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Abstract
Chlorophyllin (CHL) is a water-soluble derivative of chlorophyll that exhibits cancer
chemopreventive properties, but which also has been studied for its possible cancer therapeutic
effects. We report here that human colon cancer cells treated with CHL accumulate in S-phase of
the cell cycle, and this is associated with reduced expression levels of p53, p21, and other G1/S
checkpoint controls. At the same time, E2F1 and E2F4 transcription factors become elevated and
exhibit increased DNA binding activity. In CHL-treated colon cancer cells, bromodeoxyuridine
pulse-chase experiments provided evidence for the inhibition of DNA synthesis. Ribonucleotide
reductase (RR), a pivotal enzyme for DNA synthesis and repair, was reduced at the mRNA and
protein level after CHL treatment, and the enzymatic activity was inhibited in a concentration-
dependent manner both in vitro and in vivo. Immunoblotting revealed that expression levels of RR
subunits R1, R2, and p53R2 were reduced by CHL treatment in HCT116 (p53+/+) and HCT116
(p53−/−) cells, supporting a p53-independent mechanism. Prior studies have shown that reduced
levels of RR small subunits can increase the sensitivity of colon cancer cells to clinically-used
DNA-damaging agents and RR inhibitors. We conclude that by inhibiting R1, R2, and p53R2,
CHL has the potential to be effective in the clinical setting, when used alone or in combination
with currently available cancer therapeutic agents.
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Introduction
Human ribonucleotide reductase (RR) catalyzes the conversion of ribonucleoside
diphosphates (rNDPs) to deoxyribonucleoside diphosphates (dNDPs). To form an active
enzyme, two heterodimers consisting of two large (R1) and two small (R2) subunits are
required.1 The R1 subunit contains the enzyme active site, whereas the R2 subunit harbors a
catalytically essential tyrosyl free radical and an oxygen-linked diferric iron center. Both
subunits are crucial for enzyme activity.1,2 Multiple levels of RR activity control have been
reported. In addition to allosteric regulation,3–5 transcription of both R1 and R2 genes is
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controlled by the cell cycle, leading to optimal levels of expression during S phase.6 The
protein level of R1 remains constant and in excess throughout the cell cycle, whereas R2
reaches the highest level during S phase and undergoes proteasome-mediated degradation
when the cell enters mitosis.7–10 An interesting link between RR and cancer has emerged
since the discovery of p53R2 (p53-inducible), an analog of R2 with 80% homology in
mammalian cells,11,12 which plays a significant role in mitochondrial DNA synthesis.13,14
Among several different features between the two small subunits, p53R2 is a transcriptional
target of p53 in response to genotoxic stress, supplying deoxyribonucleotides for DNA
damage repair. On the other hand, R2 is regulated by cell cycle-associated factors NF-Y and
E2F,8,15,16 and is responsible for DNA synthesis in proliferating cells. Interestingly,
whereas R2 was reported to be associated with cellular transformation, tumorigenesis, and
malignancy,17,18 p53R2 was negatively related to metastasis of colon adenocarcinoma.19
Because of its pivotal role in DNA synthesis and repair, RR has been recognized as a
promising target for several anti-cancer drugs, including subunit-specific RR inhibitors.20–
22

E2F transcription factors regulate genes that encode proteins with pivotal roles in cell cycle
progression and DNA synthesis, such as Cyclins E and A, cdc2 (cdk1), thymidine kinase,
DNA polymerase-α, proliferating cell nuclear antigen (PCNA), and RR.23,24 E2F factors
form heterodimers with DP-family proteins and promote progression through G1 and into S-
phase. Association of E2F-DP with the retinoblastoma protein (Rb) or pocket proteins p107
and p130 can convert E2F factors from transcriptional activators to transcriptional
repressors.23 This is regulated by the interplay among various proteins, including Cyclins D
and E, cyclin-dependent kinases and their inhibitors, and protein phosphatases.25,26 In
addition to binding of the pocket proteins, Cyclin A, Sp1, p53, MDM2, and the ubiquitin-
proteasome pathway regulate E2F activity.27–29 Deregulation of the Rb/E2F pathway and
cell cycle control has been associated with cancers of the liver, pancreas, lung, prostate, and
colon.30–35 Thus, the Rb/E2F pathway may be an attractive target for chemopreventive and
chemotherapeutic agents.

Chlorophyllin (CHL) is a water-soluble derivative of chlorophyll that possesses
anticarcinogenic and antimutagenic properties.36–45 In human colon cancer cells, CHL
induced apoptosis via caspase-8 activation, release of apoptosis-inducing factor from
mitochondria, and cleavage of nuclear lamins.36 Unlike chemopreventive agents such as
butyrate, salicylate, vitamin D, and curcumin,46–49 apoptosis induced by CHL was
cytochrome c-independent. Based on these observations, we sought to examine the cell
cycle checkpoint controls that might be altered by CHL treatment in human colon cancer
cells. The results presented here indicate that CHL-treated cells accumulate in S-phase, with
inhibition of DNA synthesis and marked changes in the expression of key cell cycle
regulators, and this was associated with the marked loss of RR activity.

Materials and methods
Cell culture and treatment with chlorophyllin

Human colon cancer cell lines were obtained from American Type Culture Collection
(Manassas, VA), namely HCT116 (CCL-247) carcinoma, SW480 (CCL-228) adenoma,
SW48 (CCL-231) adenocarcinoma, and HT29 (HTB-38) adenocarcinoma cells. Cells were
grown in modified (+L-glutamine) McCoy's 5A medium (Invitrogen, Carlsbad, CA)
supplemented with 10% (v/v) fetal bovine serum (Invitrogen), penicillin (100 units/ml), and
streptomycin (0.1 mg/ml) (Sigma Chemical Co, St. Louis, MO), and maintained at 37°C in a
5% CO2 atmosphere. Cells typically were seeded at 1 × 106 cells/T25 flask and treated with
CHL (Sigma) 3 d later, as reported before.36 In some experiments, HCT116 (p53+/+) and
HCT116 (p53−/−) cells (gift of Dr. B. Vogelstein) were seeded at 1.5 × 106 cells on 100 mm
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× 20 mm dishes and treated at 70% confluency. Cells were harvested 24 h after CHL
treatment, unless stated otherwise. Experiments were conducted under subdued lighting, and
CHL stock solution (20 mM) was prepared fresh in double-distilled water immediately
before use.

Cell cycle analyses
Cell cycle analyses were performed as reported by Díaz et al.36 In brief, adherent cells were
detached, fixed in 70% ethanol, and stored at −20°C overnight. Cells were pelleted,
resuspended in PBS containing 20 μg/ml propidium iodide (Sigma), 0.15 μg/ml RNase
(Boehringer Mannheim, Indianapolis, IN), and incubated at 37°C for 30 min in the dark.
Cells were left overnight at 4°C in the dark before analysis on a fluorescence-activated cell
sorter (FACS). Cell cycle distribution was determined using MultiCycle software (Phoenix
Flow Systems, San Diego, CA). In some experiments cells were treated with CHL and
pulse-labeled with 40 μM bromodeoxyuridine (BrdU) for 10–15 min before bivariate FACS
analysis. The protocol used anti-BrdU-FITC antibody (Becton-Dickinson, Franklin Lakes,
NJ) and propidium iodide, as reported elsewhere.50–52

Quantitative real-time RT-PCR
Total RNA was isolated using an RNeasy kit (Qiagen, Valencia, CA), as described
elsewhere.53 cDNAs were amplified from 4 μg total RNA using an Omniscript Reverse
Transcriptase Kit (Qiagen). Primers were as follows: R1, 5'-G G C A C C C C G T A T A T
G C T C T A-3' (forward) and 5'-C C A G G G A A G C C A A A T T A C A A- 3'
(reverse); R2, 5'-A C A G A A G C C C G C T G T T T C T A-3' (forward) and 5'-C C C A
G T C T G C C T T C T T C T T G-3' (reverse); glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5'-G A A G G T G A A G G T C G G A G T C-3' (forward) and 5'-G A A G A T
G G T G A T G G G A T T T C-3' (reverse). Amplifications were carried out in an Opticon
Monitor 2 system (Finnzymes, Finland), after initial denaturation at 95°C for 10 min, with
42 cycles of 94°C for 10s; 58°C for 20s, and 72°C for 20s. The levels of R1 and R2 were
normalized to GAPDH.

Immunoblotting
Fractionated or total lysates of untreated and CHL-treated cells were resolved on NuPAGE
4–12% Bis-Tris gel (Invitrogen), and proteins were transferred to nitrocellulose membrane
(0.45 μm pore size; Invitrogen). Equal protein loading was confirmed with Amido Black
staining and β-actin expression. The membrane was blocked with 2% BSA in PBS for 1 h at
room temperature, followed by overnight incubation with primary antibody at 4°C. The
membrane was washed with PBS-T and incubated for 1 h at room temperature with the
corresponding secondary antibodies coupled to horseradish peroxidase (goat anti-mouse
IgG-HRP and goat anti-rabbit IgG-HRP from Bio-Rad, Hercules, CA); donkey anti-goat
IgG-HRP from Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and revealed with Western
Lightning Chemiluminescence Reagents Plus ECL (Perkin Elmer Life Science, Boston,
MA). Primary antibodies were as follows: mouse anti-p53 monoclonal (DO-1; Santa Cruz
Biotechnology, Inc.), 1:200 dilution; rabbit anti-p21 polyclonal (H-164; Santa Cruz
Biotechnology, Inc.), 1:200 dilution; mouse anti-Cyclin D1 monoclonal (DCS-6; Biosource
International, Camarillo, CA), 1:250 dilution; mouse anti-Rb monoclonal (1F8; Biosource
International), 2 μg/ml; mouse anti-MDM2 monoclonal (SMP14; Santa Cruz Biotechnology,
Inc.), 1:100 dilution; mouse anti-E2F1 monoclonal (SQ71; Biosource International), 1:200
dilution; mouse anti-E2F4 monoclonal (RK-13; Santa Cruz Biotechnology, Inc.), 1:100
dilution; mouse anti-DP-1 monoclonal (TFD10; MBL International, Woburn MA), 2.5 μg/
ml; mouse anti-p107 monoclonal (SD9; Santa Cruz Biotechnology, Inc.), 1:100 dilution;
mouse anti-Cyclin E monoclonal (HE12; Biosource International), 1 μg/ml; mouse anti-
Cyclin A monoclonal (E72; Biosource International), 1:100 dilution; mouse anti-cdk2
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monoclonal (8D4; Biosource International), 1 μg/ml; mouse anti-Cyclin B1 monoclonal
(GNS1; Santa Cruz Biotechnology, Inc.), 1:100 dilution; mouse anti-cdc2 p34 monoclonal
(sc-54; Santa Cruz Biotechnology, Inc.), 1:100 dilution; mouse anti-PCNA monoclonal
clone PC10 (Biosource International), 1:400 dilution; goat anti-ribonucleotide reductase R1
polyclonal (T-16; Santa Cruz Biotechnology, Inc.), 1:200 dilution; rabbit anti-ribonucleotide
reductase R2 polyclonal (165–174; Calbiochem), 2.5 μg/ml; polyclonal anti-p53R2 (N-16,
Santa Cruz Biotechnology) 1:200 dilution; and β-actin (Sigma).

Electrophoretic mobility-shift assays
These experiments were performed as reported by Li et al.54 In brief, nuclear extracts from
CHL-treated cells were incubated with a 32P end-labeled DNA fragment containing the
specific E2F recognition sequence.55 For competition experiments, excess unlabeled
oligonucleotide (oligo) was included in the incubation reaction, containing either the wild
type or mutant sequence.55 Supershift bands were generated using antibodies to E2F1,
DP-1, Rb, E2F4, p107, or Cyclin A (listed above). Raji nuclear extract (Active Motif,
Carlsbad, CA) served as a reference control.

Ribonucleotide reductase activity
Cells were treated with CHL and 24 h later they were harvested at 4°C, washed three times
with ice-cold PBS, and centrifuged at 1,500 rpm for 5 min. Cell pellets were resuspended in
0.5 ml ice-cold 0.1 M HEPES buffer, pH 8 before sonication at 5 W three times for 15 sec,
each with a 30-sec pause in between (on ice at all times). After lysis, cell debris was
removed by centrifugation at 14,000 rpm (17,000 × g) at 4°C. Protein concentration was
determined by the Bradford assay.

Ribonucleotide reductase assay was performed as previously described, with slight
modification.56 Cell extracts were added to a reaction mixture containing 100 mM HEPES
buffer, pH 8, 10 mM DTT, 4 mM AMP-PNP, 20 μM FeCl3, 2 mM magnesium acetate, 50
μM CDP, and 3H-CDP (100 cpm/pmol CDP). Reactions (40 μl) were incubated at 37°C for
30 min. The tubes were transferred to an ice-bath before adding 4 μl 10 M perchloric acid.
After 15 min on ice the precipitate was removed by centrifugation at 14,000 rpm for 2 min.
The supernatant was transferred to new tubes, after which boiling was carried out for 20
min. After cooling, 4 μl of a marker solution containing 60 mM CMP, 60 mM dCMP, and
60 mM dUMP plus 12 μl 5 M KOH was added to the supernatant (pH > 8), followed by
incubation on ice for 15 min and centrifugation at 14,000 rpm for 5 min. Nucleotides were
resolved on a thin-layer chromatography (TLC) plate with fluorescent indicator (Cellulose
300, F-254). Solvents used were composed of 95% ethanol, saturated sodium tetraborate, 5
M ammonium acetate, pH 9.8 and 0.25 M EDTA, pH 8 at a ratio of 220:80:20:1. After 12–
15 h the TLC plate was dried, and dCMP-dUMP spots were cut and placed in scintillation
vials. To each vial was added 0.5 M HCl (1 ml) to elute nucleotides for 15 min before
counting in 5 ml EcoLite scintillation fluid.

Results
CHL induces cell cycle arrest in human colon cancer cells

Four widely-used colon cancer cell lines were treated with increasing concentrations of
CHL. After 24 h there was an increase in the percentage of floating cells and a decrease in
the attached cell yield (Fig. 1A). In general, HT29 cells were more resistant to CHL
treatment than SW48, SW480, and HCT116 cells. At the highest concentration of 250 μM
CHL, 12% of HCT116 cells were floating and had apoptotic morphology, such as nuclear
condensation and membrane blebbing (data not presented). Cell cycle analyses of the
adherent cell population revealed a sub-G1 peak, indicative of apoptosis, in both HCT116
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and HT29 cells 24 h after treatment with CHL (Fig. 1B). Treatment with 5–25 μM CHL
produced a slight increase in the percentage of HCT116 cells occupying G1 of the cell cycle,
and there was a concomitant loss of cells in S-phase (Fig. 1C). However, concentrations >50
μM CHL increased markedly the proportion of HCT116 cells in S-phase. At the highest
concentration of 250 μM CHL, 40% of HCT116 cells were in G1 and 7–8% occupied G2/M,
but >50% were present in S-phase.

CHL increases the expression of E2F1 and E2F4 transcription factors
To investigate the mechanism of the CHL-induced S-phase arrest in HCT116 cells,
immunoblot analyses were conducted on various cell cycle regulators (Fig. 2). Expression
levels of p53, p21, Cyclin D1, Rb, and MDM2 were decreased markedly by CHL treatment
(Fig. 2A). In contrast, the transcription factor E2F1 was increased at all concentrations of
CHL (Fig. 1B). The E2F1 binding partner DP-1 exhibited two immunoreactive bands; the
lower band, which is associated with E2F DNA binding activity,27 was reduced following
CHL treatment (Fig. 2B). We also examined other members of the E2F family and found
E2F4 to be increased relative to the 0 μM CHL controls (Fig. 2B). The pocket protein p107
was diminished with increasing concentrations of CHL (Fig. 2B), whereas p130 was
unchanged (data not presented).

Cyclin E, Cyclin A, and Cyclin B1 levels were essentially unchanged up to 250 μM CHL,
and only at the highest concentration of 500 μM CHL was there a noticeable loss in
expression of these cyclins (Fig. 2C). Cdk2 and cdc2 were unchanged at the lowest
concentration of 62.5 μM CHL, but both proteins were reduced slightly at higher CHL
concentrations. Finally, PCNA levels remained constant across all concentrations of CHL
(Fig. 2C). Collectively, these studies identified several important G1/S checkpoint controls
as being reduced by CHL treatment, along with increases in the expression of E2F1 and
E2F4 transcription factors.

CHL enhances the DNA binding activity of E2F1 and E2F4
Nuclear extracts from CHL-treated HCT116 cells were subjected to mobility-shift assays,
using the methodology reported before.54 In the presence of radiolabeled E2F-specific oligo
a band-shift was detected with nuclear extracts from CHL-treated HCT116 cells (Fig. 3A,
lanes 1–3). The band of interest was competed away by excess wild type unlabeled “cold”
oligo (lanes 4–6), but not by excess mutant oligo (lanes 7–9). A supershift was detected
upon addition of E2F1-specific antibody (lanes 10–12), as seen in nuclear extract from Raji
cells (lanes 13–14).

The supershift experiment was repeated with antibodies specific for DP-1, Rb, E2F4, p107,
and Cyclin A. Under the current assay conditions, DP-1 antibody completely competed
away the binding activity in HCT116 nuclear extracts, whereas Rb antibody generated a
supershift band at all CHL concentrations (Fig. 3B). Following incubation with anti-E2F4
antibody (Fig. 3C), a distinct supershift band was detected that increased with CHL
concentration, and under the same conditions p107 and Cyclin A supershift bands were
progressively diminished.

Inhibition of DNA synthesis and ribonucleotide reductase activity by CHL
HCT116 cells were pretreated with CHL and pulse-labeled with BrdU before undergoing
bivariate FACS analysis (Fig. 4A). In the absence of CHL treatment, most of the BrdU
labeling (96%) was associated with the S-phase population, but this declined to 16% and
0.75% in cells treated with 62.5 and 250 μM CHL, respectively. These findings resemble the
effects reported for antineoplastic drugs that block DNA synthesis and induce S-phase arrest
by inhibiting RR activity.51,57,58
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In qRT-PCR analyses of RR mRNA expression, transcription of the genes encoding for both
R1 and R2 subunits was inhibited markedly by CHL in HCT116 cells (Fig. 4B). There was a
decrease in the corresponding protein expression levels (Fig. 4C), as well as inhibition of the
activity of the holoenzyme in HCT116 cells (Fig. 4D, closed symbols). Interestingly, when
CHL was added directly to a reaction mixture containing an extract of untreated HCT116
cells, RR enzyme activity also was inhibited in a concentration-dependent fashion (Fig. 4D,
open symbols). The activities assayed both in vivo and in vitro were inhibited 70–80% at
250 μM CHL, relative to the untreated control, and they were undetectable at 500 μM CHL.

CHL-mediated inhibition of RR is p53-independent
In addition to R1 and R2, there is growing interest in the p53-inducible small subunit,
p53R2, as a target for cancer therapy.22 In both HCT116 (p53+/+) and HCT116 (p53−/−)
cells, the protein expression levels of R1, R2, and p53R2 were reduced markedly 48 h after
CHL treatment (Fig. 5A). In total cell lysates, RR activity was inhibited by CHL in a
concentration-dependent manner, and the extent of inhibition was similar in HCT116
(p53+/+) and HCT116 (p53−/−) cells (Fig. 5B). Thus, these data supported a p53-
independent mechanism of RR inhibition in CHL-treated colon cancer cells.

Discussion
We reported previously on the induction of apoptosis by CHL in HCT116 cells.36 In the
present study, CHL affected the growth and survival of other colon cancer cell lines, causing
an increase in the population of floating cells and a decrease in the attached cell yield.
HCT116 cells (p53-wild type) were sensitive to CHL treatment whereas HT29 cells (p53-
mutant) were more resistant. However, following treatment with 250 μM CHL, both cell
lines exhibited a sub-G1 peak in the adherent cell population at 24 h, indicative of apoptosis.
As a critical regulator of the cell cycle and apoptosis, p53 is often mutated in human
cancers, although some p53 mutations can be gain-of-function.59 Thus, we became
interested in the p53 status and how it influences sensitivity to CHL treatment.

In HCT116 cells, low doses of CHL induced a slight increase in the population of cells
occupying G1 with loss of cells in S phase, whereas at higher CHL concentrations a striking
S-phase arrest was detected. The differential response at low versus high CHL dose is
worthy of further investigation, but we elected to focus here on the S-phase arrest.
Immunoblot analyses confirmed the loss of several checkpoint controls that regulate G1/S
transition, including p53, p21, and Cyclin D1. Cyclin D1 depletion also has been observed
in CHL-treated MCF-7 breast cancer cells.60 Two other important cell cycle regulators, Rb
and MDM2, were decreased at the protein level following CHL treatment. Despite the loss
of Cyclin D1, hyperphosphorylated Rb (pRb) was detected even at the highest CHL
concentrations. It is possible that pRb was generated by active Cyclin E/Cdk2 or Cyclin A/
Cdk2 complexes.61

We were particularly interested in determining how CHL might affect the interplay between
E2F family members and their associated binding partners. The levels of E2F2, E2F3, and
E2F5 were not altered in whole cell lysates (data not presented), but E2F1 and E2F4
proteins were elevated markedly by CHL treatment. When bound to the DNA-binding
partner DP-1, E2F1 becomes a transcriptional activator and E2F4 a transcriptional repressor.
55,62 Interestingly, Cyclin A-Cdk2 interacts with an amino-terminal domain on E2F1 and
inhibits E2F1/DP-1 transcriptional activity, but E2F4, which lacks this domain, associates
indirectly with Cyclin A-Cdk2 through one of the pocket proteins, p130 or p107.62 We saw
no changes in p130 levels after CHL treatment (data not presented), but p107 protein
expression was decreased in a dose-dependent manner. This suggested a scenario in which
the loss of p107 might limit the interactions of Cyclin A-Cdk2 with E2F4, freeing E2F4 to
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act as a transcriptional repressor. Support for this idea came from the mobility-shift assays,
with the increased DNA binding activity of E2F4 in nuclear extracts from CHL-treated cells,
and the loss of p107 and Cyclin A. Prior studies have shown that Rb is a binding partner for
both E2F1 and E2F4, and that once cells enter S-phase there is a pool of free E2F1 and E2F4
in equal mixture.55 Mobility-shift assays provided evidence for increased E2F1 and Rb in
nuclear extracts of CHL-treated cells, but the levels of binding typically were much weaker
than observed for E2F4. This might be because E2F4 competed with E2F1 for a limited
supply of nuclear DP-1, but further studies are needed to clarify this question.

The experiments to this point implicated E2F4 as a transcriptional repressor during CHL-
induced S-phase arrest in HCT116 cells. Subsequent work using BrdU/PI covariate cell
cycle analysis demonstrated that CHL inhibited DNA synthesis, and we turned our attention
to RR. The promoter region of the mouse R2 gene has been reported to bind E2F4 as a
negative regulator,8 and we considered the possibility that increased E2F4 levels in CHL-
treated cells might transcriptionally downregulate R2 expression. Interestingly, both R1 and
R2 subunits were decreased in a concentration-dependent fashion in HCT116 cells, R2 being
particularly sensitive to CHL treatment.

When R2 is unavailable, the p53-inducible subunit p53R2 can associate with R1 to form an
active RR enzyme.22 However, there was a marked loss of p53R2 expression in both
HCT116 (p53+/+) and HCT116 (p53−/−) cells following CHL treatment, in addition to
reduced R1 and R2 levels (Fig. 5). It is interesting to consider these findings in the context
of prior work that used knockdown strategies to target either R2 or p53R2. Lin et al.63
observed that R2 levels critically determine the sensitivity of HCT116 (p53−/−) cells to RR
inhibitors, and that ectopic expression of p53R2 does not compensate for the decreased
levels of R2 brought about by R2-siRNA. Yoshida et al.64 knocked down either p53 or
p53R2 in a panel of cell lines and demonstrated a reduction in the DNA repair response
induced by short-chain fatty acids. Interestingly, HCT116 cells have a mutant form of
p53R2; as a consequence, the DNA repair response is attenuated and p53 or p53R2 siRNAs
had little or no effect on DNA repair activity.64 An important conclusion from the
knockdown studies is that the level of R2 protein reflects the ability of cells to participate in
DNA repair, and is a critical determinant of the sensitivity to DNA damaging agents.63,64
Given that CHL markedly inhibited R2 expression in HCT116 (p53+/+) and HCT116
(p53−/−) cells (Fig. 5), we conclude that CHL might be effective in sensitizing cancer cells
to DNA-damaging agents, regardless of the p53 status.

It is noteworthy that, in addition to the transcriptional downregulation of RR subunits, CHL
had a direct inhibitory effect on RR enzymatic activity. This was demonstrated by taking
HCT116 cells that had not been treated with CHL, and using the cell extracts in the RR
enzyme assay, where CHL produced dose-dependent inhibition. These findings resemble the
reported effects of inhibitors such hydroxyurea, which quench the tyrosyl free radical in the
active site of R2.58 In this context, it is interesting to consider briefly the evidence for CHL
as a free radical-scavenging agent.

CHL has been shown to react with hydroxyl radical as well as deoxyribose peroxyl radical
generated by pulse radiolysis in vitro.65 The stable 1,1-diphenyl-2-picrylhydrazyl radical
also was scavenged by CHL. An electron paramagnetic resonance study provided evidence
that CHL inhibited formation of 5,5-dimethyl-1-pyrroline-N-oxide-hydroxyl radical and
2,2,6,6-tetramethyl-piperidine oxide radical, generated by γ-radiation or by
photosensitization of methylene blue with visible light.66 CHL also inhibited oxidation of
low-density lipoprotein, and scavenged tyrosyl radicals that were generated by
myeloperoxidase in the presence of H2O2 and tyrosine.67 Porphyrins in general are strong
protein binders, and CHL itself interacts with human serum albumin with an affinity
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constant of 7.0 × 103 M−1.68 In the case of RR, CHL binding might displace rNDP
substrates and/or allosteric modifiers from their corresponding binding sites by interacting
with one or both subunits of the enzyme. Alternatively, CHL might cause conformational
changes that no longer favor binding of substrates and/or allosteric effectors to R1. Further
studies are needed to clarify the precise mechanism(s) by which CHL inhibits RR activity,
and the extent to which this sensitizes cancer cells to DNA-damaging agents or anticancer
therapies specifically targeting RR.20

In summary, we conducted a detailed investigation of cell cycle checkpoint controls that are
altered during CHL-induced S-phase arrest in colon cancer cells. With loss of p53, p21, and
other key regulators of the G1/S transition there was increased expression of E2F1 and E2F4
transcription factors. The role of E2F4 as a reported transcriptional repressor of RR, coupled
with the inhibition of DNA synthesis by CHL, led to studies of R1, R2, and p53R2. CHL
reduced markedly the expression levels of all three subunits, with R2 being particularly
sensitive, and there was loss of RR enzyme activity. We conclude that CHL might provide a
useful new avenue for cancer treatment in the clinical setting, helping to sensitize cancer
cells to the actions of anticancer agents.69 In vivo studies to corroborate this possibility are
now in progress.
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RR ribonucleotide reductase

rNDPs ribonucleoside diphosphates

dNDPs deoxyribonucleoside diphosphates

PCNA proliferating cell nuclear antigen

Rb retinoblastoma tumor suppressor protein

CHL chlorophyllin

FACS fluorescence-activated cell sorter

BrdU bromodeoxyuridine

GAPDH glyceraldehyde-3-phosphate dehydrogenase

TLC thin-layer chromatography

oligo oligonucleotide
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Figure 1.
Growth inhibition and cell cycle arrest in human colon cancer cells treated with CHL. (A)
HCT116, SW480, SW48, and HT29 cells were treated with CHL for 24 h, and the floating
cells (%) and attached cell yield were determined. (B) FACS analyses of CHL-treated cells,
showing a sub-G1 peak in the adherent cell population. (C) Changes in the proportion of
HCT116 cells occupying G1, S, and G2/M phases of the cell cycle, across a broad range of
CHL concentrations. Data shown in the figures are representative findings from at least
three independent experiments.
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Figure 2.
Altered expression levels of cell cycle checkpoint controls in CHL-treated colon cancer
cells. HCT116 cells were treated with CHL and 24 h later whole cell lysates were subjected
to immunoblotting. (A) Loss of p53, p21, Cyclin D1, Rb, and MDM2 with dose of CHL. Rb
and pRb indicates hypo- and hyperphosphorylated forms, respectively. (B) Increased
expression of E2F1 and E2F4 transcription factors, and diminished expression of DP-1
(DNA binding form, lower band) and p107. (C) Expression levels of Cyclins E, A, B1,
Cdk2, cdc2, and PCNA. Equal loading was confirmed by Amido Black staining and β-actin
(not shown). Data are representative findings from three or more independent experiments.
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Figure 3.
Electrophoretic mobility-shift assays with nuclear extracts from CHL-treated colon cancer
cells. (A) HCT116 cells were treated with increasing CHL concentrations and 24 h later the
nuclear extracts were used in mobility-shift assays, according to a published methodology.
54 Double-stranded oligo containing an E2F binding site was end-labeled with 32P and
incubated with 10 μg nuclear extract from CHL-treated HCT116 cells (lanes 1–12) or with
Raji nuclear extract as a reference control (lanes 13 and 14). To determine specificity of
binding, competition assays were performed with 100-fold excess unlabeled wild type or
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mutant oligo.55 Monoclonal antibody against human E2F1 was used to create a supershift.
Positions of the specific band-shift (bracket), supershift (arrow), and non-specific band are
indicated adjacent to lane 14. Wedge symbol = 0, 62.5, 500 μM CHL. Supershift assays also
were performed using monoclonal antibodies against (B) DP-1 and Rb or (C) E2F4, p107,
and Cyclin A. In (B) and (C), the supershift band is indicated by an arrow and the wedge
symbol = 0, 62.5, 125, and 250 μM CHL. Data are representative findings from two or more
independent experiments.
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Figure 4.
Inhibition of DNA synthesis and ribonucleotide reductase activity in CHL-treated colon
cancer cells. (A) HCT116 cells were pretreated with 0, 62.5, or 250 μM CHL for 24 h and
pulse-labeled with BrdU for 10–15 min prior to bivariate FACS analysis with anti-BrdU-
FITC antibody/propidium iodide, as reported.50–52 The percentage of S-phase cells staining
positive for BrdU incorporation is as indicated in the figure. (B) mRNA expression levels of
the large (R1; solid circles) and small (R2; open circles) subunits of RR were measured by
qRT-PCR and expressed relative to GAPDH. (C) Protein expression levels of R1 and R2
detected by immunoblotting; β-actin, loading control. (D) RR enzyme activity was measured
by the CDP reduction assay (see Materials and methods). Assays were performed on total
lysates prepared from HCT116 cells treated with 0, 62.5, 125, 250, and 500 μM CHL for 24
h (in vivo). In a separate set of experiments, CHL was added directly to the reaction mixture
containing whole cell extract of untreated HCT116 cells (in vitro). Data were normalized to
the corresponding 0 μM CHL treatment and expressed as percent of control. In (B) and (D),
error bars indicate the variance from duplicates, and data are representative of results from
three independent experiments.
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Figure 5.
Inhibition of RR activity by CHL is p53-independent. (A) HCT116 (p53+/+) and HCT116
(p53−/−) cells were treated with 0 or 125 μM CHL and immunoblotting was performed on
whole cell lysates with antibodies specific for R1, R2, and p53R2. β-Actin served as the
loading control. (B) RR enzyme activity assays were performed as described in Materials
and methods, on total lysates from HCT116 (p53+/+) and HCT116 (p53−/−) cells treated
with the indicated CHL concentrations for 24 h. Error bars indicate the variance from
duplicates, and data are representative of results from three independent experiments.
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