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Abstract

Background—DNA-damaging drugs constitute standard chemotherapy regimen for advanced
colorectal cancer. Here, the interactions between quercetin and 5- fluorouracil (5-FU), etoposide,
and camptothecin were examined in cancer cells.

Materials and Methods—HCT116 colorectal or PPC1 prostate cancer cells were treated with
quercetin and the drugs. Clonogenicity assays, cell cycle profiles, and expressions of p53, p21,
BAX, survivin and cyclin B1 proteins were used to examine the effects of the treatments.

Results—Quercetin synergistically inhibited the clonogenicity of the wild-type cells, but
inhibited the cell cycle effects of all the drugs tested. In p53-null cells, the combination of low
dose 5-FU with up to 6 M quercetin promoted clonogenic survival. Treatment of p53-wild-type
cells with 50 M quercetin reduced drug-induced up-regulation of p53, p21 and BAX. The
combination of quercetin and the drugs also reduced the levels of cyclin B1 and survivin proteins.

Conclusion—While high doses of quercetin synergize with DNA-damaging agents, the effect of
drug combination with quercetin is influenced by the effective doses and the p53 status of the
cells.
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Quercetin (C15H1907) is one of the most abundant dietary flavonoids; for example, it
constitutes about 99% of the flavonoids found in apple peel (1). Numerous /n vitroand /in
vivo studies have shown the bioactivity of quercetin in protecting cells from oxidative stress
and other types of cell injury (2—4). It is particularly interesting that quercetin has been
suggested to have neuroprotective effects against damage induced by drugs and toxic
compounds, and against neurovascular insults such as ischemia (5-8).

The cancer chemopreventive activities attributed to the constituents derived from the
consumption of fruit and vegetables are considered to be due to diverse bioactive
polyphenolic compounds present. Quercetin, as one such constituent, has been studied for its

Correspondence to: Temesgen Samuel, DVM, Ph.D., Department of Pathobiology, College of Veterinary Medicine, Nursing and
Allied Health, Tuskegee University, Tuskegee, AL 36088, USA. Tel: +1 3347244547, Fax: +13347244110,
tsamuel@mytu.tuskegee.edu.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Samuel et al.

Page 2

anticancer activities both /n vitroand in vivo (9-13). Formulations of quercetin are available
as dietary supplements, primarily as antioxidants purported to promote general health. It is
tolerated up to one gram/day orally and is regarded as a relatively safe compound (14).

Although quercetin has been well studied for its potential chemopreventive functions, its
interaction with cancer chemotherapeutic and other drugs has not been investigated in detail.
A few studies have shown the synergistic activities of quercetin with various
chemotherapeutic drugs (15-19). Some studies have also suggested precaution in co-
administering antioxidants and chemotherapeutic drugs (20, 21). Our recent work also
suggested a transient interference of quercetin with the activity of microtubule-targeting
drugs to induce arrest of the G,/M cell cycle phase (22).

The nucleotide analog 5-fluorouracil (5-FU) is a component of standard chemotherapy
against colon cancer. When converted to its metabolites, 5-FU acts to inhibit cancer cell
proliferation by inhibiting thymidylate synthase, by inducing lesions upon incorporation into
DNA and RNA, and through RNA-based cytotoxicity (23-25). 5-FU combined with folinic
acid and oxaliplatin, known as FOLFOX, is currently one of the standard first-line
chemotherapy regimens for stage |11 and higher colon cancer in humans (26). Camptothecin
and etoposide are topoisomerase inhibitors, which also induce DNA lesions during
replication, and are used to treat various types of cancer.

Here, we investigated the interaction of quercetin with the chemotherapeutic drugs 5-FU,
camptothecin, and etoposide (VP-16).

Materials and Methods

Cells and their culture

Wild-type and p53-null HCT116 colorectal carcinoma cells were generously donated by Dr
Bert VVogelstein (Johns Hopkins, Baltimore, MD, USA). Cell cultures were maintained in
McCoy’s 5A medium (ATCC, Manassas, VA, USA) supplemented with glutamine,
penicillin/streptomycin, and 10% fetal calf serum (FCS). PPC1 prostate carcinoma cells
were kindly provided by Dr John Reed (Sanford-Burnham Institute for Medical Research,
La Jolla, CA), and were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) from
Cellgro (Manassas, VA, USA). Cultures were incubated at 37°C and 5% CO, in a
humidified incubator.

Antibodies and reagent

Antibodies for the following were purchased from Cell Signaling Technologies, Danvers,
MA, USA: p53, p21, BCL-2-associated X-protein (BAX), proliferating cell nuclear antigen
(PCNA), cyclin B1, survivin, and B-actin. Secondary antibodies against mouse and rabbit
primary antibodies were from GE Healthcare (Piscataway, NJ, USA).

Clonogenicity assay

Assessing the clonogenicity of tumor cells is a useful means to determine the effects of
candidate agents on the ability of individual cancer cells to proliferate and form visible
colonies. Moreover, since most bioactive compounds such as quercetin affect multiple
signaling pathways that regulate cell proliferation, clonogenicity was used as an endpoint to
evaluate the final outcome of single-cell survival and proliferation under our experimental
conditions. The assay was performed as previously described (27) and as modified in prior
work (28). About 150 cells were seeded per well of a 6-well dish, allowed to adhere for
about 18 hours, and then treated with the compounds simultaneously at the indicated
concentrations (0-10 uM for 5-FU, and 0-50 M for quercetin). To avoid secondary and

Anticancer Res. Author manuscript; available in PMC 2013 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Samuel et al.

Page 3

satellite colony formation, culture media were not changed once treatment was initiated.
Treated cells were allowed to form colonies in a volume of culture medium (2 ml per well of
a 6-well dish) that was sufficient to allow growth until the end of the experiments (7-10
days). Colonies formed were fixed with 4% formalin for 15 minutes, and stained with 10%
crystal violet in methanol for 15-20 minutes. Excess dye was removed by gentle washing
with running water. Plates were air dried and colonies were counted using Alphalmager
(Alphalnnotech, Santa Clara, CA, USA) in colony-counting mode. The relative
clonogenicity of a treatment was computed as a percentage of the number of colonies that
formed in the control wells. Dimethyl sulfoxide (DMSQ) was used as a solvent control for
quercetin or 5-FU alone, and 0.6 .M 5-FU alone was used as baseline control for the
combination treatment experiments in clonogenicity assays. In addition to counting the
number of HCT116 cell colonies that were formed, we also counted the number of cells per
developing colonies, and analyzed the cumulative surface area of the colonies. The
cumulative area measurement served as a factor to compare the size of cells in formed
colonies.

Immunoblotting

Cell lysates were prepared in NP-40 lysis buffer [20 mM Tris-HCI (pH 7.5), 150 mM NacCl,
10% glycerol and 0.2% NP-40 plus protease inhibitor cocktail] and protein concentrations
were determined using detergent-compatible DC protein assay (BioRad Laboratories Inc.,
Hercules, CA, USA). Samples containing equivalent protein concentrations were mixed with
Laemmli buffer, and boiled for 5 minutes. Proteins were resolved by sodium dodecy! sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene fluoride
(PVDF) membranes (GE Healthcare Life Sciences, Piscataway, NJ, USA) and blocked in
5% non-fat dry milk. Primary antibodies (p53, p21, and cyclin B1) were used at 1:1000
dilution. Peroxidase-conjugated anti-rabbit and anti-mouse 1gG secondary antibodies were
purchased from GE Healthcare Life Sciences and used at 1:7000 dilution.
Chemiluminescent detection was carried out using Classico or Crescendo premixed
Chemiluminescent HRP Substrates (Millipore, Billerica, MA, USA).

Flow cytometry

Imaging

Cells were harvested and prepared for flow cytometry as described elsewhere (28). Cells
were harvested by trypsinization using 0.25% trypsin-EDTA (Invitrogen Corp., Carlsbad,
CA, USA) and centrifuged. Pellets were resuspended in 300 .l phosphate-buffered saline
(PBS; Invitrogen Corp.), fixed by the addition of 700 .l 100% ethanol while vortexing, and
stored at —20°C for a minimum of 12 hours. Fixed cells were centrifuged, and stained in
FACS staining solution (320 mg/ml RNase A, 0.4 mg/ml propidium iodide) in PBS without
calcium and magnesium for 15 minutes at 37°C. Stained cells were filtered through 70-pm
pore size filter and analyzed by flow cytometry on a C6 Accuri® flow cytometer (Accuri
Cytometers, Ann Arbor, MI, USA). Data was analyzed and histograms were prepared using
CFlow™ software (Accuri Cytometers).

Phase-contrast images of cells were taken at x200 magnification using an Olympus inverted
microscope fitted with a digital image capture camera (Digital Microscopy Core Lab.,
School of Veterinary Medicine, Tuskegee, AL, USA). Captured images were stored in TIFF
format and subsequently cropped and resized in Microsoft PowerPoint.

Anticancer Res. Author manuscript; available in PMC 2013 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Samuel et al. Page 4

Results

Quercetin in combination with 5-FU reduces the clonogenicity of HCT116 cells

To determine if co-treatment of colon cancer cells with quercetin and 5-FU is more effective
than that of the two compounds alone, HCT116 colon cancer cells were exposed to different
concentrations of quercetin, 5-FU, or combination of the two. When HCT116 cells were
treated with quercetin alone, up to 12.5 uM of the flavonoid allowed for the development of
cell colonies. For 5-FU, doses of up to 5 .M allowed colony formation within six days of
treatment, during a period in which control HCT116 cells seeded as single cells also formed
colonies (Figure 1A). When combined, 0.6 uM 5-FU and 12.5 uM quercetin markedly
reduced the formation of colonies by day 6, whereas a similar reduction was found when
6.25 M quercetin was combined with 1.25 uM 5-FU (Figure 1A). Overall, a single dose of
either quercetin at 25 uM or 5-FU at 10 .M was required to reduce HCT116 colony
formation to the same extent as the combination treatments above. This suggests a potential
synergy between the two compounds in reducing clonogenicity of wild-type HCT116 cells.

Since the ultimate purpose of the combination treatment was to reduce the effective dose of
5-FU (eventually to reduce toxic side-effects), we examined the doses of quercetin that
could be combined with 0.6 LM 5-FU to suppress clonogenic survival of HCT116 cells.
Cells were seeded and treated as above, and at day 8 post-treatment, we counted the number
of cells per colony, and analyzed the relative number of cells in comparison to the controls.
Comparing cells treated with the individual compounds (quercetin or 5-FU), combination
treatment with 0.6 .M 5-FU and 12.5 wM or higher quercetin reduced the number of cells
per colony by approximately 75%, demonstrating the synergistic effects of the combination
treatment (Figure 1B). Notably, although doses of 5-FU at 2.5 LM or above temporarily
permitted limited rounds of cell division and some mini-colony formation (Figure 1A), such
cells did not continue to proliferate and form expanding colonies beyond day 6 (Figure 1B).

Next, we determined the total number of colonies that formed in cells treated with the
individual compounds or the combination of the two (0.6 uM 5-FU plus 0 to 50 M
quercetin). The cumulative area of all the counted colonies was also measured. The area
measurement was useful to assess the relative sizes of the colonies under treatment. If the
mini-colonies ceased to expand without total cell loss, then the total colony count may be
high but the total area will be low in proportion to the size of the individual colonies. The
total colony count was performed 10 days after the start of treatment, when the cell count
per colony was too high for a manual count. As shown in Figure 1C, quercetin at doses of
12.5 M or above markedly reduced the total colony count compared to the DMSO control.
Similarly, doses of 5-FU at or above 1.25 pM markedly reduced the total number of
colonies formed. Moreover, 0.6 M or higher 5-FU also markedly reduced the total area of
the formed colonies, indicating that the colonies that initially started forming and proceeded
through three or more population doublings, further expansion eventually stopping.

Treatment of wild-type HCT116 cells with a combination of 0.6 .M 5-FU and different
doses of quercetin also led to a marked dose-dependent decrease in both the number of total
colonies formed and the size of the colonies. The combination of 6.25 wM quercetin with
0.6 LM 5-FU was able to reduce the total count by more than 50%, while the cumulative
size of the colonies was reduced by almost 80% compared to the cells treated with 5-FU
only. Higher doses of quercetin inhibited colony formation even more when combined with
0.6 M 5-FU (Figure 1C).

Quercetin at high doses interferes with cell cycle arrest phenotype induced by 5-FU

To examine the potential mechanisms through which the combination of 5-FU and quercetin
suppresses cell proliferation and colony formation, we examined the cell cycle profiles of

Anticancer Res. Author manuscript; available in PMC 2013 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Samuel et al.

Page 5

wild-type HCT116 (colorectal carcinoma) and PPC1 (prostate carcinoma) cells treated with
DMSO, quercetin alone, 5-FU alone, or a combination of quercetin and 5-FU. Unlike colony
formation assays where the cells are seeded as single cells, to examine the cell cycle and
protein levels, higher doses of the compounds were needed to observe biochemical and cell
cycle changes measureable within 24-30 hours. As shown in Figure 2A, while 50 uM
quercetin alone moderately enhanced the Go/M population in HCT116 cells, it did not
markedly affect the proportion of G,/M cells in the PPClprostate cancer cells. On the other
hand, 5-FU induced G4/S arrest in both cell types. However, in cells treated with a
combination of the two compounds, there was a reversal of the G4/S arrest phenotype
observed after 5-FU treatment. This phenomenon was similar to our previous observation
that cell cycle arrest induced by taxol and nocodazole was abrogated by co-treatment with
quercetin (22). Single treatment with quercetin at 25 M or lower doses did not induce
noticeable cell cycle phenotypes, nor interfered with the cell cycle effects of 5-FU (data not
shown).

The p53 protein is a component of the cellular response to 5-FU through the DNA-damaging
or other effects of the drug (29). The up-regulation of the p53 targets p21 and BAX serves as
biomarker for the transcriptional activity of p53. Therefore, we examined the status of p53
and its targets p21 and BAX in p53wild-type HCT116 cells treated with the individual
compounds (10 .M 5-FU or 50 M quercetin), or a combination of the two. Interestingly,
while 5-FU induced expression and activity of p53, combination of 5-FU with quercetin
interfered with the induction of p53 expression (Figure 2B) as compared to the use of 5-FU
alone. Moreover, expressions of p53 target proteins p21 and BAX were also reduced
compared to that with 5-FU alone, suggesting that the transcriptional activity of p53 was
also reduced by quercetin under these circumstances. Additionally, expression of the cell
cycle and apoptosis regulatory protein survivin (30) was down-regulated in both quercetin-
and combination-treated cells compared to the control, suggesting a broader effect of such a
combination treatment. Quercetin alone also induced a moderate reduction in the
expressions of p21, survivin and BAX proteins. However, although cells treated with 10 pM
5-FU and 50 .M quercetin showed phenotypic antagonism of cell cycle effects, cells treated
at these doses did not survive beyond 72 hours (data not shown).

Effects of combining quercetin with etoposide or camptothecin

To examine the interaction of quercetin with other drugs, we treated wild-type HCT116 and
PPC1 cells with two clinically used anticancer drugs etoposide, (50 M) and camptothecin
(2 uM), either singly or in combination with 50 LM quercetin. As shown in Figure 3A,
similar to the treatment with 5-FU, combination of these drugs with quercetin reversed the
Go/M-arrest by etoposide and the S-arrest by camptothecin, suggesting a similar outcome of
combination treatment to that of 5-FU and quercetin. When the levels of the proteins p53
and BAX were compared among the different treatments, co-treatment of cells with
quercetin abrogated the effects of the drugs. In cells treated with combinations, there was no
evidence of increase in levels of p53 or its targets BAX and p21. Concurrent with the
reversal of etoposide-induced G, arrest, the level of cyclin B1, a major G,/M regulator, was
also reduced in cells treated with etoposide and quercetin. However, there was no effect on
the protein level of PCNA with any of these treatments.

Effects of combining quercetin with chemotherapeutic drugs in p53-null cells

We also examined the interaction of quercetin with 5-FU, etoposide and camptothecin in
p53null HCT116 cells. We observed that, similarly to the wild-type cells, quercetin induced
an increase in the proportion of Go/M cells after 24 hours of treatment, and also interfered
with the cell cycle effects of the drugs (Figure 4A). There were differences in the cell cycle
responses between wild-type and p53-null cells treated with the drugs alone. While
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etoposide and camptothecin both induced predominantly S-phase arrest in the wild-type
cells, the same drugs induced a predominantly G,/M arrest in p53-null cells. Nevertheless,
the addition of quercetin to the drugs resulted in the accumulation of cells in the S- and G-
phases (Figure 4A). In addition to the cell cycle effects, there was a moderate reduction in
cyclin B1 levels by quercetin and combination treatment. Furthermore, survivin levels were
also reduced by quercetin, especially in etoposide- and camptothecin-treated p53-null cells.
It is important to note that in these cells, the basal levels of p21 were very low and BAX
expression was undetectable (Figure 4B and data not shown). A very low level of p21
induced by camptothecin was reduced to an undetectable level by co-treatment with
quercetin.

Next, the clonogenicity of p53-null HCT116 cells was examined under treatment with 5-FU
or quercetin alone, or with a combination of low-dose 5-FU (0.6 uM) with 0-50 M
quercetin. The relative clonogenicity of treated cells was compared against the solvent
(DMSO) for compounds alone, or against 5-FU only for combination-treated cells. Results
indicate that while 0.6 M 5-FU permitted development of colonies comparable to that of
the vehicle control cells, combination of the same dose of 5-FU with 12.5 uM or higher
doses of quercetin significantly reduced the clonogenicity of p53-null HCT116 cells, which
was comparable to the effects seen in wild-type cells (Figure 1C). However, unlike in wild-
type cells, the combination of 0.6 .M 5-FU with 6.25 or 3.1 M quercetin increased the
clonogenic survival of p53-null HCT116 cells, as seen by the increased number of colonies
in combination-treated cells compared to those treated with 5-FU alone.

Discussion

This study examined the /n vitro interaction between chemotherapeutic drugs and the dietary
flavonoid quercetin in cancer cell lines. Although several other factors may contribute to the
interaction /in vivo, the in vitro data reported here reflect the possibility for nutraceutical or
higher levels of the dietary flavonoid to potentiate the activity of 5-FU or regimens that
include 5-FU. Additionally, our results also indicate a potentially undesirable interaction
between the two compounds at lower doses, especially in a p53-null environment.

These results also suggest the need to further investigate /n vitroand in vivo conditions
under which dietary supplements may be either beneficial or undesirable combined with
cancer therapy. It remains largely unknown how dietary compounds or supplements affect
the outcomes of cancer chemotherapy and survival. Despite the fact that a large proportion
of cancer patients and survivors take dietary supplements in various forms (31-35), there is
no established knowledge on how simultaneous presence of drugs and bioactive compounds,
such as dietary supplements, interact and influence the outcomes. Since most cancer drugs,
including 5-FU, affect the proliferation of normal cells in patients and have severe side-
effects, it is most beneficial to be able to significantly reduce the dose of the drug while
maintaining the desirable level of anticancer activity. Combination of drugs or other agents
that have fewer or less severe side-effects would be ideal alternatives to reduce the toxicity
of first-line drugs such as 5-FU. Bioactive nutraceuticals or potent dietary compounds such
as quercetin may be considered useful for these purposes.

A few recent studies have compared the combination of quercetin with other cancer
chemotherapeutic drugs. In one study, where 100 M quercetin was combined with tumor
necrosis factor-related apoptosis inducing ligand (TRAIL) to treat glioblastoma cell lines, a
synergistic effect was observed in induction of apoptosis. The mechanism suggested for this
synergistic activity includes the down-regulation of anti-apoptotic proteins X-linked
inhibitor of apoptosis protein (XIAP) and survivin (18). In another study where the
potentiation of cell killing by 5-FU and platinum compounds was examined in hepatoma
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cells treated with the drugs in combination with quercetin, it was shown that the inhibition
of the expression of heat-shock proteins (HSPs) was a critical function of quercetin. In the
studies, doses of quercetin between 50 .M and 200 M were able to counteract the HSPs
induced by the chemotherapeutic drugs and potentiate the drug effects, suggesting the
potential use of pharmacologic doses of quercetin in combination with standard anticancer
drugs (17, 36). Similarly, Sharma et a/. (17) and Kuhar et a/. (16) also found that head and
neck cancer cells and non-small cell lung carcinoma cells were sensitized to cisplatin by
quercetin through mechanisms that possibly involve AKR mouse T-cell lymphoma protein
(AKT) inhibition and mitochondrial proteins. Similarly to our results, quercetin was recently
reported to enhance the effects of 5-FU in microsatellite instable (MSI) colon cancer cells
(37), as well as of doxorubucin in breast cancer cells (15, 19). Differential sensitivities of
wild-type and p53-deficient cells to 5-FU has also been documented (37, 38).

Our results suggest that quercetin interacts with chemotherapeutic drugs in a dose-dependent
manner to either synergize with or counteract the drugs. While high doses of quercetin
clearly synergize with 5-FU in reducing the clonogenicity of both wild-type and p53-null
cells, lower doses (below 6 tM) may promote the clonogenic survival of p53-null cells. The
results also suggest that the cell cycle modulatory effects of high doses of quercetin are
accompanied by reduction in the proteins that regulate cell cycle and apoptosis. Since the
cell cycle antagonism by quercetin is also evident in p53-null cells, and is associated with
the reduction of p53-target genes in wild-type cells, it is possible that the interaction
between the chemotherapeutic drugs and high doses (50 M) of quercetin is p53
independent. However, since lower doses of quercetin improved clonogenic survival of p53
null cells treated with sub-effective doses of 5-FU, this low-dose effect of quercetin seems to
be p53 dependent. The potential mechanisms for this phenomenon are being investigated. Of
note, such a dose-dependent effect of quercetin has recently been described as hormesis and
synergy outcomes (10), where low doses may serve as antioxidant, while high doses may be
pro-oxidant.

Data from this study also suggest that the interaction between quercetin and the drugs may
be independent of p53 activation, as the transcriptional activity of p53 was not increased by
the combination treatments. Although the exact mechanisms are not known, autophagy,
mitochondria-mediated, or other mechanisms (16, 39, 40) could be potential alternatives for
the observed synergy between quercetin and chemotherapeutic agents at therapeutic doses.

In previous studies, precautions were suggested when combining bioactive antioxidant
compounds with chemotherapeutic drugs. Studies have shown that the antioxidant ascorbic
acid (vitamin C) antagonized the activity of a diverse class of chemotherapeutic drugs when
co-administered, suggesting a potentially antagonistic interaction between drugs and dietary
compounds with antioxidant properties (41). Our prior work also identified an interaction
between quercetin and taxol or nocodazole, where the Go/M arrest phenotype induced by the
drugs was abolished by co-treatment with quercetin (22). However, our study also
demonstrated that the antagonism was only transient, in that the co-treatment did not offer
any long-term survival advantage to cells even when the G,/M arrest phenotype was absent.
The current study suggests that a similar advantage of co-treatment with quercetin may be
true for p53-proficient cells, whereas in p53-null cells, a dose-dependent outcome may be
encountered.

There are numerous cellular targets of quercetin that have been implicated in its anticancer
activity (13, 42). Depending on the cell type and the dose used, various signaling pathways
may be modulated by this flavonoid. However, given the high doses employed in many /n
vitro studies, it still remains largely unknown how nutritional or nutraceutical levels of
quercetin could function to prevent cancer. Potential factors that affect the /in vivo
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bioactivity include interactions between dietary components, metabolism in the body,
availability in cellular microenvironments, abundance of targets in the cells, efc. (10).
Importantly, the cell and molecular effects of long-term administration of such bioactive
compounds as present in the diet and supplementation remain a challenge.

In summary, high doses of quercetin synergistically potentiated the antiproliferative activity
of DNA-damaging drugs even when the cell cycle appears to be antagonized such
interaction in cancer cells. Moreover, the p53 status of the targeted cells should be taken into
account because combination of low doses of quercetin with sub-effective doses of 5-FU
may potentially provide a selective advantage to p53-null cells. Furthermore, /n vivo studies
are recommended to determine the conditions under which adjuvant therapy with
combinations of DNA-damaging drugs and nutraceutical or pharmaceutical doses of
quercetin might suppress the growth of colon cancer cells. Further work is also needed to
delineate the role of p53, its absence and mutations, on the response of cells to such
combination treatments.
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Figure 1.
Effects of quercetin and quercetin/5-fluorouracil (5-FU) combination on the clonogenicity of

wild-type HCT116 cells. Clonogenic survival was assayed as described in the Materials and
Methods. A: Phase-contrast images of wild-type HCT116 cells treated with quercetin
(Qctn), 5-FU, or combinations of quercetin with 5-FU. B: Relative counts of cells per colony
for wild-type HCT116 cells treated with the indicated doses of 5-FU only (upper panel) or
3.1 -50 uM quercetin (light bars, lower panel) or 3.1 — 50 M quercetin in combination
with 0.6 M 5-FU (black bars, lower panel). Control (ctrl) bars represent normalized values
from cells treated with DMSO (for 5-FU or quercetin single agent treatments) or 0.6 .M 5-
FU (for combination treatments). Error bars indicate standard deviation of counts from ten
colonies per treatment condition. C: Relative total number and area for colonies from wild-
type HCT116 cells treated with quercetin only, 5-FU only, or a combination of 0.6 .M 5-FU
with the indicated doses of quercetin. Relative measurements in both B and C are expressed
as a percentage of results from control wells. Representative graphs from two independent
experiments are shown.
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Figure 2.

Cell cycle profiles and regulatory proteins in wild-type HCT116 or PPC1 cells treated with
quercetin (Qctn; 50 M), 5-fluorouracil (5-FU; 10 M), or a combination of the two. A:
Cells were treated for 24 hours as indicated, and cell cycle profiles were determined by flow
cytometry. Upper panels show profiles of HCT116 cells, while lower panels show profiles
of PPC1 cells. B: HCT116 cells were treated as shown, and cell lysates were prepared about
30 hours post treatment. Levels of p53, p21, survivin, and BAX proteins were determined by
immunoblotting. B-Actin immunoblotting is included to show comparable protein loading.
The effects of 5-FU on cell cycle and regulatory proteins were antagonized by quercetin.
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Figure 3.

Cell cycle profiles and regulatory proteins in wild-type HCT116 cells and PPC1 prostate
cancer cells treated with etoposide (VP-16; 50 M), camptothecin (CPT; 2 wM), or each
drug in combination with quercetin. HCT116 (A) or PPC1 (B) cells were treated with VVP-16
or CPT in the presence or absence of 50 .M quercetin for 24 hours, after which cell cycle
profiles were analyzed by flow cytometry. Cell cycle histograms are shown. C: HCT116
cells were treated with VVP-16 or CPT in the presence or absence of 50 M quercetin.
Cellular levels of the proteins p53, BAX, p21, cyclin B1 and PCNA were determined by
immunoblotting. B-Actin immunoblotting is included to show comparable protein loading.
In addition to modifying the cell cycle profiles of treated cells, the addition of quercetin
inhibited the induction of p53 and its downstream target proteins.
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Figure4.

Effects of the co-treatment of p53null cells with DNA-damaging drugs and quercetin. A
and B: p53-Null HCT116 cells were treated with 5-fluorouracil (5-FU; 10 tM), etoposide
(VP-16; 50 M), or camptothecin (CPT; 2 wM), in the presence or absence of 50 M
quercetin (Qctn). DMSO was used as a vehicle control. Cell cycle profiles were analyzed
after 24 hours by flow cytometry. Cell cycle histograms are shown in A and cyclin B1,
survivin, p21 and p-Actin protein levels detected by immunoblotting are shown in B. In C,
representative graphs from two independent clonogenic assays of p53null HCT116 cells
treated with 5-FU, quercetin, or 0.6 .M 5-FU in combination with the indicated doses of
quercetin are shown. Relative clonogenicity is presented as a percentage of the number of
colonies that formed in the control cells. DMSO served as vehicle control for 5-FU or
guercetin single agent treatments, whereas 0.6 .M 5-FU was used as a baseline control for
the combination treatments. In addition to modifying the cell cycle response of p53-null
cells to DNA-damaging drugs, low doses of quercetin appeared to support clonogenicity of
the p53-null cells treated with a low dose of 5-FU.
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