27]. Increased CK activity
and elevated levels of PCho were found in human
colon cancer [28] and in 1,2-dimethylhydrazine-induced
rat colon cancer [29], as well as in human breast carci-
nomas [30]. Overexpression of CK was detected in a
large panel of tumor-derived cell lines and in lung,
prostate and colorectal cancers [31]. In addition, stud-
ies using NMR techniques have also shown elevated
levels of PCho in various human tumoral tissues
[32-34]. Elevation of the PCho content in breast can-
cer, detected by NMR spectroscopy, was consistent
with the overexpression of CK as detected by micro-
array analyses [35]. These findings strongly support the
role of CK in human cancer pathogenesis and suggest
that the levels of CK and PCho could be used as
tumor markers [36]. More recently, higher levels of
CKo, but not of CKP, were detected in multiple
human breast cancer cell lines [37,38]. CKa was also
considered as a potential prognostic factor for identify-
ing nonsmall-cell lung cancer patients with a high risk
of recurrence [39].
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Specific inhibition of CK activity has been proposed
as a promising anti-cancer strategy [26,40], and CK
small-molecule inhibitors have been demonstrated to
be potent anti-tumor drugs, both in vitro and in vivo
[41,42]. Although the toxicity and side effects of CK
inhibitors have largely been minimized [26], the long-
term effect of such CK inhibitors on the tumor
phenotype is still unknown [43]. As an alternative to
enzyme inhibition, RNA interference (RNAi) offers a
molecular approach to down-regulate the expression of
specific target genes in mammalian cells. RNAi has
also been used for dissecting the molecular basis of
human diseases such as cancer [44]. Efforts to translate
RNAI technologies into therapies for human diseases
have surged in recent years, and RNAi-based drugs
were found to have the potential of being more selec-
tive than traditional drugs [45]. RNAi knockdown of
CKa in breast cancer cells was shown to reduce prolif-
eration and to promote differentiation [43], and lentivi-
rus-mediated CKa knockdown inhibited the growth of
a human breast cancer xenograft [46]. Specific block-
age of expression of the CKa isoform stimulated
apoptosis [47] and selectively killed tumor cells, but
not normal cells [48]. At the organismal level, the criti-
cal role of CK was shown in mice where CKa knock-
out resulted in early embryonic lethality [49], while
CKpP knockout caused rostrocaudal muscular dystro-
phy [50]. Mutations in the gene encoding CKf were
also found in individuals with congenital muscular
dystrophy [51].

The involvement of CKa in cancer pathogenesis has
been well established, and drug inhibition of its activ-
ity or the knockdown of its gene expression, was pro-
posed for potential cancer therapy [20,52]. However,
the effect of simultaneous knockdown of both CK o
and P isoforms on cancer cell growth has yet to be
studied. Only recently was it shown that single or
combined knockdown of CKa and CKp reduced
Akt(Ser473) phosphorylation to a similar level [53].

In this study, we explored a way of further profiling
the intracellular roles of CKa and CKp by individual
and simultaneous RNAi knockdown of these two iso-
forms in HeLa cells. We designed siRNAs to induce
the knockdown of human CK o and B isoforms and
showed that single and double knockdowns can be
achieved efficiently. Knockdown of CKa displayed a
lethal phenotype; however, knockdown of CKp
resulted in no evident change in phenotype. Interest-
ingly, the double knockdown appeared to reverse the
lethality induced by the CKa single knockdown. Our
results show the importance of interaction between
CKa and CKp, or their balanced expression levels, for
cell cycle regulation. In addition, we observed both
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cytoplasmic and nuclear localization of CKo. These
data may have implications for targeting CK as a
potential anti-cancer strategy.

Results

Both CK o and p isoforms were successfully
silenced, individually or simultaneously, in HelLa
cells by siRNA transfection

The efficient silencing of CKo and CKp in single- and
double-knockdown experiments was confirmed by wes-
tern blotting and quantitative RT-PCR. Cells were
examined 24 and 48 h after transfection. Both single
and double silencing resulted in the reduction of target
isoforms below the levels detectable by western blot-
ting (Fig. 1A). The results showed that silencing of
CKa and CKp had already taken place 24 h after
transfection, even though the lethal phenotype of
a-specific siRNA-transfected HelLa cells was only evi-
dent 48 h after transfection (see later). The real-time
PCR results (Fig. 1B) showed that our siRNAs effi-
ciently knocked down the targeted CK isoforms with
efficiencies of 60-80%. The relative mRNA levels of
CK isoforms under different siRNA treatments are
shown in Fig. S1.

The highly specific CKa polyclonal antibody [38]
was used to detect CKa by indirect immunofluores-
cence (Fig. 1C). The immunofluorescence data were
consistent with the results obtained by immunoblotting
and quantitative RT-PCR. Lower Rhodamine Red
staining intensities in siCKa single knockdown and
double siCKa+  double-knockdown cells, compared
to cells treated with siGL2 or siCKp, indicate efficient
silencing of CKo. The CKp siRNA-treated -cells
showed Rhodamine Red staining intensity that was
very similar to cells treated with negative-control
siRNA, indicating that the single silencing of CKf did
not affect the cellular level of CKa.

The basic goal of this study, namely the specific
silencing of the individual human CK isoforms as well
as the simultaneous knockdown of both genes, was
achieved with proven efficiency. The phenotypic
outcomes observed with different combinations of
CKoa- and CKB-specific siRNA treatments (presented
later) also provide additional support for the successful
knockdown of both isoforms. The possibility of
reduced CKo RNAIi knockdown efficiency as a result
of competition between CKo and CKf siRNAs during
co-transfection can be ruled out because western blot-
ting and quantitative real-time PCR confirmed the
drastically reduced level of CKa in double-knockdown
cells.
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Fig. 1. Efficient silencing of human CK isoforms in HelLa cells. (A)
Silencing of CKa and CKB was confirmed by western blot analysis
of Hela cell lysates at 24 and 48 h post-transfection with siRNA.
All lanes were loaded with 30 pg of cell lysate and confirmed by
similar intensities of B-actin used as loading control. The band pres-
ent between 55 and 72 kDa was nonspecifically stained with the
CKPB antibody. (B) Silencing of total CKea, CKa2 and CKpB was con-
firmed by quantitative RT-PCR. The transcript levels were calcu-
lated and are shown as percentage knockdown relative to siGL2
knockdown, and normalized to a reference gene (GAPDH). (C)
Immunofluorescence detection of CKa, 24 h after siRNA transfec-
tion, shows efficient silencing of CKa with single siCKa and double
siCKa + siCKP transfections. Transfections of siCKB and siGL2 did
not affect the cellular CKa. levels.

CKo locates to the cytoplasm and also to the
nucleoplasm, and its protein levels increase
during mitosis

For a more quantitative view of the subcellular locali-
zation of CKa, we compared the protein levels in im-
munoblotted extracts of the nuclear and cytoplasmic
fractions as well as in the total cell extract of HelLa
cells using the CKa-specific antibody. In addition, we
included extracts from mitotic cells in this assay. To
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exclude cross-contamination with nucleoplasmic or
cytoplasmic components, the purity of extracts was
confirmed by parallel probing of the blots with anti-
bodies against cytoplasmic vimentin and nucleoplasmic
lamin A/C.

Lamin A/C was detected in whole-cell extract,
nucleoplasm and, to a lower extent, in the extract of
mitotic cells, but not in cytoplasmic extract. The oppo-
site was observed for cytoplasmic vimentin, which was
present only in whole-cell and cytoplasmic extracts.
However, CKo was found in all extracts tested
(Fig. 2A). A higher level of CKa was detected in HeLa
mitotic cell extract compared with whole-cell extract
(Fig. 2A, lanes 1 and 4). These data indicate an unex-
pectedly high level of the enzyme within the nuclei of
cells (compare lanes 2 and 3) and increased expression
levels of CKa during mitosis (compare lanes 1 and 4).
This finding was supported by separate indirect immu-
nofluorescence microscopy in which a majority of cells
displayed a higher level of CKa in the cytoplasm, but
also a smaller fraction of cells (about 20%) with
increased levels of CKa in their nuclei, as shown for a

A Nucleoplasm marker Cytoplasm marker
Lamin A/C Vimentin CKa
&1.0 hDa - '. : hod -
shakDnn, T un (. -
bl § i C " —
55.0 kD 55.0 kD
—
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1 2 3 4 1 2 3 4 1 2 3 4
Relative CKa intensity: 1.0 1.7 1.3 2.5
B Cytoplasm Nucleoplasm Mitosis

Fig. 2. Cellular localization of CKa. (A) Detection, by western blot-
ting, of CKa in total cellular (lane 1), nucleoplasmic (lane 2), cyto-
plasmic (lane 3) and mitotic (lane 4) extracts of Hela cells.
Ponceau-S stain is shown in the background to confirm comparable
protein loading. The relative intensities of CKa (normalized to the
Ponceau-S staining intensity) are shown below the right panel.
Intensity values were determined by ImageJ (http://rsbweb.nih.gov/
ii/). (B) Immunofluorescence micrographs of untreated Hela cells
show the distribution of CKa in different cellular compartments.
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population of HeLa cells in Fig. 2B. High levels of
CKoa were also present in mitotic cells (Fig. 2B, right
panel), and staining with antibody showed a strong
overlap of CKa with the mitotic spindle apparatus (see
indirect immunofluorescence of mitotic spindle
described below).

The nuclear localization of CKa was also supported
by structure analysis using the sequence-based subcel-
lular localization prediction program, PSORT II [54].
Both human CKal and CKa2 are predicted to localize
in the nucleus, with a nuclear localization probability
of 60.9% for CKa2 and of 52.2% for CKal.

Individual silencing of CKa leads to a lethal
phenotype and is rescued by simultaneous
knockdown of CKa and CKp

Silencing of human CK isoforms was originally aimed
at investigating the phenotypic effect that might arise
from elimination of these enzymes in vivo. At the same
time, silencing of CKa and CKp, separately and in
combination, would answer the question of whether
the two isoforms could complement each other’s func-
tion, and whether knockdown of these two isoforms
would result in a lethal phenotype, which would indi-
cate that these two isoforms are essential enzymes for
phosphatidylcholine synthesis.

Figure 3 shows the live cell imaging of HeLa cells
treated with siRNAs targeting CKa and CKp. The
same adherent population of cells was located on
CELLocate™ coverslips (Eppendorf) and photo-
graphed at 24- and 48-h time-points after transfection.
The fate of a specific cell cluster could be followed
during the entire course of the experiment. For single
silencing of CKa, no apparent abnormal phenotype
was detectable 24 h after transfection, and the cells
appeared to multiply normally, with confluence similar
to that of the negative control. However, a lethal phe-
notype was observed 48 h after transfection. Almost
90% of the total cell population died at this stage.
Upon single silencing of CKp, the cells showed no sign
of abnormality up to 48 h after transfection. Surpris-
ingly, however, double silencing of CKa and CKf did
not lead to lethality. Cells undergoing this combined
silencing displayed a normal phenotype up to 48 h
post-transfection. Thus, the siCKa single knockdown
was lethal, although the level of CKP protein was
unchanged. On the other hand, the cells survived when
the levels of both isoforms were reduced in double-
knockdown experiments. Similar results were obtained
with the MCF-7 cell line (Fig. S2). The lethal pheno-
type of single CKo knockdown was apparent at 72 h
post-transfection, with more than 60% cells being dead
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SICK o+
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Fig. 3. Individual silencing of CKa leads to a lethal phenotype and
is rescued by simultaneous knockdown of CKa and CKB. Images of
live cells at the same location (located by a Cellocate™ coverslip)
were taken 24 and 48 h after transfection. Positive and negative
control cells were transfected with Eg5 and GL2 luciferase siRNAs,
respectively.

at this stage, whereas single CKp and double
CKa + CKp knockdowns displayed a phenotype simi-
lar to that of the control. The onset of effects was
observed ~ 24 h later than in HeLa cells. This is a
result of the longer doubling times of MCF-7 cells
(~36h) [55] when compared with HeLa cells
(~ 22 h). These results strongly suggest that the bal-
ance between CKa and CKf dictates cell survival such
that knockdown of CKp reduces, or abolishes, the
cell-killing effect of single CKa knockdown.

Only individual silencing of CKa leads to aberrant
mitotic arrest and subsequent apoptosis

Indirect immunofluorescence (Fig. 4A) showed defects
of the mitotic spindles of HeLa cells in the absence of
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Fig. 4. Mitotic defects and apoptosis in Hela cells after CKa silenc-
ing, but not after CKB or CKa + CKB double silencing. (A) Indirect
immunofluorescence utilizing anti-a-tubulin 1IgG showed defects of
the mitotic spindles in the absence of CKa (top panel), but not in
CKa + CKB double-silenced (middle panel) and CKp-silenced (lower
panel) cells. (B) The TUNEL assay, performed 72 h after siRNA
transfection, showed that the single CKa-knockdown cell population
was apoptotic, but no apoptotic cells were seen in control, siCKp-
silenced or CKa + CKP double-silenced groups of cells. (C) Quantifi-
cation of mitotic defects and apoptosis by cell counts after indirect
immunofluorescence or the TUNEL assay. Decreased total cell
counts (black triangle) and an increased number of apoptotic cells
(grey triangle) were observed only for single siCKa-silenced cells.
(D) Growth of Hela cells after siRNA transfection was determined
using a CASY cell count and analysis system over a period of 96 h.
A significant decrease in the number of live cells was observed
upon treatment with siCKa alone. Double-knockdown of both CKs
affected cell growth only slightly.

CKoa. Surprisingly, these abnormal spindle structures
were not observed when both CKo and CKp were
silenced in parallel. Similarly, the single knockdown of
CKZp also did not produce an aberrant mitotic pheno-
type. The siGL2 control showed normal mitotic
spindles (Fig. S3, upper panels).

To further investigate the mechanism of cell death
observed in single CKa silencing, a TdT-mediated
biotin—-dUTP nick-end labeling (TUNEL) assay was
performed to identify cells with apoptosis-typical DNA
double-strand breaks. An apoptotic effect was seen
only in HeLa cells transfected with CKo-selective
siRNA. The cells underwent aberrant mitotic arrest
followed by apoptotic cell death in the gross majority
of cells (> 75%) (Fig. 4B). Silencing of CKf did not
induce mitotic arrest and/or apoptosis. Also, simulta-
neous knockdown of both CKo and CKP did not
induce the effects observed for CKa silencing alone,
and only a very small subpopulation (< 10%) of the
cells displayed severe apoptotic effects.

A higher percentage of cells with mitotic defects and
apoptosis was only observed for siCKo-treated HeLa
cells 44 h after transfection (Fig. 4C). The level of
mitotic defects and apoptosis for control, siCKf and
siCKa + siCKB-transfected cells were similar through-
out the experiment. As shown in Fig. 4D, the growth
of siCKoa-treated cells started to decline 48 h after
transfection. Although the overall growth rates of the
cells transfected with siCKf alone, or with both siCKa
and siCKp, were slightly reduced when compared with
wild-type (untreated) and control (siGL2-transfected),
the general appearance of the cells upon transfection
was normal.
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Levels of CKa and CKp play an essential role in
progression through mitosis, but not in resting
cells or during DNA replication

The significance of alteration of endogenous CKa and
CKp expression levels on the cell cycle was analyzed
using synchronized HelLa cells. Cells arrested in the
G0/G1 phase by serum starvation for 24-28 h
were transfected with CKa, CKp, or both, siRNAs
(Fig. 5A). Apoptosis of these cells was not observed
for up to 70 h after transfection (Fig. 5B). After
release of the cells from serum starvation, by addition
of fetal bovine serum to 10% v/v to the culture med-
ium, the majority of cells re-entered cell cycle and died
by apoptosis in the absence of CKa. Simultaneous
silencing of CKa and CKf in G0/Gl-arrested cells did
not induce apoptotic cell death after release from
arrest in the GO/G1 phase. These cells properly com-
pleted their progression through mitosis. This indicates
a critical importance of CKa expression levels relative
to CKp expression levels for progression through mito-
sis, whereas this imbalance does not play an essential
role in resting cells.

To determine whether crucial effects arise during S
phase (i.e. during DNA replication prior to mitotic
entry), a double thymidine block was applied in com-
bination with siRNA delivery. In this approach, DNA
replication was inhibited by an excess of thymidine in
the medium, or by addition of the DNA polymerase
inhibitor, aphidicholin, resulting in a cell population
stalled in S phase. As in the case of resting cells, no
apparent differences between cells treated with control
siRNA or siRNAs targeting CKa and/or CKp were
observed, indicating that the lack of CKa alone has no
essential role in this phase of the cell cycle. After
release from double thymidine-induced S-phase arrest,
siCKua-treated cells displayed disordered microtubular
structures, and cells that could not progress to
metaphase showed apoptotic cell death (Fig. 6A).
Double-silenced cells (siCKa + siCKp), as well as cells
transfected with siCKp only, progressed successfully to
mitosis. Silencing-linked apoptosis was not observed
for either of these treatments. In both populations,
~ 50% of the cells showed synchronous transition to
mitosis. The siGL2 control had a normal microtubular
structure and no apoptosis after release from S-phase
arrest (Fig. S3, lower panels). Figure 6B shows efficient
knockdown of CKa by siCKa and siCKaf in aphidi-
cholin-induced S-phase arrest cells. Quantitative analy-
sis of S-phase arrested cells (Fig. 6C) confirmed that
CKua is not required during S phase but is essential for
mitotic progress (metaphase or later). Few mitotic cells
were seen during the double-thymidine block, and
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Fig. 5. Nonproliferating cells remain viable upon CKa silencing. (A)
Fluorescence micrographs of GO/G1-arrested Hela cells 44 h after
siRNA transfection showed normal microtubular architecture and
no apoptosis in the TUNEL assay. (B) Comparison of the relative
numbers of viable cells and the proportion of cells with mitotic
defects and apoptosis displayed efficient inhibition of cell prolifera-
tion by serum starvation. The number of cells with mitotic defects
was comparable for all siRNA treatments, and no increase of apop-
totic cells was observed after CKa silencing.

apoptosis was hardly observable in the blocking
period. The absence of apoptosis in siCKa-transfected
cells during S-phase arrest indicates that CKa is not
essential in S phase. After release from the arrest, a
majority of cells passed synchronously through mitosis,
except for those cells transfected only with siCKai,
which progressed directly into apoptotic cell death.
Microtubule-destabilizing agents are used to arrest
cells at the mitotic entry point by inhibiting kinetochore
attachment and thereby chromosome congression. In
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Fluorescence micrographs of Hela cells taken 8 h after release from double thymidine-induced S-phase arrest display high degrees of disor-
dered microtubular structures and apoptosis in the siCKa-transfected population, but not in single-CKB or double-CKa + CKp silenced cells.
(B) Western blot analysis of CKa in siRNA-transfected cells showed high knockdown efficiencies both in S-phase-arrested (by aphidicholin)
cells and in proliferating cells. Ponceau-S stain is shown in the background to confirm comparable protein loading. (C) Quantitative analysis
of cell counts demonstrates efficient S-phase arrest. Low percentages of mitotic and apoptotic cells were observed during the double-thymi-
dine block. The absence of apoptosis in siCKa-transfected cells during S-phase arrest indicates that CKa is not essential in this phase. After
release from the double- thymidine block (65 h), a majority of cells passed synchronously through mitosis, except for those cells transfected
only with siCKa, which went directly into apoptotic cell death. (D) Fluorescence micrographs of HelLa cells taken after release from colchi-
cine-induced mitotic arrest displayed a lethal phenotype for CKa-silenced cells. Control cells and those lacking both CKs progressed synchro-
nously to the metaphase without major defects.

our study, we used colchicine to suppress mitotic staining chromatin with Hoechst 33342. Double-

spindle formation in CK-silenced cells. In contrast to
the cells that were transfected with siCKp alone, or
with both siCKa and siCKp, the CKoa-knockdown
cells were not capable of establishing proper mitotic
spindle formation after release from mitotic entry
arrest (Fig. 6D). Immediately after release from colchi-
cine treatment, control cells and those lacking both
CKs synchronously progressed to the metaphase with-
out major defects. CKa-deficient cells suffered from
severe mitotic defects and directly underwent apoptotic
cell death, as shown by a-tubulin staining and by
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knockdown of CKa and CKp did not result in highly
disordered spindle microtubules, inadequate kinetochore
attachment and severely disturbed chromosome con-
gression, as seen in the case of single CKa knockdown
(Fig. 6D).

Discussion

Systematic knockdown of human CK isoforms by the
RNAI technique is an attractive way to analyze the
role of different isoforms, as well as to probe for any
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unexpected functions of these enzymes. In this study,
we have confirmed, by immunodetection and quantita-
tive RT-PCR, that siRNAs efficiently silence CKa and
CKp in both single- and double-knockdown experi-
mental conditions. Our work demonstrates the potent
apoptotic effect displayed by the CKa-specific siRNA.
More importantly, we found that simultaneous knock-
down of CKa and CKp did not enhance the lethal
effect of single knockdown of CKa, but rather pre-
vented cell killing. Our results are in accordance with
previous reports on reduced proliferation of malignant
cell lines by specific CKa knockdown [43,46,48,56].
Large-scale RNAi knockdown screening, aiming to
identify human kinases that regulate cell survival and
apoptosis, also showed that single knockdown of
human CKo increased apoptosis by about twofold
[47]. Owing to the relevance of CKa in human carcino-
genesis, the role of CKP has been largely neglected.
Only recently was RNAi knockdown of CKp plus
CKua performed to investigate the effect of CK knock-
down on Akt protein kinase phosphorylation [53].
However, the authors did not analyze the effect of
double knockdown on cell proliferation.

Mammalian CKs are thought to be cytoplasmic
enzymes [1]. Yet, the nuclear localization of CKa, as
observed in this study, supports the notion that the pres-
ence of CDP-choline pathway enzymes, including CK in
the nucleus, is required for the synthesis of endonuclear
phosphatidylcholine, which, in turn, is an important
source of diacylglycerol for nuclear lipid signaling [57-59].

Inhibition of, or defects in, the CDP-choline pathway
are known to result in cell cycle arrest and apoptosis
[60,61]. The same phenotypes were observed in the case
of our single CKa knockdown. In this report, we high-
light the absence of apoptosis when both CK isoforms
were knocked down in proliferating HeLa cells. Double-
knockdown cells were able to enter mitosis without show-
ing disrupted chromosome congression, as seen in the
single CKa knockdown cells. According to our observa-
tion, we propose that a higher level of CKa compared
with CK is required for the proliferation of cancer cells.
Under single CKa knockdown, the level of CK3 exceeds
that of CKa, which suppressed cell growth and induced
apoptosis. However, under double knockdown of CKa
and CKp with similar knockdown efficiencies, the level
of CKa became higher than the level of CKp (as a result
of its higher initial level in cancer cells), thus fulfilling the
requirement for cell proliferation. Our results clearly
show that double knockdown of CKa and CKf can
rescue the cells from apoptotic cell death in single
CKa-silenced cells. Therefore, exclusive silencing of CKa
is critical when using RNAI as a potential novel anti-can-
cer approach. More importantly, if the effects of CKa

Knockdown of human choline kinase o and B isoforms

and CK knockdown are related to the activities of these
enzymes, this would imply that specific inhibition of CKa
alone is the best way to induce apoptosis. Therefore, we
believe that inhibition of CK activity as an anti-cancer
strategy must focus on the specific inhibition of CKa,
without affecting the activity of CKp, in order to induce
maximum apoptosis in the target cancer cells.

Furthermore, the results of CKa and CKJp silencing
experiments performed in this work suggest other
unexpected and essential roles of the interaction
between these enzymes in the cell cycle, particularly in
the progression to the mitotic phase. The apoptotic
effect seen in cells treated with single CKa knockdown
cannot be explained by the simple loss-of-function
hypothesis because cells treated with double CKa and
CKpB knockdown displayed a viable phenotype.
According to Yalcin et al. [62], selective RNAI inhibi-
tion of CKa decreases the steady-state concentrations
of phosphatidylcholine and phosphatidic acid, attenu-
ates mitogen-activated protein kinase (MAPK) and
PI3K/serine/threonine-specific protein kinase (AKT)
survival pathways, and markedly reduces the survival
of HeLa cells. In our study, the simultaneous depletion
of both CKa and CKf might re-activate MAPK and
PI3K/AKT pathways through the production of phos-
phatidic acid, the key activator of these two signaling
pathways. Overexpression of CKa and CKB in
HEK?293T cells revealed a distinct metabolic role of
the two isoforms in vivo and showed that both were
regulated differently by Ras and Rho GTPases [52].
Our results suggest that CKa and CKp are compo-
nents of different signaling pathways that might inter-
act to determine cell survival and proliferation.

In summary, this work has shown efficient siRNNA-
mediated individual and simultaneous knockdown of
human CKao and CKp isoforms in HeLLa and MCF-7
cells. Silencing of CKa alone inhibited progression of
cells into the mitotic phase and subsequently resulted in
apoptosis. Remarkably, double knockdown of both
CKoa and CKp isoforms rescued the cells from undergo-
ing apoptosis. Our work implies that RNAi-based
silencing of CK expression can be used as a potential
anti-cancer strategy by emphasizing the specific knockdown
or inhibition of the CKa isoform to induce apoptosis.

Experimental procedures

Cell lines and cell cycle synchronization

Human cervix epithelial carcinoma cells, HelLa SS6, and
human breast adenocarcinoma cells, MCF-7, were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) with
10% (v/v) fetal calf serum and supplemented with
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100 UmL™ of penicillin/streptomycin  antibiotic mix
(Sigma, St Louis, MO, USA). For G0/G1 arrest, cells were
cultured under serum-starvation conditions (0.25% fetal calf
serum in culture medium) for 24 h prior to siRNA transfec-
tion and continued to starve until final examination of the
samples. S-phase arrest was induced by a double-thymidine
block, by adding 0.2 mM thymidine to the culture medium
for 10 h to block DNA replication. The medium was
replaced with standard culture medium for 3 h and subse-
quently supplemented with 0.2 mM thymidine, again for 10 h
prior to transfection. Alternatively, S-phase arrest was forced
by adding 0.5 ug'mL ™" of aphidicholin to the culture medium
for 16 h to inhibit polymerase activities. Mitotic entry arrest
was induced by supplementing the culture medium with
7.5 pgmL™" of microtubule-destabilizing colchicine for
60 min shortly after siRNA transfection. Release from mito-
tic or S-phase arrests was performed by removing the med-
ium, washing the cells twice with prewarmed sterile NaCl/P;
and adding fresh standard culture medium. To determine the
percentage of mitotic and apoptotic cells, 1000-1500 cells per
probe were counted manually, and the number of mitotic or
apoptotic cells in the same population was determined.

Cell extracts and antibodies

SDS/PAGE and western blotting were performed according
to standard protocols. HeLa cell lysates were prepared by
suspending the cells in lysis buffer containing 10 mMm
K,HPO,, 150 mMm NaCl, 5 mMm EDTA, 5 mm EGTA, 1%
Triton X-100, 0.2% deoxycholate and protease inhibitor
cocktail (Roche, Mannheim, Germany), pH 7.4. The cell
suspension was homogenized and cell debris was precipi-
tated by centrifugation. The protein concentration of the
supernatant was determined by the dye-binding method
[63]. Upon immunoblotting, bands were detected using ECL
(Amersham Pharmacia, Piscataway, NJ, USA). Affinity-
purified horseradish peroxidase-conjugated goat anti-mouse
and goat anti-rabbit immunoglobulins were from Dako
(Hamburg, Germany). Extracts of cytoplasm and nucleo-
plasm from HeLa cells were kindly provided by R. Luechr-
mann (MPIbpc, Goettingen, Germany). Polyclonal rabbit
anti-CKoa serum was produced as described previously [38].
Polyclonal anti-CKf IgG was produced by immunizing rab-
bit with highly purified recombinant human CKp protein
[38] and the immunoglobulin was obtained by affinity purifi-
cation. Monoclonal mouse anti-(f-actin) (clone AC-15) 1gG
was from Abcam. Monoclonal antibodies recognizing vi-
mentin (clone V9; 64) and lamin A/C (clone 636.23; [65])
were kindly provided by M. Osborn (MPIbpc).

Indirect immunofluorescence microscopy

Immunofluorescence staining and microscopy were per-
formed according to standard protocols [66]. Cells were fixed
either in —20 °C methanol for 10 min or at room tempera-
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ture in 3.7% paraformaldehyde for 30 min, followed by per-
meabilization in 0.2% Triton X-100 in NaCl/P; for 5 min.
Subsequently, 30 pL of primary antibody per coverslip were
applied evenly onto the cells and incubated at 37 °C for 1 h.
After washing three times in NaCl/P;, 30 pL of secondary
antibody was spread evenly on the cells. The coverslips were
incubated for 45 min at 37 °C followed by three washes in
NaCl/P;. Monoclonal anti-(a-tubulin) was kindly provided
by M. Osborn (MPIbpc). Fluorescein isothiocyanate (FITC)-
or rhodamine-conjugated goat anti-mouse and rhodamine-
conjugated goat anti-rabbit Igs were from Dako. DNA was
visualized by staining with Hoechst 33342 dye.

TUNEL assay

For detection of apoptosis, a TUNEL test (In Situ Cell
Death Detection Kit; Roche) was performed, as described
previously [66]. Transfected cells grown for 60 h were fixed
in =20 °C methanol for 6 min and treated with NaCl/P;
containing 0.1% Triton X-100 and 0.1% sodium citrate on
ice for 2 min. Free 3’ ends of fragmented DNA were enzy-
matically labeled with FITC-tagged dNTPs using terminal
deoxynucleotidyl transferase (TdT). Labeled DNA frag-
ments were monitored by fluorescence microscopy.

Growth rate determination

The examination of growth rates after transfection, and the
detection of dead cells in the cell suspension were carried
out using the Cell Counter and Analysis System (CASY®
Model TT; Schirfe System, Munich, Germany). For CASY
measurements, medium from one well of a six-well plate
containing siRNA-transfected cells was discarded and the
cells were trypsinized with 0.25 mL of trypsin/EDTA solu-
tion. After 1 min of incubation at 37 °C, the trypsin was
quenched by the addition of 1.5 mL of DMEM + 10%
FCS. Then, 100 pL of this solution was mixed with 10 mL
of CASY®ton (Schirfe System GmbH, Reutlingen,
Germany) isotonic dilution liquid and used directly for cell
counting. When the cell numbers were too high, the solu-
tion was diluted further with CASY®ton.

Design of siRNAs and transfection

The siCKa probe was designed to target both ol and o2
isoforms of CK, while siCKp was CKf specific. The follow-
ing siRNA sequences are given in 5’ to 3’ orientation, and
the position numbers are relative to the first nucleotide of
the ORF.
siCKa (a2 position numbers 636-654; the sequence is
also shared with ol at position numbers 582-600):
CGAUUAGAUACUGAAGAA
siCKp (position numbers 503-521):
CCACGAAGAUGGCGCAAUU
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Noncognate siGL2, targeting firefly luciferase (position

numbers 153-175): CACGUACGCGGAAUACUUCGAAA

siEg5 motor protein (position numbers 1547-1569):

AACUGGAUCGUAAGAAGGCAGUU

Transfection of siRNA with oligofectamine (Invitrogen)
was performed as described previously [66]. The cells were
seeded in 24-well plates 20 h prior to transfection, and for
microscopic analysis, they were grown on glass coverslips.
The oligofectamine-siRNA mixture was added to a final
concentration of 100 nMm siRNAs in the culture medium.

Quantitative real time-PCR

The silencing of CKa and CKP expression was also deter-
mined by quantitative RT-PCR. Total RNA was isolated
using the RNeasy Mini kit (Qiagen, Hilden, Germany). Total
RNA from control and different siRNA-treated cells was
reverse-transcribed using the Omniscript reverse transcrip-
tion kit (Qiagen). The reaction consisted of 1.0 pL of 10 x
Omniscript RT buffer, 1.0 pg of total RNA and distilled de-
ionized water to a final volume of 7.5 pL. The mixture was
heated to 65 °C for 5 min to denature RNA, 1.0 um of oligo-
dT primer (Stratagene, La Jolla, CA, USA) was added and
the reaction was incubated at room temperature for 10 min
before the addition of 2.0 units of Omniscript reverse trans-
criptase and dNTPs to a final concentration of 0.5 mm. The
reaction was incubated at 37 °C for 2 h.

The cDNAs generated were subjected to quantitative real
time-PCR utilizing SYBR Green chemistry (Applied Biosys-
tems, Carlsbad, CA, USA) on an ABI7500 cycler. Primer sets
for total CKs a or specific for CKa2 as well as for CK were
used, and glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH) served as the normalization target. Quantitative
RT-PCR (qRT-PCR) was performed, according to the man-
ufacturer’s guidelines, for 35 cycles in 20-pl reactions with
20 ng of cDNA template and 200 nM primer. Analysis was
based on normalized values and calculation of AACt values
relative to the cDNA of control cells [67]. DDCr is defined
as the difference between the DCr threshold cycle values of
each siRNA treatment and the DCt value of siGL2
(control). Primer sequences for CK isoform-specific sets are
given as follows (each in 5 to 3’orientation). Total CKa for-
ward: tcagagcaaacatccggaagt (position numbers 1031-1051
in the CKal cDNA sequence or position numbers 1085—
1105 in the CKa2 cDNA sequence); reverse: ggcgtagtccatg-
tacccaaat (position numbers 1248-1269 in the CKal cDNA
sequence or position numbers 1302-1323 in the CKa2 cDNA
sequence). CKo2 forward: ggccttagcaacatgetgtte (position
numbers 355-375 in both CKal and CKo2 cDNA
sequences); reverse: agcttgttcagageectctt (located in the
cDNA sequence unique to CKoa2, position numbers 476—
495). CKp forward: atgttcgccatacttgegga (position numbers
364-383 in the CKP cDNA sequence); reverse: aattgcgc-
catcttegtgg (position numbers 503-521 in the CKf cDNA
sequence).

Knockdown of human choline kinase o and B isoforms

Primers for the GAPDH reference gene were from
Hs_GAPDH_1_SG QuantiTect Primer Assay kit (Qiagen).
All data are representative of triplicate experiments.
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Supporting information

The following supplementary material is available:

Fig. S1. Relative levels of total CKa, CKo2 and CKf
mRNAs in HeLa cells under different siRNA treat-
ments were determined by quantitative real-time RT-
PCR.

Fig. S2. Individual and double silencing of human CK
isoforms in MCF-7 cells produce similar phenotype as
in HeLa cells.

Fig. S3. HeLa cells transfected with siGL2 (negative
control) showed normal mitotic spindles and displayed
normal microtubular structure with no apoptosis after
release from S-phase arrest.

This supplementary material can be found in the
online version of this article.
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