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Abstract
A direct correlation exists between increased choline kinase (Chk) expression, the resulting
increase of phosphocholine levels, and histological tumor grade. To better understand the function
of Chk and choline phospholipid metabolism in breast cancer we have stably overexpressed one of
the two isoforms of Chk-α, known to be upregulated in malignant cells, in non-invasive MCF-7
human breast cancer cells. Dynamic tracking of cell invasion and cell metabolism was perfomed
with a magnetic resonance (MR) compatible cell perfusion assay. The MR based invasion assay
demonstrated that MCF-7 cells overexpressing Chk-α (MCF-7-Chk) exhibited an increase of
invasion relative to control MCF-7 cells (0.84 vs 0.3). Proton MR spectroscopy studies showed
significantly higher phosphocholine and elevated triglyceride signals in Chk overexpressing
clones compared to control cells. A test of drug resistance in MCF-7-Chk cells revealed that these
cells had an increased resistance to 5-fluorouracil and higher expression of thymidylate synthase
compared to control MCF-7 cells. To further characterize increased drug resistance in these cells,
we performed rhodamine-123 efflux studies to evaluate drug efflux pumps. MCF-7-Chk cells
effluxed twice as much rhodamine-123 compared to MCF-7 cells. Chk-α overexpression resulted
in MCF-7 human breast cancer cells acquiring an increasingly aggressive phenotype, supporting
the role of Chk-α in mediating invasion and drug resistance, and the use of phosphocholine as a
biomarker of aggressive breast cancers.
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INTRODUCTION
Choline is phosphorylated by choline kinase (Chk) to generate phosphocholine (PC), which
represents the first step in the biosynthesis of phosphatidylcholine (1). In mammalian cells,
the three known isoforms of Chk (Chk-α1, Chk-α2, and Chk-β) are encoded by two separate
genes: Chk-α and Chk-β The two functional isoforms of Chk-α, Chk-α1 and Chk-α2, are the
result of alternative splicing of the Chk-α transcript (1). None of the isoforms are active as
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monomers and the active enzyme consists of homo- or heterodimers (1). PC is a lipid
precursor and breakdown product, but some studies have shown that PC can also act as a
second messenger in cell growth signaling pathways (2). Thus, an activation of Chk and the
resulting increase in PC levels have been proposed as necessary events for the proliferation
of certain cell types (3).

Chk activity can be modulated by serum (4) and components of serum such as hormones (4–
7), platelet-derived growth factor (8), fibroblast growth factor (8), and epidermal growth
factor (5). In addition, it has been found that increased expression of human Chk in
fibroblasts increased the mitogenic potential of insulin, insulin-like growth factor-I,
fibroblast growth factor, and platelet derived growth factor (9). Recently we observed that
hypoxia can induce Chk expression in cancer cells (10). In the same study we also reported a
coarse co-localization between total choline (tCho) maps obtained with magnetic resonance
spectroscopic imaging (MRSI), and fluorescing hypoxic regions of solid tumors in a human
prostate cancer xenograft model that was genetically engineered to express fluorescent
protein under the control of a hypoxia response element (10). These data provide evidence
that certain microenvironmental conditions within the tumor can regulate Chk levels either
by stabilizing the protein, stabilizing its mRNA, or inducing gene expression.

Increased activity of Chk along with the resulting increase in PC levels in malignant cells
and tumors have been observed in several studies (3,11,12). For instance, Ramirez De
Molina et al. (12) found significant association between Chk overexpression and both
histological tumor grade and estrogen receptor status in breast cancers. Chk overexpression
and increased activity has also been found in malignant cells and tumors of the prostate,
lung, colon, and breast (3).

Over the past decade magnetic resonance spectroscopy (MRS) studies have consistently
detected an elevation of PC and tCho in human tumors and cancer cells (13–16). Increased
PC is a major contributor to the elevation of the tCho signal detected in preclinical and
clinical 1HMRS and magnetic resonance spectroscopic imaging (MRSI) studies of cancer
(17). There is increasing evidence to suggest that Chk-α (and not Chk-β) is primarily
upregulated in cancers (18–20), and its downregulation has been shown to induce
differentiation and apoptosis (21,22). To further understand the role of Chk-α
overexpression and choline phospholipid metabolism in breast cancer, we generated MCF-7
breast cancer cell lines that stably overexpress the variant 1 (NM_001277.2) functional
isoform of Chk-α. The invasion of MCF-7-Chk cells was compared to MCF-7 cells using an
MR-compatible perfused-cell invasion assay, the Metabolic Boyden Chamber (MBC).

Recently we observed that siRNA-mediated downregulation of Chk-α increased the effect of
5-fluorouracil (5-FU) treatment in human breast cancer cells (22). We therefore investigated
the relationship between Chk-α overexpression and drug resistance by determining the effect
of 5-FU treatment on MCF-7-Chk cells. Consistent with increased resistance to 5-FU
treatment, we detected increased thymidylate synthase (TS) expression in MCF-7-Chk cells.
To further understand the role of Chk-α in drug resistance, we subjected MCF-7-Chk cells to
a rhodamine-123-based efflux assay, which showed that higher efflux occurred in the Chk-α
overexpressing cells compared to control MCF-7 cells.

In summary, we found that overexpression of the variant 1 functional isoform of Chk-α in
MCF-7 breast cancer cells resulted in the induction of an aggressive phenotype with an
increased capacity to invade the extracellular matrix and with increased drug resistance.
These results support the role of Chk-α in mediating a drug-resistant and invasive phenotype
in breast cancer, and identify it as an important target in breast cancer treatment.
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MATERIALS AND METHODS
Cell culture conditions

The MCF-7 human breast cancer cell line was acquired from ATCC and cultured in minimal
essential media (MEM) (Sigma, St. Louis, MO) supplemented with 10% (v/v) fetal bovine
serum plus 100 units/ml penicillin, and 100 μg/ml streptomycin. Cells were cultured in
standard cell culture incubator conditions at 37°C in a humidified atmosphere containing 5%
CO2.

Cloning the Chk-α coding sequence
The Chk-α variant 1 coding sequence was excised from the pHGCK-1 vector (kindly
provided by Hosaka et al. (23)) and cloned into the Not I site of the mammalian expression
vector pEF1α-Myc-HisA vector (Invitrogen, Carlsbad, CA), which places the expression of
the transgene under the control of the EF-1α promoter. Proper orientation of the cDNA
within the context of pEF1α-Myc-HisA was ascertained with an appropriate endonuclease
restriction diagnostic of isolated plasmids. Further sequence alignment of the cDNA product
confirmed it to be the variant 1 functional isoform of Chk-α (NM_001277.2).

Generation of transgenic MCF-7 cells stably overexpressing Chk-α
Transfections in MCF-7 cells were conducted using the Trans-LT1 transfection reagent
(Mirus Biocorp., Madison, WI) according to the manufacturer’s protocol. MCF-7 cells (1 ×
106) in a 100 mm dish were transfected with 10 μg pEF1α-Chk-α plasmid. Two days after
transfection, cells were dispersed by trypsin/EDTA treatment, diluted (1:10), and seeded
into 6 well plates. Cells were maintained in MEM medium supplemented with 10% (v/v)
fetal bovine serum plus 100 units/ml penicillin, and 100 μg/ml streptomycin and 800 μg
G418/ml for selection. After 4–5 weeks, four large monoclonal colonies were picked and
expanded (MCF-7-Chk1 to MCF-7-Chk4). The remaining colonies were maintained and
expanded as a polyclonal preparation (MCF-7-ChkP). The empty vector control cells,
MCF-7-EV, were produced by transfecting parental MCF-7 cells with the empty vector
pEF1α-Myc-HisA following the above protocol.

Immunoblot analyses
Whole-cell extracts were prepared by lysing cells with RIPA lysis buffer supplemented with
protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA). Protein concentration was
estimated using the Bradford Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA).
Total cellular protein was resolved on SDS-PAGE and specific detection of Chk-α on
immunoblots by a custom-designed Chk-α antibody was done as previously described (21).
TS expression was scored using a monoclonal antibody (Novus biologicals, NB600-550,
Littleton, CO, USA).

Cell proliferation
To measure cell growth, 0.5 × 106 cells were plated on 100-mm dishes. At 24 h, 48 h, and
72 h post-plating, the cells were trypsinized and viable cells counted using trypan blue
exclusion.

MR data acquisition with the MBC assay
Three days prior to the MR experiments, cells were seeded on Biosilon beads (Nunc,
Denmark) at a cell density of 1.5 × 106 cells per 0.5 ml of beads in non–cell culture
petridishes (Labtec, Nunc, Denmark) and grown to approximately 70% confluence. A
schematic of the MBC is shown in Figure 2a and a detailed description of the MR cell
perfusion system can be found in Pilatus et al. (24) and Ackerstaff et al. (25). Briefly,
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adherently grown cancer cells were layered surrounding an ECM gel chamber. Two layers
of perfluorocarbon doped alginate beads were interspersed within the layers of cancer cells
grown on Biosilon beads to monitor the oxygen tension in the sample using 19F MR
relaxometry.

The following series of MR data were acquired on a 9.4 T MR spectrometer (Bruker,
Billerica, MA, USA) every 12 h over a period of 2 days. Proton MR imaging was performed
to evaluate the overall sample preparation, to visualize the geometry of the extracellular
matrix (ECM) gel, and to detect changes in the integrity of the ECM gel due to invasion and
degradation by cancer cells. A one dimensional (1D) 1H profile of intracellular water was
acquired along the length of the sample (z-axis), using diffusion-weighted 1D 1H MR
imaging with gradient pulses of 3 msec duration, 18 G/cm gradient strength, and diffusion
weighting time of 100 msec, to suppress the extracellular water signal. Profiles of
intracellular water, acquired with a spatial resolution of 62.5 μm, were used to quantify the
number of cancer cells that invaded the ECM gel and to derive an index of invasion. The
invasion index I(t) at time t was calculated as follows:

where Ip,7mm(t) and Ip,7mm (t0) is the integral value of the signal at time t and t0 respectively,
obtained by integrating the intracellular water signal over a 7 mm region starting at the base
of the ECM gel chamber, and Ip(t)and Ip(t0) is the integral of the profile of the entire sample
at time t and t0 respectively. The 1st contact of cancer cells with the ECM gel during the
loading of the sample was defined as the zero time point, and defined as t0.

Energy metabolites, pH, and the choline phospholipid metabolites, PC, and
glycerophosphocholine (GPC), were obtained from unlocalized 1D 31P MR spectra.
Intracellular levels of tCho, i.e., signals from PC + GPC + free choline, total creatine (tCr),
i.e., signals from creatine + phosphocreatine (PCr), and lactate/triglycerides (LacTG) were
derived from unlocalized, diffusion-weighted (DW) 1H MR spectra. DW 1D 1H MR spectra
were acquired using lactate-editing to quantify the contribution of Lac and TG to the LacTG
signal. Since the slow-diffusing water, which represents intracellular water, is proportional
to the number of cells, DW 1D 1H MR water spectra were obtained as an index of cell
number to factor in cell proliferation. To quantify the contribution of lactate (Lac) and
triglycerides (TGs) to the signal at 1.3 ppm in the unlocalized 1H MR spectra, we acquired
diffusion-weighted 1D 1H MR spectra using a spin echo–based pulse sequence with an echo
time of 136 ms, 2K data points and 256 scans and lactate editing. Lactate editing was carried
out by selective excitation of the lactate methylene resonance (26,27). Spectra acquired with
and without selective excitation were used to determine lactate and triglycerides.

Localized DW 1D 1H chemical shift imaging (CSI) spectra with and without water
suppression were acquired to obtain metabolic information from 310-μm-thick slices along
the z-axis of the sample. In each experiment the metabolites were normalized to intracellular
water signal which provided an index of the cell number. Metabolite values normalized to
cell number and determined in arbitrary units were averaged from multiple experiments. The
oxygen tension was obtained from slice-selective 1D 19F inversion recovery T1
measurements of the perfluorocarbon beads. Localized 1D 1H CSI and 19F MR spectra were
acquired every 24 h. The MR data acquisition, processing, and analysis have been described
in detail by Ackerstaff et al. (25).

Shah et al. Page 4

NMR Biomed. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Methylthiazyl blue tetrazolium bromide (MTT) viability assay
The MTT viability assay was carried out using an ATCC kit according to the manufacturer’s
protocol (ATCC, Manassas, VA). Briefly, 4–5 × 103 cells were plated in 96 well plates, 24 h
later the cells were treated with 2.5 μg/ml 5-FU for 24 h, cultured for another 48 h, then
incubated in MTT for 3 h, lysed with detergent, and left overnight. On the following day,
absorbance was recorded at 570 nm and percentage survival was determined by comparison
with untreated cells.

MR spectroscopy of cell extracts
Cells were harvested and water-soluble cell extracts were obtained using a dual-phase
extraction method based on methanol/chloroform/water (1/1/1; v/v/v) as previously
described (29). Briefly, approximately 1.5 × 107 cells were harvested by trypsinization,
washed twice with saline, and pooled into a glass centrifuge tube. Cell pellets were
suspended in ice-cold methanol, vigorously vortexed, and kept on ice for 10 min. Next, 4 ml
of chloroform and 4 ml of water were added, the solution was vortexed, and kept at 4°C
overnight for phase separation. The samples were centrifuged for 30 min at 7800 g at 4°C
and the phases were carefully separated. The water-soluble phase, which contains
metabolites such as choline, PC, and GPC, was treated with chelex (Sigma-Aldrich, St.
Louis, MO, USA) to remove divalent cations. The chelex beads were removed through
filtration. Methanol was removed by rotary evaporation and the remaining water phase was
lyophilized. The lipid soluble phase was dried under nitrogen gas. The samples were
dissolved in deuterated solvents containing 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid
(TSP; Sigma-Aldrich, St. Louis, MO) in the case of water-soluble fractions, or
tetramethylsilane (TMS); Cambridge Isotope Laboratories, Inc., Andover, MA, USA) in the
case of lipid fractions, to serve as concentration standards and chemical shift reference.

Fully relaxed 1H MR spectra of the extracts were acquired on a Bruker Avance 500
spectrometer operating at 11.7 Tesla (Bruker, Billerica, MA, USA) using a 5-mm inverse
probe. MR spectra were analyzed using Bruker XWIN-NMR 3.5 software. Integrals of the N
(CH3)3 signals of free Cho at 3.209 ppm, PC at 3.227 ppm, GPC at 3.236 ppm, in the 1H
magnetic resonance spectra of water-soluble metabolites, and of phosphatidylcholine at
3.220 ppm and the methylene groups in fatty acids (Fmix) at 1.245 to 1.36 ppm in the 1H
magnetic resonance spectra of lipids, were determined and normalized to cell size and
number as previously described (21).

Rhodamine-123 efflux assay
For each condition described 1 × 106 cells/ml were used. Rhodamine-123 was added at a
final concentration of 0.5 μg/ml for test samples while control cells were left untreated. Cells
were gently mixed for 45 min at 37°C, washed twice with cold PBS, and fixed with 0.5%
paraformaldehyde. Flow cytometry was performed on a BD FACS Calibur Flow Cytometry
System (Becton Dickinson Biosciences, San Jose, CA, USA). Mean rhodamine-123
fluorescence was determined following autofluorescence subtraction. Quantitative analyses
were performed using Cellquest software provided by the vendor, for three separate
experiments.

Nile-red staining for lipid droplets
Cells were grown on glass chamber slides (Thermo Fisher, Rochester, NY, USA) to 60% to
70% confluence, washed with PBS, and fixed with 3% (w/v) paraformaldehyde. Cells were
washed with PBS and incubated with a 1:1,000 dilution in PBS of a 1 mg/ml stock solution
of Nile-red (Sigma- Aldrich, St. Louis, MO) in acetone for 10 min at room temperature. Cell
nuclei were counterstained with Hoechst H-33342 (Molecular Probes, Eugene, OR). Cells

Shah et al. Page 5

NMR Biomed. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were washed and mounted using Faramount aqueous mounting medium. Fluorescence
microscopy was done with a Zeiss LSM 710NLO-Meta confocal laser scanning microscope
(Carl Zeiss, Inc., Thornwood, NY, USA) using a C-Apo 40X/1.1W LD water immersion
lens. Nile-red stained lipid droplets and Hoechst stained nuclei were excited at 488 and 400
nm, respectively and the fluorescence emission was detected by using 560 nm long pass and
450 to 500-nm band pass filters, respectively. Confocal Z-sections of 1-μm thickness were
imaged. The number and size of lipid droplets per cell were quantified using customized
software that was developed in-house as previously described (30). Approximately 20–40
cells per field of view from five different fields of view were analyzed for each cell line.

Statistical analyses
Statistical significance was evaluated using the Mann–Whitney U-test. P-values ≤ 0.05 were
considered statistically significant unless otherwise stated.

RESULTS
As illustrated in Figure 1a, the 2.4 Kb Chk-α cDNA (Accession number D10704) includes
the 1370 nucleotide (nt) coding sequence and some 5′- and 3′-untranslated region (UTR)
sequence. MCF-7 clones that stably overexpress variant 1 isoform of functional Chk-α were
generated and four monoclonal cell lines (MCF-7-Chk1 to MCF-7-Chk4) along with pooled
clones (MCF-7-ChkP) were selected for characterization. The immunoblot assay shown in
Figure 1b demonstrates that all Chk-α overexpressing MCF-7 clones (lanes 2–6) exhibit 3–4
fold increased Chk expression levels compared to MCF-7-EV (lane 1) and parental wild-
type MCF-7 cells (lane 7). No significant differences in growth rate were observed between
MCF-7, MCF-7-EV, MCF-7-Chk4 or MCF-7-ChkP cells.

The non-invasive and longitudinal characterization of the invasion and metabolism of
MCF-7-Chk cells or control cells was performed under carefully controlled environmental
conditions with the MBC assay (schematic shown in Fig. 2a). Based on the immunoblot
characterization of Chk expression levels in the overexpressing clones, MCF-7-Chk4 (lane 5
in Fig. 1b) and MCF-7-ChkP (lane 6 in Fig. 1b) cells were selected for the studies.
Representative 1H MR images of the ECM gel region obtained at the start of the MR
experiment and 48 h later, are shown in Figure 2b, and demonstrate an increase of invasion
into ECM gel by MCF-7-Chk4 cells at 48 h relative to control MCF-7 cells. Quantitative
time-dependent invasion indices I(t) obtained from intracellular DW water profiles
demonstrated that the invasion of MCF-7-Chk cells (0.84 ± 0.22) was significantly higher
than parental wild type MCF-7 (0.21 ±.05) and MCF-7-EV cells (0.305 ± 0.13) (p < 0.04)
(Fig. 2c). Overexpression of Chk-α resulted in a small but reproducible increase of invasion.

Representative 1H and 31P spectra obtained from MCF-7-Chk4 and MCF-7-EV cells
corresponding to the data shown in Figure 2b at the 12 h time point are shown in Figure 3.
The 1H spectra demonstrate that overexpression of Chk-α resulted in an increase of tCho and
LacTG in MCF-7-Chk cells relative to MCF-7-EV cells (Fig. 3a). The 31P spectra
demonstrated that the observed increase in Chk protein levels on immunoblots was
functional since higher levels of PC were observed in MCF-7-Chk4 cells compared to
MCF-7-EV cells (Fig. 3b). Quantitative MRS data collected over the course of two days are
summarized in Figure 4. Levels of tCho and PC in MCF-7-Chk4 cells were significantly
higher than those found in MCF-7-EV cells through the time course of the cell-perfusion
experiments (n = 4, p < 0.01). As shown in Figure 4c, the levels of LacTG tended to be
higher in MCF-7-Chk cells compared to MCF-7-EV cells (n = 4, p < 0.1). There was no
significant difference in lactate levels between MCF-7-EV and MCF-7-Chk4 cells estimated
through a spin-echo lactate-edited sequence (data not shown), consistent with the finding
that there was no significant difference in pH between these cells. These results also confirm
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that the increase of the LacTG signal was primarily due to an increase in the triglyceride
signal. Our data suggest that the signal from LacTG normalized to cell number remained
constant during cell growth. Total choline and PC values normalized to cell number
increased during cell growth, consistent with previous observations that tCho and PC
increase during the log phase of cell proliferation (31).

We next studied the contribution of different choline containing compounds to the tCho
signal. Representative high-resolution 1H MR spectra from the Cho region obtained from
water-soluble tumor extracts of MCF-7, MCF-7-EV, MCF-7-ChkP, and MCF-7-Chk4 cells
are presented in Figure 5a. The corresponding PC/GPC ratios for those spectra were 0.90,
1.20, 5.14, and 16.0 respectively. Analyses of the MR spectra from independent experiments
demonstrated that the PC/GPC ratios were significantly elevated in MCF-7-ChkP and
MCF-7-Chk4 cells relative to MCF-7 control cells ( p < 0.05, n = 3). Levels of PC and GPC
along with tCho levels for each cell line are presented in Figure 5b. PC levels were
significantly higher in MCF-7-ChkP and MCF-7-Chk4 cells compared to MCF-7 and
MCF-7-EV cells ( p < 0.01, n = 3). The increase of tCho in the Chk-α overexpressing cell
lines was primarily due to the increase of PC. Significant differences in lactate were not
detected in the spectra (data not shown).

Representative 1H MR spectra from the lipid extracts presented in Figure 5c demonstrate the
increased fatty acid/triglyceride/phospholipid signal observed in MCF-7-Chk cells compared
to MCF-7-EV, consistent with the increase of the LacTG signal in Figures 3a and 4c in the
perfused cells. Mean ± SD values in arbitrary units were 7.43 ± 2.43 for MCF-7-Chk (n = 4)
vs 4.25 ± 0.35 for MCF-7-EV (n = 2) cells ( p < 0.03) for F(CH2), and 6.25 ± 0.94 for
MCF-7-Chk (n = 4) vs 3.25 ± 0.35 for MCF-7-EV (n = 2) cells ( p < 0.05) for F(CH3). There
were no significant differences in phospatidylcholine levels between choline kinase
overexpressing MCF-7 cells and control MCF-7 cells in the lipid extracts.

Representative images of Nile red staining for lipid droplets in MCF-7, MCF-7-EV and
MCF-7-ChkP cells are shown in Figure 6a, and demonstrate an increase in the number of
lipid droplets in MCF-7-ChkP cells. Median values of the number of lipid droplets are
presented in Figure 6b that demonstrate a significant increase in the number of lipid droplets
in MCF-7-ChkP cells compared to MCF-7 or MCF-7-EV cells ( p < 0.05) (Fig. 6b). There
were no significant differences in the size of the lipid droplets.

MCF-7-ChkP and MCF-7-Chk4 cells were more resistant to 5-FU treatment than MCF-7-
EV and MCF-7 cells, as observed in the MTT viability assay. As shown in Figure 7a,
survival of MCF7-Chk4 (41.86 ± 4.90) and MCF-7-ChkP (33.11 ± 5.41) cells was
significantly higher than the survival observed in MCF-7 (21.12 ± 5.57) or MCF-7-EV (23.5
± 5.70) cells ( p < 0.05 n = 4). Since TS is a critical target for fluoropyrimidines such as 5-
FU, that are widely used in the treatment of solid tumors, we determined its expression in
our cell lines. We found increased expression of TS in MCF-7-Chk cells compared to
control cells (Fig. 7b).

Data from a rhodamine-123 efflux assay of MCF-7, MCF-7-Chk4, and MCF-7-ChkP cell
lines presented as flow cytometry histograms of fluorescence intensity vs cell number are
shown in Figure 7c. MCF-7-ChkP and MCF-7-Chk4 cells exhibited lower fluorescence
intensities than wild-type MCF-7 cells, indicating that Chk-α overexpressing cells effluxed
more rhodamine-123. A quantitative summary of multiple repeats of these experiments,
displayed as mean fluorescence intensities, is presented in Figure 7d. We observed that the
retention of rhodamine-123 in MCF-7 cells was at least two-fold higher than in the Chk
overexpressing cells, further confirming the possibility that Chk-α overexpression increases
the activity of drug efflux pumps.
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DISCUSSION
Chk-α overexpression was found to mediate increased invasion and drug resistance in the
ER/PR positive, poorly invasive and non-metastatic MCF-7 breast cancer cell line. As
anticipated, a profound increase of PC was observed in these cells, confirming the role of
Chk-α in the high PC levels consistently observed in cancer cells and human tumors with
MR spectroscopy (32). Additionally we observed a significant increase of fatty acid/
triglycerides/phospholipids with Chk-α overexpression in cell extracts.

Chk has previously been linked to cellular processes that result in malignant transformation
as recently demonstrated by Ramirez De Molina et al. (33). Their data indicated that
elevated Chk levels might modulate a Rho A/ROCK kinase pathway during the oncogenic
transformation of human embryo kidney fibroblasts. Our previous studies have also shown
that Chk and PC levels are relatively low in non-tumorigenic human breast epithelial cell
lines but increase as a function of the aggressiveness of the breast cancer cell lines, with the
highest levels found in the most aggressive cell lines (11,21). High grade patient tumor
samples also exhibit higher levels of Chk as well as PC levels relative to low grade tumor
samples (3,34–36).

In addition to the increase of PC, we also observed a significant increase of fatty acids/
triglycerides/phospholipids in cell extracts of Chk-α overexpressing MCF-7 cells. Consistent
with the increase of fatty acids/triglyceride signal we also observed a significant increase of
lipid droplets in the Chk-α overexpressing MCF-7 cells. Interestingly, we previously
observed an increase of fatty acids/triglycerides/phospholipids in the ER/PR negative
invasive MDA-MB-231 human breast cancer cells following siRNA-mediated
downregulation of Chk-α (21). In that study we also observed an increase of lipid droplets,
that is also a marker of cell differentiation, following the downregulation of Chk-α. Others
have found higher triglycerides in malignant gliomas (37) and adenocarcinomas (38)
compared to benign or normal tissue samples. It is possible that the increase of fatty acids/
triglycerides/phospholipids and the formation of lipid droplets following Chk-α
overexpression and Chk-α downregulation occurs through entirely independent pathways
that require further investigation.

We studied the differential invasiveness of MCF-7 and MCF-7-Chk cells using the MBC
assay. This model system has been validated in several of our previous reports (25,39).
Those studies have shown consistent and reproducible estimation of cancer cell invasion
into the ECM under a variety of well-controlled environmental conditions. The MBC data
presented here indicate that MCF-7-Chk cells acquired a modest but significantly increased
ability to degrade and invade basement membrane-like ECM gel relative to MCF-7 and
MCF-7-EV control cells. This increased invasiveness of MCF-7-Chk cells supports the
potential role of Chk-α in mediating tumor progression and metastasis.

There is a direct correlation between Chk levels and the aggressiveness of various cancers
(3,19), and the latter has been associated with drug resistance. We previously found that
siRNA mediated downregulation of Chk-α increased cell kill following 5-FU treatment in
human breast cancer cells (22). Here we found that Chk-α overexpression imparted
resistance to 5-FU in MCF-7 cells. Inhibition of TS by 5-fluoro-dUMP (FdUMP), the active
metabolite of 5-FU, is considered to be the main mechanism for the action of 5-FU, and a
high enzyme level before treatment has been related to intrinsic resistance (40). We
examined TS levels in MCF-7 cells overexpressing Chk-α and observed an increase in TS
expression in MCF7-Chk cells. Mechanisms resulting in the increase of TS with Chk-α
overexpression, especially in the absence of any change in cell proliferation, require further
investigation.
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To further understand the role of Chk-α in drug resistance we characterized rhodamine-123
efflux in Chk overexpressing and control cells. Three ATP-binding cassette (ABC) drug
efflux pumps account for most of MDR in both human and rodent cells: P-glycoprotein
(Pgp), multidrug resistance associated protein 1 (MRP1), and breast cancer resistance
protein (BCRP) (41). These pumps provide mechanisms for cellular detoxification, and
provide protection against xenobiotic substances (41). In many cases the MDR of cancer cell
lines has been shown to be mediated by overexpression of Pgp (41). This overexpression
results in the enhanced elimination of a variety of drugs from the cells with concomitant
lower cytotoxicity. When added to cultured cells, the fluorescent dye rhodamine-123
normally accumulates in the mitochondria (42). It is a substrate for Pgp and is used as a
molecular probe in studies of the MDR phenotype (42–44). An aberrant increase in Pgp
activity results in the efflux of rhodamine-123 from cells, which can be monitored with
FACS studies. Our data indicate that increased Chk-α expression results in the increased
efflux of rhodamine-123 suggesting that Chk-α can modulate Pgp or other ABC transporters
that result in increased efflux of a typical substrate. Consistent with these data, Comerford et
al. (45) observed that hypoxia enhances Pgp function by 7-fold over normoxia and increased
the MDR of the cells. Similarly, Krishnamurthy et al. (46) showed that increased BCRP
expression during hypoxia provided an important cell survival advantage, which enhanced
cell survival by reducing the accumulation of toxic heme metabolites. We have also shown
an induction of Chk expression in cancer cells subjected to hypoxia and found that this can
be modulated by hypoxia inducible factor-1 via hypoxia response elements within the Chk-
α1 promoter region (10). Hypoxia-induced overexpression of these ABC transporters along
with Chk may thus represent a pathway for cell survival under hypoxia and resistance to
chemotherapeutic treatment of solid tumors.

In summary, Chk-α overexpression in breast cancer cells may represent a pathway for cell
survival and resistance to chemotherapeutic treatment of solid tumors, as well as increased
invasion. As Chk-α is increased in a number of other cancers, its contribution to drug
resistance associated with increased expression of TS and increased cell invasion might be a
general phenomenon. Our data suggest Chk-α may represent a novel and critical target to
reduce cancer cell invasion and drug resistance, and support further preclinical and clinical
studies of this target with a wide spectrum of cell lines and tumors.
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Abbreviations used

Chk choline kinase

Chk P choline kinase overexpressing pooled clones

Chk-4 choline kinase overexpressing clone 4

ECM extracellular matrix

FdUMP 5-fluoro-dUMP

GPC glycerophosphocholine
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MBC Metabolic Boyden Chamber

MRS magnetic resonance spectroscopy

MRSI magnetic resonance, spectroscopic imaging

PC phosphocholine

Pgp P-glycoprotein

tCho total choline-containing metabolites (GPC + PC + free choline)

TMS tetramethylsilane

TS thymidylate synthase

TSP 3-(trimethylsilyl) propionic-2,2,3,3,-d4 acid
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Figure 1.
(a) Linear representation of the Chk-α cDNA used in the pEF1α-Myc/His vector construct.
(b) Representative immunoblot showing relative overexpression levels of Chk in cell lysates
of MCF-7-Chk-α clones (Chk1-lane 2, Chk2-lane 3, Chk3-lane 4, Chk4-lane 5, ChkP-lane
6) compared with MCF-7-EV (lane 1) and MCF-7 control cells (lane 7). GAPDH served as
a loading control.
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Figure 2.
(a) Schematic illustration of the Metabolic Boyden Chamber assembly. (b) Representative
T1-weighted 1H MR images at the 48 h time point showing degradation of ECM gel by
MCF-7 Chk4 cells and no degradation of ECM by MCF-7-EV cells. Corresponding
intracellular diffusion-weighted profiles are shown next to the images. (c) Quantitative time-
dependent invasion indices I(t) obtained from intracellular diffusion-weighted water profiles
at the 36 h time point of MCF-7 cells (open box, n = 2), MCF-7-EV (striped box, n = 4)
MCF-7 Chk cells (black box, n = 4). Values are Mean ± SD; *p < 0.05. Data for MCF-7-
Chk cells were pooled from MCF-7-Chk4 (n = 3) and MCF-7-ChkP (n = 1) cells.
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Figure 3.
Representative (a) 1H and (b) 31P MR spectra from perfused cells acquired at 400 MHz,
with 128 and 2000 averages respectively, at the 12 h time point. Abbreviations: tCho, total
choline; Cr, creatine; Glx, glutamine + glutamate; LacTG, lactate/triglyceride; PC,
phosphocholine; DPDE, diphosphodiester, Pi, inorganic phosphate; NTP, nucleoside
triphosphate.
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Figure 4.
Quantification of data from 1H and 31P MR spectra in arbitrary units (a.u.) demonstrating
differences in (a) tCho, (b) PC and (c) LacTG levels between MCF-7-EV (□; n = 4) and
MCF-7-Chk cells (◆; n = 4). Metabolites were integrated and normalized to the
intracellular water signal to account for cell proliferation. Values are Mean ± SD; **p <
0.01, +p < 0.1). Data for MCF-7-Chk cells were pooled from MCF-7-Chk4 (n = 3) and
MCF-7-ChkP (n = 1) cells.
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Figure 5.
(a) Representative expanded 1H MR spectra showing the choline region from MCF-7,
MCF-7-EV, MCF-7-ChkP, and MCF-7-Chk4 cells. (b) Histogram showing levels of GPC,
PC and tCho in MCF-7 (open box, n = 3), MCF-7-EV (striped box, n = 3), MCF-7-ChkP
(gray box, n = 3), and MCF-7-Chk4 (black box, n = 3) cells. Values are Mean ± SD; **p <
0.01. (c) Representative high resolution 1H MR spectra from lipid extracts of MCF-7-EV
cells (n = 2) and Chk-α overexpressing MCF-7 cells (n = 4) demonstrating increase of fatty
acid (F)/triglyceride signals (± 1.75 fold for F(CH2), p < 0.03, and ~ 2.0 fold for F(CH3), p <
0.05) in MCF-7-Chk cells when compared to MCF-7-EV cells. Data for MCF-7-Chk cells
were pooled from MCF-7-Chk4 (n = 2) and MCF-7-ChkP (n = 2) cells.
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Figure 6.
(a) Representative confocal images of lipid droplets visualized by Nile red staining (red),
with Hoechst-stained nuclei (blue) in MCF-7 control and MCF-7-ChkP breast cancer cells.
(b) Quantitation of the number of lipid droplets showing significant differences between
MCF-7 or MCF-7-EV and MCF-7-ChkP cells. Values are Median ± SE, *p < 0.05.
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Figure 7.
(a) MTT assay of MCF-7 (open box, n = 4), MCF-7-EV (striped box, n = 4), MCF-7-ChkP
(gray box, n = 4) and MCF-7-Chk4 (black box, n = 4) cells following treatment with 2.5 μg/
ml 5-FU for 24 h. Values are Mean ± SD; *p < 0.05 for MCF-7-ChkP vs MCF-7 and EV;
***p < 0.003 for MCF-7-Chk4 vs MCF-7 and MCF-7-EV). (b) Representative immunoblot
from three sets of experiments showing increased levels of TS expression in cell lysates of
MCF-7-Chk4 cells (lane 3), MCF-7-ChkP (lane 4) compared with MCF-7 (lane 1) and
MCF-7-EV (lane 2) control cells. (c) Representative histograms obtained from
rhodamine-123 efflux assay of MCF-7, MCF-7-Chk4, and MCF-7-ChkP cells. Mean
fluorescence intensity (MFI) of the cells before (blue) and after (green) incubation with
rhodamine-123 is shown on the x-axis. (d) Intracellular accumulation of rhodamine-123 as
detected by MFI in MCF-7 (open box, n = 3), MCF-7-ChkP (gray box, n = 3), and MCF-7-
Chk4 cells (black box, n = 3). Values are Mean ± SEM, *p < 0.05 and **p < 0.01).
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