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Abstract

The CD44+ and CD442 subpopulations of the colorectal cancer cell line Caco2 were analyzed separately for their
sensitivities to the antitumor drug camptothecin. CD44+ cells were less sensitive to camptothecin than CD442 cells. The
relative resistance of CD44+ cells was correlated with (i) reduced activity of the nuclear enzyme topoisomerase I and (ii)
insensitivity of this enzyme to camptothecin when analyzed in extracts. In contrast, topoisomerase I activity was higher in
extracts from CD442 cells and the enzyme was camptothecin sensitive. Topoisomerase I from the two subpopulations were
differentially phosphorylated in a manner that appeared to determine the drug sensitivity and activity of the enzyme. This
finding was further supported by the fact that phosphorylation of topoisomerase I in CD44+ cell extract by protein kinase
CK2 converted the enzyme to a camptothecin sensitive, more active form mimicking topoisomerase I in extracts from
CD442 cells. Conversely, dephosphorylation of topoisomerase I in extracts from CD442 cells rendered the enzyme less
active and camptothecin resistant. These findings add to our understanding of chemotherapy resistance in the Caco2
CD44+ cancer stem cell model.
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Introduction

Colorectal cancer is among the most common human

malignancies and one of the leading causes of cancer deaths [1].

Metastatic colorectal cancer remains incurable with the available

systemic therapeutic options. However, during the past decade

new combinational therapies including derivatives of the plant

alkaloid camptothecin (CPT), such as irinotecan or topotecan have

shown very promising results [2,3]. Despite the very encouraging

results only a subset of colorectal cancer patients respond to the

CPT-based therapies and problems with primary resistance or

relapsed tumors remain a major problem [4,5,6,7].

CPT and its derivatives act by interfering with the activity of the

nuclear human enzyme topoisomerase I (TopI), which has been

identified as the sole cellular target of these drugs [8,9,10].

TopI relaxes topological tension in the genome by cleaving-

religating one strand in the DNA double helix. Under normal

circumstances the enzyme leaves the DNA intact [11]. However,

selective inhibition of the religation reaction of TopI catalysis in

the presence of CPT leads to the accumulation of transient TopI-

bound nicks in genomic DNA [12,13,14]. Upon collision with

DNA-tracking processes e.g. transcription and replication these

TopI-DNA complexes are converted into permanent DNA

damage that ultimately can result in cell death [14,15,16]. The

cytotoxicity of CPTs correlates directly with the intracellular

activity of TopI and common mechanisms behind CPT resistance

in cell lines include down-regulation of TopI activity

[17,18,19,20,21,22,23] or mutations in the TOP1 gene leaving

the enzyme insensitive towards CPT [4,24,25,26,27,28,29]. The

importance of the cell-to-cell heterogeneity (intratumor heteroge-

neity) characteristic for most cancer cell populations for the

occurrence of drug resistance is less well characterized [30,31].

During recent years the cancer stem cell (CSC) theory has been

proposed to explain the origin and progression of a variety of

cancers including colorectal cancer and bulk evidence now support
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this theory [30,32,33,34,35,36,37,38]. CSCs are defined as a

population of cancer cells with tumor initiating capacity. They can

undergo indefinite self-renewal and have the capacity to differen-

tiate into the diverse cell populations constituting the bulk of a

tumor. Today CSCs are considered to engender tumor genesis,

metastasis and therapeutic resistance of most cancers [39,40,41].

Several features of CSCs make them refractory to current

treatment strategies. In the in vivo tumors CSCs are relatively

quiescent. Moreover, they have been proposed to exhibit high

expression levels of multi-drug transporter proteins [42] and DNA

damage response genes [39,43]. Consequently, CSCs may be

selectively enriched and capable of regenerating tumor growth

after chemotherapeutic treatments.

CSCs are often identified and isolated on the basis of specific

surface markers. In the current study we have taken advantage of

the colorectal cancer cell line Caco2. This cell line has previously

been demonstrated to sustain a subpopulation of CSCs with tumor

initiating capacity characterized by the expression of the CD133

and CD44 surface markers even when grown in serum containing

media [44]. The non-CSC subpopulation of Caco2 does not

express CD44 (CD442), allowing for physical sorting of the two

cell populations. We observed a CPT resistant phenotype of the

CD44+ cell subpopulation, which was not shared by the CD442

cell subpopulation. The CPT resistant phenotype could be

ascribed directly to the phosphorylation status of TopI expressed

in CD44+ cells leading to reduced enzyme activity and rendering

the enzyme insensitive to CPT when analyzed in extract from

these cells.

Materials and Methods

Reagents and Enzymes
Phi29 DNA polymerase was purchased from MBI Fermentas.

CodeLink Activated Slides were purchased from SurModics Inc.

(USA), and Vectashield was from Vector Laboratories Inc. (USA).

CD44 MicroBeads (human), FcR Blocking Reagent (human),

CD44-PE Antibody (human), CD133-PE Antibody (human),

Casein Kinase II (CK2) and alkaline phosphatase from calf

intestine were purchased from New England BioLabs Ltd. (UK).

Pap Pen was purchased from Dako (Glostrup, Denmark).

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bro-

mide) reagent (M5655) was purchased from Sigma-Aldrich ApS

(Denmark), dissolved in phenol red MEM at a final concentration of

5 mg/ml, sterilized using 0.22 mm filter and stored at 220uC.

REEAD substrates, primers and probes
The sequences of the oligonucleotides are as follows:

S(hTopI): 59-AGAAAAATTT TTAAAAAAAC TGTGAA-

GATC GCTTATTTTT TTAAAAATTT TTCTAAGTCT

TTTAGATCCC TCAATGCTGC TGCTGTACTA CGATC-

TAAAA GACTTAGA-amine-39 [45]

Oligonucleotide for generation of control circles (control ligase

substrate): 59-p-AGAAAAATTTTTAAAAAAACTGTGAAGATC-

GCTTATTTTTTTAAAAATTTTTCTAAGTCTTTTAGAT-

C-CCGAGATGTACCGCTATCGTCAT-GATCTAAAAGAC-

TT-39

RCA primer (Anti-TopI primer): 59-amine-CCAACCAAC-

CAACCAAATAAGCGATCTTCACAGT-39

ID16: TAMRA-CCTCAATGCTGCTGCTGTACTAC

IDA1: 69FAM-CCGAGATGTACCGCTATCGT

All oligonucleotides were purchased from DNA Technology A/

S (Denmark).

The detection probes ID16 for detection of rolling circle

amplification products (RCP) generated from circularized

S(hTopI) and IDA1 for detection of RCPs generated from control

circles were fluorescently labeled by 59-coupling of the fluoro-

phores TAMRA and 69FAM, respectively. For preparation of the

control circles, the control ligase substrate was circularized by T4

DNA ligase, and the resulting ligated circles were purified from a

8% polyacrylamide gel. The concentration of the obtained circles

was determined by spectrophotometric measurement [45].

Cells Culture
Caco2 cell culture obtained from ATCC was grown in MEM

supplemented with 20% fetal bovine serum (FBS), 1% non-

essential amino acids (NEAA), 100 units/ml penicillin and

100 mg/ml streptomycin (Invitrogen A/S, Denmark). The cell

cultures were maintained in a humidified incubator (5% CO2/

95% air atmosphere at 37uC). Cells were plated into tissue culture

dishes (Nunc, Roskilde, Denmark) at an initial density of 66104

cells/cm2 in all the experiments except the MTT assay.

Cells were harvested by trypsin treatment (0.05% Trypsin-

EDTA solution, Sigma-Aldrich ApS, Denmark) followed by two

consecutive washes with 16PBS and stored at 280uC until further

analysis.

FACS analysis and cell sorting
Caco2 cell subpopulations were counted or separated into two

fractions by FACS using a Gallios Flow Cytometer (Beckman

Coulter Danmark ApS) after staining with CD44-PE or CD133-

PE antibodies. For cell sorting the cells were kept cold and sorted

using a FACSAria III (BD Biosciences, San Jose, CA) with a

561 nm laser to excite both PE and PI. Light emitted from PE was

collected using a 582/15 band pass filter while light emitted from

PI was collected using a 610/20 band pass filter. Doublets and

dead cells were excluded and CD44 PE negative and positive cells

were sorted. The CD44 positive gate was defined as the most

positive 10% of the population. FlowJo software (v.9.6.2, TreeStar

Inc., Ashland, OR) was used for data analysis. For each

experiment, the background fluorescence was measured using

both unlabeled cell mixture and cell mixture labeled with the

appropriate concentration of PE-conjugated antibodies. After each

FACS sorting the enriched fractions were analyzed for CD44+
cells. In all cases FACS separation resulted in at least 94% pure

CD44+ and 99% pure CD442 cell populations, respectively.

Cell survival assay of CD442 and CD44+ cells
CPT sensitivity of the two cell populations was determined by

MTT colorimetric assay. Sorted cells (CD442 or CD44+) were

seeded in 96 well tissue culture plates (Nunc Roskilde, Denmark) at

a concentration of 96103 cells/cm2 in 100 ml of growth media.

After 24 hours the growth media was removed and replaced with

100 ml fresh growth media containing dimethyl sulfoxide (DMSO)

or CPT at different concentrations, as stated in the text. After

60 hours of treatment 10 ml of MTT (5 mg/ml) was added to each

well and incubation was continued in the incubator (5% CO2/

95% air atmosphere at 37uC) for 4 hours in the dark. After

incubation, the 96 well tissue culture plate containing the samples

was centrifuged at 1000 g for 5 minutes and medium was

removed. The precipitated formazan was dissolved with DMSO

and the absorbance of each well analyzed at 590 nm using a

FLUOstar OPTIMA (BMG Labtech, Ortenberg, Germany)

microplate reader. The results were graphically represented by

subtracting the absorbance of DMSO alone (as blank) and

normalizing the 590 nm absorbance of CPT treated cells to the

absorbance of DMSO treated cells (as negative control) for both

CD442 and CD44+ cells.

Camptothecin Resistance in Cancer Stem Cells
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Preparation of whole cell extract and nuclear extract
Cells were harvested by treatment with 0.05% Trypsin solution

(Sigma-Aldrich, Denmark A/S). For preparation of whole cell

extracts that was used in all REEAD experiments, 26104 cells

were lysed by mixing the pelleted cells with 10 ml lysis Buffer A

(10 mM Tris, pH 7.5, 5 mM EDTA, 0.1 mM phenylmethyl

sulfonyl fluoride (PMSF) followed by 1 minute incubation on ice.

This procedure resulted in lysis of both cell- and nuclear

membranes.

Nuclear extracts were used for TopI purification, SDS-PAGE

and Western blot analyses. Nuclear extracts were prepared by

incubation of cells with lysis buffer B (0.1% NP-40, 10 mM Tris,

pH 7.9, 10 mM MgCl2, 15 mM NaCl, 1 mM DTT and, 0.1 mM

PMSF) on ice for 10 minutes. Subsequently, the nuclei were

pelleted by centrifugation at 400 g for 10 minutes. The pelleted

nuclei were extracted by addition of 100 mL nuclear extraction

buffer (0.5 M NaCl, 20 mM HEPES, pH 7.9, 20% glycerol,

1 mM DTT and, 0.1 mM PMSF) followed by rotation for 1 hour

at 4uC [46]. Cell debris was removed by centrifugation at 9000 g

for 10 minutes at 4uC.

Detection of TopI activity by REEAD assay
The REEAD assay was performed essentially as previously

described [45]. The 59-amine-coupled RCA primer was linked to

CodeLink Activated Slides according to the manufacturer’s

description. The TopI reactions were carried out in a 20 mL

reaction volume containing a divalent cation depletion buffer

(10 mM Tris-HCl, pH 7.5, 5 mM EDTA and 50 mM NaCl). The

reaction mixtures were supplemented with 500 nM S(hTopI)

DNA substrate. Reactions were initiated by the addition of cell

extract or purified TopI in the presence or absence of CPT as

indicated in the figure legends. Incubation was continued for

30 minutes at 37uC before heat inactivation of enzymes present in

the reaction mixture for 5 minutes at 95uC. Subsequently,

hybridization to the surface coupled primer was performed for

60 minutes at room temperature (22 to 25uC). To allow

normalization, 5 nM of control circles were added to the heat

inactivated reaction mixture prior to this step. Slides were washed

for 2 minutes at room temperature in wash buffer 1 (0.1 M Tris-

HCl, pH 7.5, 150 mM NaCl, and 0.3% SDS) and subsequently

for 2 minutes at room temperature in wash buffer 2 (0.1 M Tris-

HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween-20). Finally, the

slides were dehydrated in 99.9% ethanol for 1 minute and air-

dried. Rolling circle DNA synthesis was performed for 45 minutes

at 37uC in 16 Phi29 buffer supplemented with 0.2 mg/mL BSA,

250 mM dNTP, and 1 unit/mL Phi29 DNA polymerase. The

reaction was stopped by washing with wash buffers 1 and 2, the

slides were dehydrated in 99.9% ethanol for 1 minute and air-

dried. The rolling circle products were detected by hybridization

to 0.17 mM of each of the detection probes ID16 (red fluorescent

labeled) and IDA1 (green fluorescent labeled) in a buffer

containing 20% formamide, 26 SSC, and 5% glycerol for

30 min at 37uC. The slides were washed in wash buffers 1 and

2, dehydrated, mounted with Vectashield, and visualized under

fluorescence microscope as described previously. For quantitative

depiction of the results the number of signals originating from

TopI activity (red signals) or spike in control circles (green signals),

respectively, were counted on 12 microscopic images and the

results calculated as the ratio between the number of red (R) and

green (G) signals (R/G) as described in [45].

Purification of endogenous TopI from CD442 and CD44+
cells

Nuclear extracts were prepared from 56106 FACS sorted

CD44+ or CD442 cells as described above, except that

phosphatase inhibitor cocktail 1 and 2 (Sigma-Aldrich, Denmark)

were added to all buffers at a final concentration of 10 mL/mL to

prevent dephosphorylation of TopI. The extract was loaded onto a

50 mL nickel-NTA-agarose column (Qiagen Nordic, Denmark),

pre-equilibrated with buffer containing 10 mM Tris-HCl, pH 7.5,

300 mM NaCl, 5 mM MgCl2, 10% Glycerol, and 1 mM PMSF.

The column was washed with 1 mL wash buffer containing

10 mM Tris-HCl, pH 7.5, 300 mM NaCl, 10% Glycerol, 20 mM

imidazole, pH 7.8 and 1 mM PMSF. Bound protein was eluted

from the column with 500 mL elution buffer containing 10 mM

Tris-HCl, pH 7.5, 300 mM NaCl, 5 mM MgCl2, 10% Glycerol,

150 mM imidazole, pH 7.8 and 1 mM PMSF and collected in

50 mL fractions. A protein purity of approximately 50% was

obtained, as gauged by SDS-polyacrylamide gel-electrophoresis

(SDS-PAGE) followed by silver staining performed according to

manufacturers protocol (Invitrogen A/S, Denmark). Fractions

with equal concentrations of TopI were used for REEAD analysis.

Phosphorylation and dephosphorylation of TopI
Dephosphorylation was performed by incubation of whole cell

extract from 104 CD442 or CD44+ cells with 5 units of alkaline

phosphatase at 37uC for 30 minutes in the reaction buffer

containing 50 mM Tris-HCl (pH 9.3 at 25uC), 1 mM MgCl2,

0.1 mM ZnCl2 and 1 mM spermidine.

Phosphorylation was performed by incubation of whole cell

extract from 104 CD442 or CD44+ cells with 250 units of protein

kinase CK2 at 30uC for 10 minutes [44] in the reaction buffer

containing 20 mM Tris-HCl (pH 7.5 at 25uC), 50 mM KCl,

10 mM MgCl2, and 200 mM ATP.

Polyacrylamide electrophoresis (PAGE) and Western
blotting

The two-dimensional PAGE (2D PAGE) was carried out using

an immobilized pH gradient (IPG) as previously described [47].

Briefly, the IPG strips pI 3–10, were actively rehydrated with

200 ml of sample solution containing proteins from approximately

0.56106 cells. The isoelectrofocusing was carried out for 18,000

Vhr. using the Bio-Rad PROTEAN IEF (Bio-Rad laboratories,

Denmark). The second dimension was carried out as previously

described [48]. All samples were run twice. The separated proteins

were visualized by silver nitrate staining according to the

procedure compatible with mass spectrometry (MS). Silver stained

gels were dried between cellophane followed by MS analysis.

The separation of proteins by one dimensional SDS-PAGE gel

was performed by using NuPAGE system (Invitrogen A/S,

Denmark) according to manufacturer’s instructions. In brief, cell

lysates were mixed with NuPAGE LDS loading buffer and

NuPAGE sample reducing agent. Samples were then incubated at

70uC for 10 min and loaded onto NuPAGE Novex 4–12% Bis-

Tris gels with 50 mg/lane. The protein separation was performed

in NuPAGE MOPS buffer containing NuPAGE antioxidant

according to manufacturer’s instructions.

Western blotting was performed according to procedure

described elsewhere [49]. The resolved proteins were blotted onto

Hybond-C nitrocellulose membranes (Amersham Biosciences,

USA) and reacted with a TopI specific rabbit antibody (1:2000

TopI antibody, Epitomics, USA) followed by detection of immune

complexes with a horseradish peroxidase-labeled polymer (1:200)

(Envision+ detection kit; DAKO; Denmark). The blots were
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developed using the Amersham ECL plus Western Blotting

Detection Kit (GE Health/Amersham Bioscience, VWR, Den-

mark) according to manufacturer’s instructions. The signals were

visualized with a CCD camera (BioSpectrum Imaging System,

UVP BioImaging, Upland, CA, USA). The membranes were

additionally reversibly stained with Ponceau S solution (Sigma-

Aldrich, Denmark) to match location of proteins in membrane

with the Western blot signal and to ensure a proper focusing of

protein spots.

For 2D gel-electrophoretic analyses dephosphorylation was

performed as described: 16106 CD44+ or CD442 cells were lysed

in the presence of 1 mM NaCl/0.4% NP40 and divided into two

aliquots. One aliquot of the CD44+ or CD442 cells were

subjected to dephosphorylation performed by treatment with the

lambda protein phosphatase (l-PPase) (1600 units) in l-PPase

buffer at 30uC for 45 minutes according to manufacturer’s

instructions (New England, BioLabs Inc., USA). (Note, that two

different phosphatases were used in present study. However, since

the role of both phosphatases was merely to remove all

phosphorylations such experimental discrepancy does not influ-

ence the final results). One aliquot of each cell fraction was mock-

treated as a control. The reactions were stopped by freezing the

samples at 280uC followed by lyophilization. The samples were

then solubilized in CLB1 lysis buffer (R&D Systems, Inc., USA)

and subjected to 2D PAGE and 2D Western blotting.

Results

Decreased CPT sensitivity of CD44+ cells relative to
CD442 cells of Caco2 correlates with decreased activity
and decreased CPT susceptibility of TopI in CD44+

The colorectal cancer cell line Caco2 has previously been

demonstrated to contain a subpopulation of CSCs with tumor

initiating capacity characterized by expression of the CD133 and

CD44 surface markers when grown in serum containing media

[44].

It has previously been reported that CSC like cells can be

isolated from cell lines and that these cells are characterized by a

rather drug insensitive phenotype [43]. We therefore set out to

investigate how the CSC like cell population of Caco2 differs from

the non-CSC subpopulation of the cell line with respect to

sensitivity towards the anti-tumor drug CPT. First, the cells were

stained with PE-conjugated CD44 or CD133 antibodies and the

relative numbers of CD44+ and CD133+ cells were determined by

FACS analyses. As evident from figure 1A, approximately 32% of

the cells were CD44+ while close to 100% were CD133+. The

number of CD44+ cells was reduced markedly (to 9%) by

treatment with sodium butyrate (NaBt), which is a well know

inducer of differentiation in cancer cell lines including Caco2

[44,50,51]. The number of CD133+ cells remained largely

unchanged by this treatment (data not shown). These results are

in agreement with previous work by Dalerbo et al., suggesting that

CD44 is a sufficient marker of CSCs in colorectal cancer [52]. We

therefore decided to separate the cells solely on the basis of the

CD44 expression. After staining and FACS separation the purity

of the obtained cell populations was analyzed by immunopheno-

typing with CD44. As demonstrated in figure 1B the FACS

separation resulted in 94% pure CD44+ and 99% pure CD442

cell populations, respectively.

To compare the CPT sensitivity of the two Caco2 cell

subpopulations the FACS separated CD44+ and CD442 cell

subpopulations (figure 1B) were treated with CPT concentrations

ranging from 0 to 0.4 mM before survival was estimated in a

standard MTT assay. The results were normalized to 100%

survival for the untreated cells exposed to DMSO (used as a

solvent for CPT) alone and depicted in the bar chart shown in

figure 1C. As evident from the figure, the CD44+ cells were

substantially less sensitive towards CPT treatment than were

CD442 cells.

The CPT sensitivity of cells often correlates directly with the

intracellular TopI activity level and the susceptibility of TopI

towards the drug [11,14]. Therefore, the activity and drug

susceptibility of TopI in extracts from FACS sorted CD44+ and

CD442 cells were measured directly using the previously

described Rolling circle Enhanced Enzyme Activity Detection

(REEAD) assay [45]. In this assay (see figure 1D) TopI cleavage-

ligation is measured in terms of circularization of a dumbbell

shaped DNA substrate (S(hTopI)). Each generated circle is then

visualized at the single molecule level by subsequent rolling circle

amplification (RCA) followed by hybridization of specific fluores-

cent probes to the generated RCA products as described [45,53].

REEAD is an isothermal procedure where each TopI cleavage-

ligation reaction results in one DNA circle, which in turn gives rise

to a single visible fluorescent spot in the microscope. Hence, the

assay allows highly sensitive analyses of TopI activity using very

little cell material [54]. Reproducible quantitative data are easily

obtained by normalization of TopI specific signals to signals

obtained from a known concentration of spike-in control circles

simply by calculating the ratio between TopI specific signals and

signals resulting from the spike-in control circles as described in

[45].

Figure 1E shows the results obtained when measuring the TopI

activity in extracts from decreasing numbers (corresponding to

104, 103, 102 or 10 cells as indicated in the figure) of the FACS

sorted CD44+ or CD442 cells using the REEAD assay. The top

panel shows representative examples of the microscopic views

obtained in this experiment. The red signals represent the RCA

products generated from circularized S(hTopI) resulting from

TopI activity while the green signals represent RCA products

generated from the spike-in control circles. The lower panel is a

graphical depiction of the results obtained in three independent

experiments where TopI activity is depicted as the ratio between

TopI generated signals (red) and control circle generated signals

(green). As evident from the chart, extract from CD44+ cells

contained approximately three fold less TopI activity than did

CD442 cells. This is in agreement with the decreased CPT

sensitivity of CD44+ relative to CD442 cells observed in the

survival experiment (figure 1C).

The CPT susceptibility of TopI expressed in the FACS sorted

CD44+ or CD442 cells was compared by assaying TopI activity

present in extracts from 104 cells of either cell population in the

presence of increasing concentrations of CPT. As evident from the

graphical depiction of the results shown in figure 1F, TopI in

extract from CD44+ cells was hardly affected by the utilized

concentrations of CPT, whereas TopI in extract from CD442

cells was almost fully inhibited by 60 mM of CPT.

Based on these experiments we concluded that the decreased

CPT sensitivity of CD44+ relative to CD442 Caco2 cells

correlated with a relatively low enzyme activity and a CPT

resistant phenotype of TopI expressed in these cells.

To address the possibility that the above effects could be an

artifact arising as a result of the cell sorting procedure, we took

advantage of the fact that cultivation of Caco2 cells in the presence

of NaBt causes a major conversion of CD44+ cells to CD442 cells

(data not shown and [44,50,51]). NaBt treatment caused a three-

fold steady-state reduction in the proportion of CD44+ cells in our

cultures. This was accompanied by proportionate increases in (i)

cellular CPT sensitivity, (ii) TopI activity in cell extract, and (iii)

Camptothecin Resistance in Cancer Stem Cells
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CPT sensitivity of extracted TopI (data not shown). Thus, our

findings with sorted cells are qualitatively recapitulated with

unsorted cells.

Activity and CPT sensitivity of TopI purified from CD44+
or CD442 Caco2 cells

The activity and CPT susceptibility of TopI can be envisioned

modified by post-translational modifications, interactions to other

proteins or mutations in the gene encoding the enzyme [55]. It is

highly unlikely if not impossible that mutations account for

different CPT susceptibility of TopI in dynamic subpopulations i.e.

CD44+ and CD442 cells of the same cell line (in this case Caco2).

Therefore to elucidate if post-translational modifications or

protein-protein interactions are the most likely mechanism behind

the altered CPT susceptibility of TopI in CD44+ versus CD442

cells the endogenously expressed TopI in each cell subpopulation

was separated from other proteins present in the cell extracts by

Ni2+-column chromatography. Due to a histidine rich region in

the N-terminal domain of TopI the wild-type enzyme exhibit high

affinity for the Ni2+ resin [56,57]. This procedure (graphically

illustrated in figure 2A) resulted in approximately 50% pure TopI

fractions, with very similar pattern of contaminating proteins for

enzyme fractions originating from each cell subpopulation (see

figure 2B). The purified enzyme fractions were analyzed with

regard to CPT sensitivity using the REEAD assay. Figure 2C is a

graphical depiction showing the result of three independent

experiments where the activity of 5 ng of TopI purified from either

CD44+ or CD442 cells were assayed in the presence of CPT

concentrations ranging from 0 to 60 mM. As evident from the

figure, the activity of TopI purified from each cell subpopulation

was comparable in the absence of CPT. In contrast, the CPT

insensitive phenotype of TopI from CD44+ cells observed in crude

cell extracts was maintained in the purified enzyme fractions

(compare the black bars in figure 2C). Since the pattern of

contaminant proteins appeared very similar in the two enzyme

fractions this result strongly suggest post-translational modifica-

tions as one potential mechanism of regulating the CPT

susceptibility of TopI in the cell subpopulations of Caco2. Note,

however, that a potential effect of contaminant protein factors

present in the purified enzyme fractions cannot be completely

ruled out from these studies. The difference in CPT susceptibility

of TopI from the two cell subpopulations was more pronounced in

cell extracts (figure 1F) suggesting that indirect factors such as

protein-protein interactions also affects the CPT interaction.

The phosphorylation patterns of TopI in CD44+ and
CD442 cells differ

One of the well known post-translational modifications that can

regulate the activity of TopI is phosphorylation [18,58,59,60,61].

We therefore investigated the phosphorylation pattern of TopI in

extracts from different Caco2 cell subpopulations by 2D gel-

electrophoresis.

Figure 3A shows the results of 2D gel-electrophoresis of extract

from unfractionated Caco2 cells following visualization of proteins

by silver staining (left panel) or Western blotting developed using

an TopI specific antibody (right panel). As seen, the Western blot

revealed a complex modification pattern of TopI in Caco2 cells

with multiple isoforms, which are characterized by the same

molecular mass (Mw) but highly different isoelectric points (pIs).

All these spots were identified as TopI by MS analyses (data not

shown).

To examine the phosphorylation profiles of the Top1 in the

FACS separated CD442 or CD44+ cells, we exploited the fact

that the removal of phospho-group(s) by treatment with l-PPase

alters the protein pI towards a more basic value as compared to

the corresponding phosphorylated forms. The total protein

amount of TopI was almost the same in extract from the two

cell subpopulations, as confirmed by SDS PAGE analyses of

extract from 0.56105 FACS sorted CD44+ or CD442 cells

followed by Western blotting for visualization of TopI or actin (as

a loading control) (see figure 3B).

The results of the dephosphorylation experiments are shown in

figure 3C. As evident from the 2D gel-electrophoretic analyses

CD442 cells expressed mainly two TopI isoforms with the same

molecular weight (upper-left panel). Of these, the isoform in spot 1

with a more basic pI, presumably represented the non-modified

TopI (black arrow) while the isoform in spot 2 with a more acidic

pI most likely represented the phosphorylated variant of TopI

(blue arrow). This interpretation was supported by the fact that the

more acidic isoform almost entirely disappeared after treatment of

cells with l-PPase (compare upper-left and –right panels).

The pattern of the TopI isoforms in the CD44+ cells was more

complex with a clear shift of at least 6 isoforms exhibiting

differential intensities towards the acidic side (figure 3C, bottom-

left panel spots 2–7, red and blue arrows). As seen in figure 3C

(bottom–right panel), l-PPase treatment resulted in the disap-

pearance of 4 acidic spots (spots 2–5) suggesting that they

corresponded to phosphorylated TopI isoforms.

Figure 1. CPT response of CSC or non-CSC cell subpopulations of Caco2. (A) FACS analysis of Caco2 cells stained with PE-conjugated CD44
(top panel) or CD133 (lower panel) specific antibodies. (B) FACS analysis of Caco2 cells before or after FACS sorting based on CD44. (I) Unstained cells,
(II) Caco2 cells stained for CD44 before sorting, (III) Caco2 cells after sorting for CD44+ cells, (IV) Caco2 cells after sorting for CD442 cells. The cells
were analyzed after sorting by staining for CD44 (C) Survival assay of the FACS sorted CD44+ or CD442 cells. The cells were incubated with DMSO
(the solvent of CPT) or 0.1, 0.2, or 0.4, mM of CPT for 60 hours before the percentage of viable cells was measured by the MTT method. (D) Graphical
depiction of the REEAD assay. S(hTopI) folds into a dumbbell shaped structure, which supports cleavage and ligation activity mediated by TopI.
Hereby the substrate is converted to a closed circle, which is hybridized to a surface-attached RCA-primer matching the specific primer annealing
sequence (p) on the substrate. Subsequently, phi-polymerase is added to support RCA. The resulting RCA products are visualized by hybridization of
fluorescently labeled probes matching the complementary identifier sequence (i) of the circles and the products analyzed using a fluorescence
microscope. TopI is illustrated as a gray pacman with a ‘‘T’’, the phi-polymerase as a dark gray circle. The RCA-primers and detection probes are
indicated on the figure. (E) Measurement of TopI activity by REEAD in the CD44+ and CD442 FACS sorted cell populations, respectively.
Representative microscopic images obtained by analyzing the TopI activity present in whole cell extracts from 10-104 cells are shown in the top
panel. Signals obtained from circularized S(hTopI) are shown in red, while signals obtained from control circles are shown in green. The lower panel
shows a quantitative depiction of three independent experiments. (F) CPT sensitivity of TopI in the sorted CD44+ and CD442 cells, respectively.
S(hTopI) was incubated with whole cell extract from 104 cells in presence of 15 mM, 30 mM, 60 mM CPT or DMSO as indicated in the figure. One
example out of 12 individual microscopic images of each reaction sample is shown in the top panel, where red signals correspond to circularized
S(hTopI) while green signals were generated from control circles. The lower panel shows a quantitative depiction of three independent experiments.
For all REEAD experiments, to avoid misinterpretation due to potential uneven distribution of RCA primers printed on the surface, the number of red
and green signals were counted on 12 microscopic images and the results depicted as the ratio between the number of red (R) TopI specific- and
green (G) control circle generated signals (R/G) as described [45].
doi:10.1371/journal.pone.0099628.g001
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The juxtaposition of protein blots from the CD442 and CD44+
cells revealed an exact matching of the position of unmodified

TopI (spots 1) and one phosphorylated isoform (spots 2) in the two

cell subpopulations. Note that the phosphorylation level of the

TopI isoform corresponding to the spot 2 was significantly higher

in CD442 than in CD44+ cells (compare intensities of spots 2 in

figure 3C, upper-left and bottom-left panels). Note also that two

acidic TopI variants in CD44+ (spots 6 and 7, red arrowheads)

represented modifications that are most likely not related to

phosphorylation because l-PPase treatment did not affect their

positions. The characterization of these modifications is out of the

scope of the present study and will be the subject of future

investigations.

Taken together the results demonstrated the complexity of the

TopI post-translational modification pattern and showed the

presence of multiple phosphorylation isoforms with different

modification degree in the two cell subpopulations of Caco2.

Hence, compared to TopI in CD442 cells, TopI in CD44+ cells

were characterized by a markedly different phosphorylation

pattern.

Figure 2. CPT sensitivity of TopI purified from nuclear extract of FACS sorted CD44+ or CD442 cell subpopulations. (A) Graphical
illustration of column purification. (B) Shows the results of SDS phage followed by silver stain visualization of the purified enzyme fractions. Lane 1, is
a size marker, lanes 2 and 3 show the enzyme fractions purified from CD442 and CD44+ cells, respectively. (C) Shows the CPT sensitivity of the
purified enzyme as measured by REEAD. S(hTopI) was incubated with TopI purified from the CD44+ or CD442 cells in the presence of DMSO or
15 mM, 30 mM or 60 mM CPT as indicated. The results of three independent experiments were quantified and depicted as a bar chart as described in
the legend of figure 1.
doi:10.1371/journal.pone.0099628.g002
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The phosphorylation state regulates activity and CPT
susceptibility of TopI present in cell extract from CD44+
or CD442 cells from the Caco2 cell line

To investigate whether the different activity levels and CPT

susceptibilities of TopI in extracts from CD44+ or CD442 cells

could be ascribed to the different phosphorylation patterns the

effects of in vitro dephosphorylation or phosphorylation of TopI in

extract from the FACS separated CD44+ or CD442 cell

subpopulation were addressed. For each experiment whole cell

extracts were prepared from 104 CD44+ or CD442 cells.

Subsequently, the cell extracts were incubated with or without

phosphatase or the serine/threonine protein kinase CK2 (casein

kinase II). This kinase has previously been demonstrated to

phosphorylate TopI in vitro [18,62,63,64] and in vivo and was more

recently associated with hyperphosphorylation and up-regulation

of TopI activity in certain cancers [18,63]. Following this

treatment the TopI activities were measured using REEAD in

the absence or presence of CPT. As evident from figure 4A,

treatment of extract from CD44+ cells with CK2 markedly

increased the TopI activity level (compare the black bars in the bar

chart) and CPT sensitivity (compare black and gray bars) relative

to the untreated extract. Dephosphorylation reduced the overall

TopI activity level and had little effect on the CPT sensitivity of

TopI in extract from the CD44+ cells. In contrast, treatment of

extract from CD442 cells with CK2 resulted in a modest increase

of the overall activity level (figure 4B, compare black bars of lower

panel) and CPT susceptibility (compare black and gray bars) of the

enzyme. Dephosphorylation of this cell extract, on the other hand,

reduced both the activity and CPT sensitivity of TopI markedly.

These results are in agreement with the decreased CPT

sensitivity of CD44+ relative to CD442 cells being caused at

least in part by a different phosphorylation pattern of TopI in the

two subpopulations.

Discussion

In the current study we have addressed the importance of TopI

activity regulation as a molecular mechanism behind resistance of

CSCs towards the CPT family of anticancer drugs using the

human colorectal adenocarcinoma cell line Caco2 as a model. The

rationale for choosing this cell line was i) colorectal cancer is

among the cancer types treated with drugs of the CPT family e.g.

irinotecan (CPT-11) and topotecan (trade name Hycamtin) [2,65],

ii) Caco2 has previously been demonstrated to contain a rather

large fraction of CSCs even in growth media containing serum

[44], and iii) the CSC surface markers of colorectal cancer

including the Caco2 cell line are relatively well defined [44,52,66].

Hence, CD133 and CD44 have both been reported as markers of

CSCs in colorectal cancer. Haraguchi et al. reported that the

CD133+ CD44+ population may be the real cancer initiating cells

of human colorectal cancer [44] while Dalerba et al. found that

most CD44+ cells are also CD133+, suggesting that CD44+ is an

adequate marker for CSC in colorectal cancer [52]. This was

consistent with our results.

Figure 3. Phoshorylation pattern of TopI in extracts from CD44+ or CD442 cell subpopulations. (A) Two-dimensional silver staining (left
panel) and immunoblot analysis (right panel) of TopI expression pattern in the Caco2 cell line. The positions of TopI are underlined. The TopI identity
of two major isoforms recognized by TopI antibodies was ensured by the MS/MS analysis of several bands excised from the silver stained gel (data
not shown). (B) One-dimentional immunoblot analysis of TopI expression in CD442 and CD44+ FACS sorted cell fractions by immunoblotting with
TopI antibodies. b-actin was used as a loading control. (C) Two-dimentional immunoblot analysis of TopI expression and post-translational
modification pattern in CD442 and CD44+ cell fractions (left-hand panels) by immunoblotting with TopI antibodies. Equal protein amounts were
loaded on the gels. The time of blot exposure is identical. The resulting pattern of TopI after cell treatment with l-PPase prior the 2D PAGE analysis is
presented (right-hand panels). Arrowheads indicate multiple forms of TopI (black arrowheads – the position of the non-phosphorylated TopI, blue
arrowheads – the positions of phosphorylated TopI isoforms; red arrowheads – the positions of non-phosphorylated otherwise modified isoforms).
The positions of parental and modified TopI isoforms are verified by the superimposing of all analyzed blots.
doi:10.1371/journal.pone.0099628.g003
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We demonstrate a CPT resistant phenotype of the CD44+ CSC

subpopulation from the Caco2 cell line, which is not shared by the

CD442 non-CSC subpopulation. We investigated whether the

CPT resistance of CSCs could be ascribed to altered activities of

the TopI enzyme expressed in CSCs relative to the enzyme

expressed in non-CSCs. The overall TopI activity levels as well as

the CPT susceptibility of TopI in extracts from Caco2 cell

subpopulations were analyzed using the previously described

REEAD assay [45,53]. We found that extract from cell

subpopulations enriched for CD44+ cells exhibited a markedly

decreased TopI activity level compared to extract from CD442

enriched cell subpopulations. This difference was not ascribed to

different expression levels since the protein amount of TopI in

extracts from the two cell subpopulations were comparable as

demonstrated by Western blotting. Even more noteworthy, TopI

present in extract from CD44+ enriched cell subpopulations was

considerably less sensitive towards CPT inhibition than was TopI

present in cell extracts from CD442 cell enriched subpopulations.

The decreased TopI activity level and CPT susceptibility in

CD44+ enriched cell subpopulations correlated directly with the

decreased CPT sensitivity of these populations relative to CD442

cells as demonstrated by cell survival assays.

There is considerable evidence that phosphorylation is critical to

the regulation of TopI activity. Hence, TopI purifies as a

phosphoprotein and several studies have demonstrated that its in

vitro activity and/or CPT susceptibility can be modulated by

phosphorylation or dephosphorylation [67,68,69,70,71]. Phos-

phorylation of serine residues have been demonstrated to correlate

with in vivo activity and the cellular sensitivity to CPT

[18,63,64,67,72,73]. In particular protein kinase CK2 is suggested

to play and important function in regulating cellular CPT response

via in vivo phosphorylation of TopI [18,63]. We therefore

addressed if a different phosphorylation state of TopI in CD44+
versus CD442 cells could explain the observed differences with

regard to TopI activity and CPT susceptibility. 2D gel electro-

phoretic analyses revealed a markedly different phosphorylation

pattern of TopI in CD44+ versus CD442 cells. In addition unique

post-translational modifications other than phosphorylation were

observed for TopI from the CD44+ cells. However, the fact that

the observed differences in activity and CPT susceptibility of TopI

could be changed by in vitro phosphorylation or dephosphorylation

of TopI in extracts from CD44+ or CD442 cells supported that it

was the different phosphorylations states that account for these

differences. More specifically, phosphorylation by CK2 increased

the activity and restored CPT susceptibility of TopI in extracts

from CD44+ cells, while dephosphorylation of TopI in extracts

from CD442 cells decreased activity and rendered the enzyme

insensitive toward CPT.

Taken together these data suggest that reduced phosphorylation

at specific sites in TopI from CD44+ cells leads to a reduced CPT

susceptibility as well as a decreased activity level of the enzyme.

These characteristics are consistent with the CPT resistance of this

cell population. The involved phosphorylation sites are most likely

threonines or serines since both activity and CPT sensitivity of

TopI in CD44+ cell extracts was increased by phosphorylation by

the serine/threonine kinase CK2. The different activity levels of

TopI from CD44+ and CD442 cells were only observed in cell

extracts and not in purified enzyme fractions. This suggests that

the phosphorylation dependent regulation of activity was mainly

indirect via e.g. protein-protein interactions or complex forma-

tions. In contrast, the different CPT susceptibility of TopI was at

least to some extent retained in purified protein fractions although

the difference was more pronounced when analyzed in extracts.

Figure 4. The effect of phosphorylation or dephosphorylation
on the CPT sensitivity of TopI activity in extracts from FACS
separated CD44+ cells or CD442 Caco2 cells. (A) The TopI activity
in CD44+ cell extracts after phosphorylation or dephosphorylation.
Whole cell extract was either left untreated (indicated by Control) or
incubated with phosphatase (indicated by Dephos) or CK2 (indicated by
Phos) before TopI activity was measured by REEAD in the presence of
60 mM CPT or 5% DMSO as indicated in the figure. One example
randomly picked out of 12 individual microscopic images of each
reaction sample is shown in the top panel. A quantitative depiction of
three independent experiments, obtained as described in the legend of
figure 1 is shown in the lower panel. (B) Same as (A), except that the
analyses were performed on extracts from CD442 cells.
doi:10.1371/journal.pone.0099628.g004
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This indicates that phosphorylation may modulate CPT sensitivity

of TopI both directly and indirectly.

Indirect mechanisms of phosphorylation dependent regulation

of TopI has previously been reported by the Gjerset group

showing that hyperphosphorylated TopI forms a complex with the

p14ARF tumor suppressor and that p14ARF may play a role in

modulating TopI activity and CPT sensitivity of cancer cell lines

[60].

To our knowledge the present study is the first report of

differences in TopI of the CSC and non-CSC subpopulations of a

cancer cell line that can explain the CPT resistant phenotype of

CSC. Moreover, it represents one of only a few examples of the

phosphorylation state of TopI modifying not only activity but also

the CPT susceptibility of the enzyme [59,69]. CK2 have

previously been associated with TopI hyperphosphorylation in

cancer cell lines rendering these cells highly sensitive towards

CPTs [18,63]. The in vitro experiments reported in this study do

support a role of CK2 in regulating TopI activity also in Caco2

cells. However, whether the phosphorylated phenotype of TopI in

the CD442 cells of Caco2 is regulated by CK2 in vivo remain the

subject of further investigation. Likewise, other mechanisms of

drug resistance in CSCs such as elevated levels of ABC

transporters or repair activities have been addressed by others

[44] and are out of the scope of the current study.
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