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Breast cancer is the leading cause of cancer related death in women. Quercetin is a flavonol shown to have anti-
carcinogenic actions. However, few studies have investigated the dose-dependent effects of quercetin on
tumorigenesis and none have used the C3(1)/SV40 Tag breast cancer mouse model. At 4 weeks of age female C3(1)/
SV40 Tag mice were randomized to one of four dietary treatments (n = 15-16/group): control (no quercetin), low-dose
quercetin (0.02% diet), moderate-dose quercetin (0.2% diet), or high-dose quercetin (2% diet). Tumor number and
volume was assessed twice a week and at sacrifice (20 wks). Results showed an inverted ‘U’ dose-dependent effect of
dietary quercetin on tumor number and volume; at sacrifice the moderate dose was most efficacious and reduced
tumor number 20% and tumor volume 78% compared to control mice (C3-Con: 9.0 £ 0.9; C3-0.2%: 7.3 £ 0.9) and (C3-
Con: 2061.8 &+ 977.0 mm>; and C3-0.2%: 462.9 + 75.9 mm?>). Tumor volume at sacrifice was also reduced by the
moderate dose compared to the high and low doses (C3-2%: 1163.2 + 305.9 mm?; C3-0.02%: 1401.5 + 555.6 mm>), as
was tumor number (C3-2%: 10.7 & 1.3 mm?>; C3-0.02%: 8.1 & 1.1 mm?). Gene expression microarray analysis performed
on mammary glands from C3-Con and C3-0.2% mice determined that 31 genes were down-regulated and 9 genes were
up-regulated more than 2-fold (P < 0.05) by quercetin treatment. We report the novel finding that there is a distinct
dose-dependent effect of quercetin on tumor number and volume in a transgenic mouse model of human breast
cancer, which is associated with a specific gene expression signature related to quercetin treatment.

Introduction including anti-oxidant, anti-inflammatory, anti-obesogenic and
anti-carcinogenic actions. % Numerous in vitro studies have
According to the American Cancer Society, it is estimated that

232,670 new cases of invasive breast cancer will be diagnosed in

established quercetin as an anti-carcinogenic agent, which can
decrease cell proliferation and survival in several malignant tumor

2014 and that 40,000 women will die from the disease making
breast cancer the most commonly diagnosed and the second most
deadly cancer in women in the United States. Research suggests
that breast cancer risk may be reduced by an increased intake of
fruits and vegetables, given their higher content of bioactive com-
pounds with anti-cancer properties; however robust epidemiologi-
cal data to firmly support this hypothesis is still lacking.'”
Further, the lack of controlled iz vivo experimental studies exam-
ining this relationship and the mechanisms involved weaken the
basis for inferring a causal relationship.

Quercetin is a phytoestrogen and polyphenol present in sev-
eral plant-based foods with numerous beneficial properties
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cell lines including breast cancer.'®"? Specifically, in MDA-MB
breast cancer cell lines quercetin treatment reduced cell prolifera-
tion and/or increased apoptosis, as well as caused an accumula-
tion of cells in G2/M phase and a decrease of cells in G1 phase,
indicative of cell cycle arrest.'”'**° Investigations utilizing ani-
mal models of breast cancer have also provided evidence of a ben-
efit of quercetin as tumor growth is decreased and markers of
proliferation and apoptosis are modulated favorably.?'** How-
ever, across published studies there is tremendous variability
related to both effective doses and the model systems employed,
which may explain why significant gaps in our mechanistic
understanding of quercetin’s actions remain.
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In the present investigation we utilized the C3(1)/SV40Tag
mouse model of breast cancer to investigate the anti-carcinogenic
potential of quercetin on mammary tumor development and pro-
gression. C3(1)/SV40Tag mice exist on a FVB/N background
and are representative of the human disease; mammary lesions
that develop by 8-12 weeks of age are histologically similar to
mammary intraepithelial neoplasia (MIN) and ductal carcinoma
in situ (DCIS) observed in humans.?”?° Mammary tumors
develop with a 100% incidence in transgenic female mice and
progress to invasive carcinomas at ~16weeks of age making this
a timely and appropriate model for prevention and intervention
studies.?>>® However the effect of quercetin administration has
not been examined using this model.

The goals of the present investigation were 2-fold. First, we
wished to determine the optimal dose of quercetin for prevention
of breast cancer specifically in the triple negative C3(1)/SV40Tag
mouse model. Second, we sought to establish a novel mRNA
expression signature of the effects of quercetin in mammary
tumorigenesis displayed in the C3(1)/SV40Tag mouse model to
provide future targets for mechanistic research on the anti-carci-
nogenic actions of quercetin. We hypothesized that quercetin
treatment would significantly reduce tumorigenesis in a dose-
dependent manner with the highest quercetin dose (2%) being
most effective compared to the moderate (0.2%) and lowest
(0.02%) dose when incorporated into the diet for a 16 week
period. However, the results instead supported an inverted ‘U’
dose response with the moderate 0.2% dose being most effective
and therefore this dose was selected for further analyses.

Results

Descriptive characteristics
Dose

Food intake was monitored each week and was similar across all
groups; average intake over the 16 week treatment period was
between 2.6-2.9 g/day/mouse in the C3(1)/SV40Tag groups.

Absolute food intake (in grams) was consistent over the treatment

period, however because animals gained body weight over time,
the relative dose of quercetin (expressed as mg/kg BW) decreased
slightly within each group. The average daily dose of quercetin
received over the 16 week period was 2899.9 mg/kg BW for the
high dose (2%); 269.5 mg/kg BW for moderate dose (0.2%) and
27.9 mg/kg BW for the low dose (0.02%). When equations utiliz-
ing body surface area are used to determine the human equivalent
(for 60 kg reference man) for each of these doses (compared to a
20 g mouse), it was calculated that 136 mg/day of quercetin
would be needed to replicate the 0.02% dose; 1311 mg/day to
equal the 0.2% dose; and 14108 mg/day to reproduce the 2%
dose.”’

Body weight

Body weight was measured weekly throughout the treatment
period (4-20 weeks of age), prior to sacrifice, and after the
removal of all tumors. Over time, body weight was comparable
across all groups with no differences detected at any point
(Fig. 1A). Similarly, body weights measured at sacrifice after the
total tumor weight had been removed showed no significant dif-
ferences between the groups (Fig. 1B). DEXA measurements of
body fat, percent body fat, lean mass and percent lean mass were

also not different between the treatment groups at 4 wks, 12 wks
and 16 wks of age (Table 1).

Spleen weight
Spleen weight was recorded at sacrifice as it has previously been
correlated with tumor burden.”® Accordingly, spleen weight was
significantly elevated in C3-Con mice compared to wild type FVB
mice. A strong trend was also detected for elevated spleen weight in
C3-0.02% mice versus the FVB group (p = 0.06). Conversely, no
significant difference was detected between C3-2% or C3-0.2%
and FVB mice. A trend existed for a reduction in spleen weight
with 0.2% quercetin treatment compared to C3-Con, (p = 0.08)
(FVB: 99.8 & 5.1; C3-Con: 172.3 £ 34.1 mg; C3-2%: 139.6 +
7.9 mg; C3-0.2%:112.8 & 4.5 mg; C3-0.02%:155.7 £ 20.4 mg).
When spleen weight was expressed as a percentage of total body
weight results remained similar as

spleen weight was elevated in C3-
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Figure 1. Body weight was not influenced by quercetin treatment or mammary tumor development. Body Com])[gtg blood count

weight was measured weekly (A) and at sacrifice following the removal of all mammary tumors (B). Values A complete blood proﬁle was

are means + SEM. No differences were detected between groups, (P < 0.05). . . .
assessed immediately following
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Table 1. Body composition was not altered by quercetin treatment in C3(1)/SV40Tag mice. All mice underwent a DEXA scan prior to treatment initiation
(4 weeks), and at 12 and 16 weeks of age. No significant differences were detected between groups at each time point, P < 0.05 Values are means + SEM

C3(1)-Con C3(1)-2% €3(1)-0.2% €3(1)-0.02% FVB
4 weeks
Lean mass (g) 120+ 04 121+ 04 122+ 04 121+£03 11.7£0.2
Lean Mass (%) 88.6 £+ 0.6 88.0£ 05 87.1£0.6 87.7 £0.6 876+ 0.5
Body Fat (g) 1.6 £ 0.1 1.7 +£0.1 1.9+ 0.1 1.7 £ 0.1 1.7 £0.1
Body Fat (%) 115+ 0.6 12.1£0.5 13.1£0.7 124 £ 0.6 12.6 +£ 0.5
12 weeks
Lean mass (9) 142 +04 149 £0.2 142 +0.3 147 £0.2 146 +£0.2
Lean Mass (%) 842+ 0.9 845+ 0.6 83.9+0.8 84.1 £ 0.7 849 £ 0.7
Body Fat (g) 28+0.2 28 +0.1 28+0.2 29402 27+02
Body Fat (%) 16.1 £ 0.9 159+ 0.6 16.3 + 0.8 16.2+ 0.7 154+ 0.7
16 weeks
Lean mass (g) 153+ 04 154+£0.2 149 £0.3 152+£0.2 15.1+£0.3
Lean Mass (%) 843 £ 1.1 854+ 0.6 83.8+£0.7 839+0.8 83.4+£0.8
Body Fat (g) 30+03 27 +£0.1 3.0+0.2 31402 31+02
Body Fat (%) 159+1.2 15.1£0.6 16.6 £0.7 16.5+0.8 169 +0.8

sacrifice using whole blood. Of the cell types measured, white
blood cells and lymphocytes showed no differences between
treatment groups (Table 2). Monocytes, the precursor cells of
macrophages, were significantly elevated in C3-Con mice
compared to FVB and C3(1)-0.2% mice (P<0.05), and
trended to be higher than both C3-2% and C3-0.02% mice
(p = 0.06 and p = 0.05). Neutrophils were also significantly
elevated in C3-Con mice compared to FVB mice (P < 0.05),
but no significant differences existed between any of the quer-
cetin treatment groups and FVB mice. Breast cancer in the
C3(1)/SV40Tag mouse model was not associated with any
changes in red blood cells, hemoglobin, or hematocrit com-
pared with wild type FVB mice.

Dose-dependent effect of quercetin on tumorigenesis in C3
(1)/SV40Tag mice

Beginning at 10 weeks of age, all C3(1)/SV40Tag mice were
palpated twice a week for tumors, and tumor number and vol-
ume were recorded. Quercetin treatment, at any dose, did not
influence the average time (days) to the appearance of the first
palpable tumor (Table 3). However, C3(1)/SV40Tag mice
develop multiple tumors over their lifetime and differences were
detected in the development of additional carcinomas as there

was a significant main effect of quercetin treatment, weeks of age,
and their interaction on the average number of palpable tumors
(Fig. 2A). At sacrifice, the 0.2% quercetin dose had fewer tumors
than C3-Con mice (Table 3) and from 18 weeks of age through
sacrifice at 20 weeks of age, tumor number was significantly ele-
vated in the 2% quercetin mice compared to all of the other C3
(1)/SV40Tag groups (Con, 0.2% and 0.02%) (P < 0.05).
Tumor volume was also significantly changed over time
(weeks of age) along with a significant interaction of treatment
and time in C3(1)/SV40Tag mice. From 18.5 weeks of age
through sacrifice at 20 weeks, 0.2% quercetin decreased tumor
volume vs C3-Con mice (P < 0.05) (Fig. 2B). The 2% quercetin
dose also reduced tumor volume compared with the control
group at 19.5, 20 weeks of age and sacrifice (P < 0.05), while
C3-0.02% was only different from C3-Con mice at 19.5 weeks.
Dose-dependent effects of quercetin on tumor volume also
existed; from 19.5 weeks through sacrifice C3-0.2% mice had
lower tumor volume than C3-0.02% (2 < 0.05). Additionally,
tumor volume was reduced by the 0.2% quercetin dose at 20
weeks, and at sacrifice, compared to the 2% dose (P < 0.05).
Tumor weight was also lowest in the C3-0.2% quercetin mice at
sacrifice; however, no statistically significant differences were

detected between the groups (Table 3).

Table 2. Complete blood counts in wild type FVB and C3(1)/SV40Tag mice after quercetin treatment. Whole blood was analyzed immediately following sac-
rifice for determination of a complete blood count using the Vetscan blood analyzer. WBC: White blood cells; Lym: Lymphocytes; Mon: Monocytes;
Neu: Neutrophils; RBC: Red blood cells; Hb: Hemoglobin; Hct: Hematocrit. Values are mean + SEM. “significantly different from FVB; *significantly different

from C3(1)-Con; P < 0.05

C3-Con C3-2% C3-0.2% C3-0.02% FVB
WBC (10 344025 3324024 324 +0.16 297 +0.27 279 +0.17
Lym(10°") 2.17 £0.25 2.17 £ 0231 2.14+0.18 164 £ 0.11 2.10+0.14
Mon (107 0.28 + 0.06" 0.18 + 0.04 0.11 + 0.02* 0.17 +0.02 0.11 £ 0.02
Neu (10% 239+ 1.14" 122+0.18 0.92 + 0.08 1.16 £0.13 0.61 =+ 0.05
RBC (10'?) 8.27 £0.28 8.84 +0.15 851 +0.23 832+0.28 9.03+0.11
Hb (g/dL) 12.58 +0.34 13.18 £0.21 13.16 £ 0.14 12.57 £0.25 13.20 + 0.63
Hct (%) 4187 +1.42 44.89 + 0.94 43.44 4+ 1.06 41884+ 1.19 44.93 + 0.63
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Table 3. Tumor latency and tumor characteristics at sacrifice (20 wks) in C3(1)/SV40Tag mice. Time (from birth) to the development of the first palpable
tumor was calculated (days) following twice weekly measurements initiated at 10 weeks of age. At sacrifice all tumors were removed, counted and mea-
sured. Tumor volume was calculated using the formula 0.52 x (largest diameter) x (smallest diameter)? and is expressed as mm?> Values are means & SEM.

*significantly different from control; #significantly different from 2%; ~significantly different from 0.2%; and significantly different from 0.02%; (P < 0.05)

C3(1)-Con C3(1)-2% C3(1)-0.2% C3(1)-0.02%
Latency (days) 106.7 = 4.6 104.0 + 3.9 106.3 + 34 111.8 + 3.0
Tumor Number 9.0+ 09 10.7 + 1.3*&* 73 +0.9* 8.1+1.1
Tumor Volume (mm3) 2064.8 + 976.9 1163.2 £ 306.0* 4629 + 75.9*#& 1401.5 £ 555.6
Tumor Weight (g) 1.9+09 1.3+03 0.5+ 0.1 15+05

Histological examination confirmed the presence of more
advanced lesions throughout the mammary gland of C3-Con,
C3-2% and C3-0.02% mice compared to C3-0.2% mice
(Fig. 3). C3-0.2% exhibited fewer invasive lesions and glandular
tissue appeared more similar to that of the FVB/N control mice.

Differential regulation of several genes by 0.2% quercetin in
the mammary gland tissue of C3(1)/SV40Tag mice
The present findings indicate that the moderate 0.2% dose of
quercetin most effectively reduced tumor number and volume.
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Figure 2. Quercetin reduced tumor number and volume in a dose-
dependent manner in C3(1)/SV40Tag mice. C3(1)/SV40Tag mice were
palpated twice a week for detection and measurement of tumor number
(A) and tumor volume (B). Values are means =+ SEM. *significantly differ-
ent from C3-Con; #significantly different from C3-2%; “significantly dif-
ferent from C3-0.2%; and significantly different from C3-0.02%; P < 0.05.
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Therefore, mammary gland tissue of 4 representative samples
from each C3(1)/SV40Tag group (Con and 0.2% quercetin)
were processed for DNA Microarray gene expression analysis.
With a 1.5-fold change serving as the initial cut-off point, analy-
sis revealed that 344 genes were significantly modulated (P <
0.05) by quercetin in C3(1)/SV40Tag mice; 275 were downregu-
lated and 69 were upregulated by quercetin. When we increased
the criteria to include a 2-fold or greater change (P-value < 0.05)
only 31 genes were down-regulated (Table 4), and 9 genes were
up-regulated (Table 5) in response to quercetin treatment
(Fig. 4). The genes most significantly down regulated by querce-
tin treatment included Greb1, Ngfr, Gbp8, Fabp7 and Ptpn5. In
contrast, only 2 genes, Slc22a2 and Cox7al, were up regulated
more than 3-fold, while other genes including Timp4, Deptor
and Fltl were >2 fold higher in the quercetin treated group. The
analysis of potential pathways modulated by quercetin resulted in
the identification of 33 pathways altered following a 0.2% quer-
cetin diet in C3(1)/SV40Tag mice (Table 6). Several of those
affected have immune modularly and growth regulatory actions
in relation to potential carcinogenic events.

Conformational RT-PCR was performed for a subset of
genes identified by the microarray. Similar to the changes
reported for the microarray, the mRNA expression of FABP7
(30%), Grebl (52%), Mucl3 (61%), and Tmprss4 (29%) were
all significantly decreased in the mammary gland of mice receiv-
ing the 0.2% quercetin diet compared to the control mice

(Fig. 5).

Discussion

Evidence suggests a relationship between increased consump-
tion of fruits and vegetables and a reduced risk of breast cancer
which is thought to be due, at least in part, to their high content
of flavonoids and other bioactive compounds, including querce-
tin."” Several in vitro and considerably fewer in vivo investiga-
tions have shown benefits of quercetin on both hormonal
responsive and unresponsive breast cancer. However, negative
findings also exist largely due to the fact that an effective dose of
quercetin needed to elicit an anti-neoplastic response has yet to
be identified.'®'4 182129 This is the first report of a clear dose-
dependent response to quercetin with regard to tumorigenesis in
a genetically engineered mouse model of breast cancer. In con-
trast to our original hypothesis, the moderate dose of quercetin
(0.2%) incorporated into the diet most effectively inhibited
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tumor growth and multiplic-

ity compared with the higher
(2%) (0.02%)

dOSCS.

and lower

Relatively few investiga-
tions have examined the
effects of quercetin in animal
models of breast cancer and of
those that do doses, treatment

regimens, animal models and

observed outcomes have var-
ied widely.'®2!7232%%0 1 2 B
different
rat models of breast cancer,
doses of 2% and 5% quercetin
reduced tumor development,
incidence and muldplicity,
with the 5% dose having the
greatest

chemically-induced

. 21
influence. Mouse

xenograft models using hor-

monal-independent breast
cancer cells have also shown
benefits of quercetin on sur-

vival and apoptosis.”>*° In "
contrast, estrogen-induced
breast cancer (E2-+cholesterol A * 2w
via slow release subcutaneous o el Ly
pellets) in ACI rats was more Sa
prevalent, although not statis-

tically, following the addition

of 2.5 g/kg quercetin to a phy-

toestrogen-free diet (equiva-
lent to 0.25% quercetin in the
dier). % Evidently, the hor-
monal status of the model sys-

tem is an important factor in

Figure 3. Mammary lesion and tumor development was minimized by 0.2% quercetin in the thoracic mammary
gland of C3(1)/SV40Tag mice. Thoracic mammary glands were fixed in formalin, embedded and then sectioned
for H&E staining. Images were capture using the DAKO Chromavision Systems ACIS 3 system (20 x magnification).
Glands from FVB/N mice (A), C3-Con (B), C3-2% (C), C3(1)-0.2% (D) and C3(1)-0.02% (E) treated mice are pre-
sented. Large areas of invasive carcinoma as well as advanced lesion formation appear blue in these sections.

the efficacy of quercetin, as
the same dose of quercetin
(0.2%) was most beneficial in our progressively estrogen inde-
pendent C3(1)/SV40Tag mouse model.”’ Additionally, pheno-
typic characteristics of the model system may influence measures
most affected by the treatment; in the C3(1)/SV40Tag mouse,
tumors develop with 100% incidence, which may explain the
more pronounced change in tumor volume than tumor number
observed with 0.2% quercetin treatment.”” Lastly, the dose of
quercetin administered is also an important factor in determining
the effects of the flavonoid on mammary tumorigenesis. In the
C3(1)/SV40Tag mouse, we observed minimal effects of querce-
tin at the 2% and 0.02% dose. This was in contrast to previous
investigations that cite benefits on tumorigenesis at these and/or
higher and lower doses; however at this time reasons for this dis-
crepancy are unclear,'®?12720

Dose-response investigations are imperative for maximizing
the therapeutic potential of an agent within a given disease
model. In the current study, the finding that the greatest benefits
on tumorigenesis were associated with the moderate (0.2%) dose
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of quercetin provides unexpected but important evidence of an
inverted U-shaped response to quercetin treatment. We do not
believe that toxicity at the higher dosage caused the increase in
tumor number and smaller reduction in tumor volume as no
other signs or symptoms were identifiable. A non-linear dose-
dependent effect of quercetin was also observed 77 vitro in MDA-
MB-231 breast cancer cells; 0.5 wM quercetin increased cell pro-
liferation whereas 5 and 20 wM decreased proliferation.'® In the
corresponding mouse xenograft model, a moderate dose of
5 mg/kg/day of the combination of quercetin, resveratrol and
catechin most effectively reduced tumor growth compared to the
lower 0.5 or higher 25 mg/kg/day doses.'® Similar hormetic
responses to treatment with other phytochemicals in several dis-
ease models has also been reported.’® Lastly, discrepancies
between 77 vitro and in vivo models may also account for dis-
similar outcomes regarding the efficacy of quercetin dose. For
example, quercetin administered 77 witro at high levels has
been shown to promote negative pro-oxidant effects not
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Table 4. Genes downregulated by quercetin in the mammary gland of C3(1)/SV40Tag mice. Microarray gene expression analysis was performed on mam-
mary gland tissue from control C3(1)/SV40Tag and 0.2% quercetin C3(1)/SV40Tag mice (n = 4 per group). Genes that were significantly decreased more

than 2 fold following quercetin treatment are listed

Gene Fold Change p-value Probe Name

Ptpn5 —6.56 0.0209 A_55_P1955726
Fabp7 —5.09 0.0209 A_51_P290074
Gbp8 —4.56 0.0209 A_55_P2179599
Ngfr —4.55 0.0209 A_52_P236448
Greb1 —3.81 0.0209 A_55_P2114779
Adamts19 -3.72 0.0433 A_51_P103054
Fxyd4 —345 0.0209 A_51_P141926
Nxnl2 -3.25 0.0209 A_52_P605556
Krt6b —3.04 0.0209 A_51_P126275
Muc13 —2.94 0.0433 A_55_P1971840
Slc14al —2.84 0.0433 A_51_P312336
Slfn4 —-2.8 0.0433 A_51_P183812
Cdsl —273 0.0209 A_51_P205779
Krt6a —2.56 0.0209 A_52_P104658
Nrcam —2.47 0.0209 A_55_P2003541
Pdzd2 —2.46 0.0209 A_55_P2062070
Adamdec1 —2.46 0.0433 A_51_P164296
Atp6v0d2 —2.39 0.0433 A_66_P124179
Aqgp3 -239 0.0209 A_51_P245090
Tmprss4 —2.31 0.0433 A_55_P2178578
Foxd1 -227 0.0433 A_52_P128134
Grip1 —2.26 0.0433 A_55_P2164070
Lman1l —2.22 0.0209 A_55_P1981110
Hbq1la —-2.17 0.0433 A_51_P185869
Ppp1r9a —2.14 0.0209 A_52_P159490
Hmox1 —-2.12 0.0209 A_51_P263965
Slpi -2.12 0.0209 A_52_P472324
Card9 —-2.10 0.0209 A_55_P1986722
Clcal —2.03 0.0433 A_55_P1982291
Bean1 —2.01 0.0209 A_51_P111962
Trim30c —2.00 0.0209 A_55_P2098398

supported by in vive investigations.”® Therefore, the hormetic
response to quercetin merits further investigation to elucidate
potential mechanisms related to this effect, as this knowledge
will be critically important to the design of future therapeutic
treatment regimes. Further, while bioavailability studies were
not performed in the present investigation, these data high-
light the importance of pharmacokinetic experiments to pro-
vide insight on optimal dosing in humans.

As a first step toward elucidating the multifocal actions of
quercetin, we performed a comprehensive unbiased search of
potential genes whose expression was altered by quercetin treat-
ment. Results of the DNA microarray gene expression analysis
confirmed that quercetin had widespread anti-carcinogenic
actions as well as distinguished several previously unidentified
genes specifically in the mammary glands of C3(1)/SV40Tag
mice. For example, Mucin 13 (Mucl3) of the Mucin protein

Table 5. Genes upregulated by quercetin in mammary gland of C3/(1)SV40Tag mice. Microarray gene expression analysis was performed on mammary
gland tissue from control C3(1)/SV40Tag and 0.2% quercetin C3(1)/SV40Tag mice (n = 4 per group). Genes found to be significantly increased by 2 fold or

more by quercetin treatment are listed

Gene Fold change p-value Probe Name
Cox7al 3.69 0.043 A_51_P148612
Slc22a2 3.16 0.043 A_51_P161308
4122401K19Rik 2.83 0.043 A_55_P2372528
Lyrm5 2.65 0.043 A_55_P1969431
1700037F03Rik 2.51 0.043 A_55_P2278551
Flt1 243 0.021 A_52_P405145
Deptor 2.21 0.043 A_55_P2019362
Timp4 212 0.043 A_51_P355427
Gm12575 2.01 0.043 A_55_P2352344
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Figure 4. Visual representation of genes differentially modulated by
quercetin treatment in the mammary glands of C3(1)/SV40Tag mice. A
DNA microarray was conducted on C3-Con and C3-0.2% mammary gland
samples (n = 4/gr) and the results are presented. The first 4 lanes (red)
correspond to C3(1)/SV40Tag control mice and the last 4 to C3(1)/
SV40Tag mice treated with 0.2% quercetin for 16 weeks.

family, which was down-regulated ~3 fold by quercetin, has only
previously been implicated in colon, gastric, and ovarian cancers,
with little evidence supporting its aberrant expression in breast
cancer. >43% Further, the significance of the down-regulation of
expression of both keratin 6A (krt6a) and keratin 6B (krt6b) by
quercetin remains to be determined as little evidence exists char-
acterizing the role of these specific keratin isoforms in mammary
gland malignancy in contrast to keratin5/6 which is commonly
used in the classification of ‘basal like’ breast cancer and is associ-
ated with poor prognosis.*”*’

Other genes down-regulated by quercetin including nerve
growth factor receptor (NGFR), transmembrane protease, serine
4 (TMPRSS4) and fatty acid binding protein -7 (FABP7) have
previously been measured in mammary tumor samples; however,
the significance of this suppression by quercetin remains
unknown with the exception of TMPRSS4, whose elevated
expression in breast cancer is associated with poor prognosis.“‘%
Although both NGFR and FABP7 have been shown to be either
overexpressed in breast cancer tissues or important to its i vitro
growth,%’47 separate reports of improved patient outcome in
relation to their expression in mammary carcinomas or decreased
breast tumor cell proliferation also exist.*®*’ It appears that
breast cancer subtype, as defined by expression patterns within
triple negative and basal-like carcinomas, may be responsible for
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these discordant findings which vary greatly and lead to differing
prognoses.3 959 Therefore, the prognostic significance in relation
to the effects of quercetin on these genes are likely to be context
dependent.

Carcinomas in C3(1)/SV40Tag mice are initially ERa
responsive, but may progress to ERa unresponsive, paralleling
the molecular events observed in women after Tamoxifen
treatment.””"* GREB1 expression, which is stimulated by
estrogen and correlated with ERa expression in breast can-
cer,” promotes the in vitro growth of ER (+) cells and is
expressed at much higher levels in patients with ER (4) carci-
nomas than ER (—).>*°® Therefore, the quercetin-induced
decrease (4-fold) in the mRNA expression of growth regula-
tion by estrogen in breast cancer (GREBI) is likely a promi-
nent factor in the reduction in tumorigenesis observed
presently. Previous investigations in C3(1)/SV40Tag mice
show that knocking out ERa prevents tumor formation while
estrogen treatment (which would presumably increase
GREBI) increases tumor growth.54 Therefore, the quercetin-
induced decrease in its expression is promising in the treat-
ment of ER (4+) mammary cancers, although this effect will
need to be confirmed in human tissues in the future.

Quercetin treatment upregulated substantially fewer genes
within the mammary gland as only 9 showed more than a 2-fold
change. Of these genes, the increased expression of DEP domain
containing mTOR-interacting protein (DEPTOR) is noteworthy
as its activation has inhibitory actions toward mTOR, whose dys-
regulation in cancer has prompted the clinical testing of mTOR
inhibitors for the treatment of various types of breast cancer.”” In
corroboration with this finding, quercetin-mediated inhibition of
mTOR signaling in cancer has been reported and is an important
anti-carcinogenic action of this flavonoid.”” Equally promising is
the increase in the expression of the tissue inhibitor of metallo-
proteinases-4 (TIMP4) by quercetin, as both in vitro and in vive
overexpression of TIMP4 has been shown to inhibit cell invasion
and tumor growth.58

Opverall, quercetin significantly modulated the expression of a
number of genes that have either already been implicated in
breast cancer or have a potential to be targets for future investiga-
tions. While a direct link between modulation of each of these
genes and tumorigenesis is not possible from these data, it is
likely that the reduction in tumor growth resulted from the wide
spread anti-carcinogenic actions of quercetin displayed by the
microarray analysis presented herein. In conclusion, this work
describes a dose-dependent reduction in mammary tumorigenesis
following quercetin supplementation in the C3(1)/SV40Tag
mouse model; however, additional experiments should focus on
identifying the important role of several of the novel genes identi-
fied in order to further develop therapeutic interventions.

Methods
Animals

Female FVB/N mice were purchased from Harlan Sprague-
Dawley Laboratories and bred with male heterozygous C3(1)/
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Table 6. Pathways significantly modulated by quercetin in the mammary gland of C3(1)/SV40Tag mice. Following gene microarray analysis of mammary tis-
sue from Control and 0.2% quercetin treated C3(1)/SV40Tag mice (n = 4/group), pathway analysis was performed in GeneSpring GX using Reactome, KEGG,
BioCarta and NCI-Nature Curated pathway databases. All pathways found to be significantly (P < 0.05) modulated by quercetin treatment compared to con-

trol are listed

Pathway Genes Pathway Entities of Experiment Type p-value
Granzyme a mediated apoptosis pathway 2 1 0.004
Downregulated of mta-3 in er-negative breast tumors 2 14 0.006
phospho-PLA2 pathway 1 1 0.009
NFG and proNGF binds to p75NTR 1 1 0.009
Regulation of Commissural axon pathfinding by Slit and Robo 1 1 0.009
Cytokine-Cytokine receptor interaction 5 184 0.017
Regulated proteolysis of p75NTR 1 2 0.018
Axonal growth stimulation 1 2 0.018
Cell adhesion molecules (CAMs) 3 71 0.022
Neurophilin interactions with VEGF and VEGFR 1 3 0.028
p75NTR regulates axonogenesis 1 3 0.028
Axonal growth inhibition (RHOA activation) 1 3 0.028
Type | diabetes mellitus 1 3 0.028
Graft-versus-host disease 1 3 0.028
Activation, myristolyation of BID and translocation to mitochondria 1 3 0.028
Apoptosis 3 79 0.029
FasL/ CD95L signaling 1 5 0.037
NrCAM interactions 1 4 0.037
Calcium-dependent events 1 5 0.037
ADP signaling through P2Y purinoceptor 1 1 4 0.037
Reversal of insulin resistance by leptin 1 4 0.037
PLC B mediated events 1 5 0.037
Neurotransmitter Clearance In The Synaptic Cleft 1 4 0.037
Downstream signaling in naive CD8+ T cells 2 36 0.037
Natural killer cell mediated cytotoxicity 2 43 0.044
Allograft rejection 1 5 0.045
Regulators of bone mineralization 1 5 0.045
G-protein mediated events 1 6 0.045
Neurofascin interactions 1 5 0.045
Carm1 and regulation of the estrogen receptor 1 5 0.045
Organic cation transport 1 5 0.045
Initial triggering of complement 1 5 0.045
Apoptotic DNA-fragmentation and tissue homeostasis 1 5 0.045
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Figure 5. Quercetin reduces the mRNA expression of genes identified in
the tissue microarray in C3(1)/SV40Tag mice. Mammary gland tissue was
collected from control (C3-Con; n = 14) and 0.2% quercetin (C3-0.2%;
n = 16) treated mice and RT-PCR was performed. Values are means +
SEM. *significantly different from C3-Con, (P < 0.05).
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SV40Tag mice (a gift from Dr. Jeffrey Green, Chief, Transgenic
Oncogenesis and Genomics Section, Laboratory of Cancer Biol-
ogy and Genetics, National Cancer Institute) in the animal
research facility at the University of South Carolina. Female off-
spring were genotyped by tail snips at 3 wks old. Mice were
maintained on a 12:12 h light-dark cycle in a low-stress environ-
ment (22°C, 50% humidity and low noise) and provided with
food and water ad libitum. All animal experimentation was
approved by the University of South Carolina’s Institutional Ani-
mal Care and Use Committee.

Treatment

Following weaning at 4 wks of age, C3(1)/SV40Tag mice on
an FVB/N background were randomized to one of the 4 treat-
ments groups; placebo control, 2% quercetin, 0.2% quercetin or
0.02% quercetin based on body weight and litter (C3-Con: n =
15; C3-2%: n = 16; C3-0.2%: n = 16; C3-0.02%: n = 17). An
additional FVB/N wild type group of female mice was also
included as cancer-free controls. All control groups were fed a
basal diet of AIN-76A (Bio-Serv), while quercetin treated groups
were fed the AIN-76A diet with the specific dose of quercetin
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incorporated into the food pellets (Cat. # F1515, Bio-Serv). Mice
received their respective treatment diet from 4-20 weeks of age.

Quercetin dosages

The lowest 0.02% dose of quercetin was selected based upon
previous investigations performed by our laboratory showing
that this dose decreased colon polyp multiplicity and improved
mitochondrial properties in muscle and brain.””® The highest
dose of quercetin (2%) was chosen based on early work by Verma
et al., (1988) which showed that in the DMBA rat model of
breast cancer treatment with 2% quercetin decreased tumor
development, incidence and multiplicity.”' Finally, the 0.2%
dose was chosen as a median dose corresponding to a 10-fold sep-
aration between the other 2 doses. For a 25 g mouse consuming
5 g of food per day, the 0.02% dose of quercetin would corre-
spond to a dose of 1 mg or 40 mg/kg body weight (BW), the
0.2% to a dose of 10 mg or 400 mg/kg BW and the 2% to a
dose of 100 mg or 4000 mg/kg. This dosage scheme represents
physiologically relevant doses ranging from what is achievable
through careful dietary planning to an upper level of supplemen-
tation or treatment.

Body weight, body composition and food intake

Body weight and food intake was measured weekly through-
out the treatment period. C3(1)/SV40Tag mice develop large
mammary tumors that account for a substantial percentage of the
animal’s total body weight. Therefore, final body weight after the
removal of all tumors is also reported as a more accurate measure
of the animal’s mass. In order to assess any differences in body
composition resulting from the treatment, body composition
analysis was performed on the Lunar PIXImus X-ray densitome-
ter (DEXA) for small animals. Animals were lightly anesthetized
throughout the procedure (~3 min/ scan) via isoflurane inhala-
tion (1-2%) using a nose cone. Body composition was measured
at 4, 12 and 16 weeks of age. The 12 and 16 week time points
were chosen because animals had minimal palpable tumor devel-
opment at these times. Mammary tumors in the C3(1)/SV40Tag
mouse can vary in composition and therefore could have skewed
the compositional data if performed at a later time point.

Tumor progression

Beginning at 10 weeks of age, all C3(1)/SV40Tag mice were
examined twice a week for palpable tumors by the same investiga-
tor. C3(1)/SV40Tag mice typically develop palpable mammary
tumors between 12 and 16 weeks of azge.zs’G1 Upon palpation of
a tumor, calipers were used to measure the longest and shortest
diameter of the tumor. The number of tumors within each
mouse was recorded and the tumor volume was estimated for
each tumor using the formula: 0.52 x (largest diameter) x (small-
est diameter)” as previously described.®? The total tumor volume
within each animal was then averaged within each treatment

group.

Sacrifice and tissue collection
At 20 weeks of age, all mice were sacrificed via isoflurane
inhalation. Blood was collected at sacrifice from the inferior
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vena cava. A 50 pl sample of whole blood was immediately ana-
lyzed using a Vetscan blood analyzer (Abaxis, Union City, CA).
Visible tumors were dissected from all 10 mammary glands and
measured to determine tumor weight and tumor volume as
described above. All remaining thoracic mammary gland tissue
was then removed from both the right and left side. This tissue
was either snap frozen in liquid nitrogen for gene expression
analysis or fixed in 10% neutral buffered formalin (Cat.
#SF100-20, Fisher Scientific) for histopathological analysis.
Spleen weight was also recorded as it has been positively associ-

. . .2
ated with tumorigenesis. 8

mRNA isolation, labeling and hybridization

For isolation of RNA, thoracic mammary glands were
homogenized under liquid nitrogen using TRIzol reagent
(Cat. #15596-018, Life Technologies). RNA quantity was
assessed using an Agilent 2100 Bioanalyzer and RNA Integ-
rity Numbers (RIN) ranged from 8.5 to 9.3. Microarray
experiments were performed using reagents and slides from
Agilent Technologies. Total RNA samples were amplified and
labeled using Agilent’s Low Input Quick Amp Labeling Kit
(Cat. # 5190-23006) according to the manufacturer’s recom-
mendations. Briefly, mRNA (from 200 ng of total RNA) was
converted into cDNA using a poly-dT primer that also con-
tained the T7 RNA polymerase promoter sequence. Subse-
quently, T7 RNA polymerase was added to ¢cDNA samples
to amplify the cDNA and to simultaneously incorporate cya-
nine 3- or cyanine 5-labeled CTP (cRNA) into the amplifica-
tion products. In addition, Agilent RNA spike-in controls
(Cat. # 5188-5279) were added to samples prior to ¢cDNA
synthesis. Dye-labeled RNA was purified using Qiagen’s
RNeasy Mini Kit (Cat. # 74104). After spectrophotometric
assessment of dye incorporation and cRNA yield, samples
were stored at —80°C until hybridization. Labeled ¢cRNA
samples were hybridized to SurePrint G3 Mouse GE 8 x
60 K Microarrays (Cat. # G4858A-028005) at 65°C for 17 h
using Agilent’s Gene Expression Hybridization Kit (Cat. #
5188-5242) according to the manufacturer’s recommenda-
tions. Four representative mammary gland samples from con-
trol and 0.2% quercetin treated C3(1)/SV40Tag mice were
hybridized in a 2-color experimental design with dye swap.
After washes, arrays were scanned using an Agilent DNA
Microarray Scanner System (Cat. # G2565CA).

Data were extracted from images with Feature Extractor Soft-
ware version 10.7.3.1 (Agilent). In this process, background cor-
rection using detrending algorithms was performed. In addition,
linear and LOWESS methods were used for dye normalization.
Subsequently, background-corrected, dye-normalized data were
uploaded into GeneSpring GX version 11.5.1 for analysis. Data
were log2 transformed, quantile normalized and baseline trans-
formed using the median of all samples. Then, data were filtered
by flags in a way that 3 out of the 4 biological replicates had a
“detected” flag in at least one of the 2 treatment groups. Differen-
tially expressed genes were determined by analysis of the data
using the Mann-Whitney unpaired statistical tests. A cutoff
p-value of 0.05 and a fold change cutoff value of 2.0 were used to
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filter the data. Pathway analysis was performed in GeneSpring
GX using Reactome, KEGG, BioCarta and NCI-Nature Curated
pathway databases.

mRNA analysis

In order to confirm changes in a subset of genes identified by
the microarray we performed RT-PCR on the mammary gland
tissue of control (n = 14) and 0.2% quercetin (n = 16) treated
mice. RNA was reverse transcribed into cDNA and quantitative
RT-PCR was carried out as per the manufacturer’s instructions
(Applied Biosystems, Foster City, CA) using TagMan Gene
Expression Assays (Life Technologies, Carlsbad, CA) as previ-
ously described.®® Conditions utilized for RT-PCR were as fol-
lows: 2 min at 50°C; 10 min at 95°C; and 40 repetitions of 15
seconds at 95°C followed by 1 min at 60°C. Genes measured
included Fabp7 (Mm00445226_gl), Grebl (Mm00479269_
ml), Mucl3 (Mm00495397_m1), Tmprss4 (Mm00520486_
ml) and 18 S (Mn03928990_g1) as the reference gene. Quantifi-
cation of mRNA expression of all target genes was calculated
using the 2AACt method, which employs a single calibrator
sample to compare every unknown sample’s gene expression
against. Briefly, ACt [Ct (FAM) - Cr (VIC)] was calculated for
each sample and the average ACr of the control mice was used as
the calibrator sample. AACt [ACr (calibrator) - ACt (sample)]
was then determined for each sample and the relative quantifica-

tion was calculated as 244€T,

Histopathology

Mammary gland sections were processed for histopatholog-
ical examination. Formalin-fixed, paraffin-embedded sections
were deparaffinized in xylenes and rehydrated in graded

alcohol washes. H&E staining was then performed. Imaging
was performed using the DAKO Chromavision Systems
ACIS 3 system.

Statistical analysis

All data, except the microarray analysis data which was
described above, was analyzed using commercial statistical
software (SigmaStat, SPSS, Chicago, IL). Weekly tumor data,
body weight, food consumption and water intake were ana-
lyzed using a repeated measures 2-way ANOVA (time x
dependent variable) with Student-Newman-Keuls post-hoc
testing when appropriate. Analysis of relationships between
outcome measures and tumor volume and number was com-
pleted using Pearson product moment correlations. Students’
t-tests (type 2, 2-tailed) were used to determine the differen-
ces between control and 0.2% quercetin mice for the mRNA
expression of mammary gland genes confirmed via RT-PCR.
All other analyses were completed using a one-way ANOVA
with Student-Newman-Keuls post-hoc testing when appropri-
ate. Statistical significance was set at an alpha value of P <
0.05. Data are presented as mean = SEM.
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