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Abstract

Chemotherapeutic resistance, particularly to doxorubicin (Dox), represents a major impediment to
successfully treating breast cancer and is linked to elevated tumor metabolism and tumor over-
expression and/or activation of various families of receptor- and non-receptor-associated tyrosine
kinases. Disruption of circadian time structure and suppression of nocturnal melatonin production
by dim light exposure at night (ALEN), as occurs with shift work, and/or disturbed sleep-wake
cycles, is associated with a significantly increased risk of an array of diseases, including breast
cancer. Melatonin inhibits human breast cancer growth via mechanisms that include the
suppression of tumor metabolism and inhibition of expression or phospho-activation of the
receptor kinases AKT and ERK1/2 and various other kinases and transcription factors. We
demonstrate in tissue-isolated estrogen receptor alpha-positive (ERa+) MCF-7 human breast
cancer xenografts, grown in nude rats maintained on a light/dark cycle of LD 12:12 in which
dLEN is present during the dark phase (suppressed endogenous nocturnal melatonin), a significant
shortening of tumor latency-to-onset, increased tumor metabolism and growth, and complete
intrinsic resistance to Dox therapy. Conversely, a LD 12:12dLEN environment incorporating
nocturnal melatonin replacement resulted in significantly lengthened tumor latency-to-onset,
tumor regression, suppression of nighttime tumor metabolism, and kinase and transcription factor
phosphorylation, while Dox sensitivity was completely restored. Melatonin acts as both a tumor
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metabolic inhibitor and circadian-regulated kinase inhibitor to reestablish the sensitivity of breast
tumors to Dox and drive tumor regression indicating that dLEN-induced circadian disruption of
nocturnal melatonin production contributes to a complete loss of tumor sensitivity to Dox
chemotherapy.
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Introduction

Breast cancer is a leading cause of death in women around the world despite recent advances
in therapeutic options. Although the goal of chemotherapy is to kill disseminated cancer
cells and prevent metastatic progression, many cancers are intrinsically resistant to
conventional chemotherapeutic agents while others that initially respond develop resistance
(acquired resistance) during treatment [1]. The anthracycline, doxorubicin (Dox), is a
commonly used chemotherapeutic for the treatment of patients whose breast tumors are
resistant to endocrine therapy or are metastatic [2]. The antitumor activity of Dox results
from the initiation of DNA damage via the inhibition of topoisomerase Il and lipid
peroxidation resulting in the generation of free radicals [3, 4]. Although Dox is still
considered to be one of the most effective agents in the treatment of breast cancer,
particularly following tamoxifen failure, its efficacy as a curative agent is compromised by
cumulative dose-related development of resistance and cardiomyopathy [5].

Resistance to Dox may occur through a variety of mechanisms [6-10] including the
activation of key-signaling pathways including the phosphatidylinositol 3-kinase/protein B
(PIBK/AKT), the epidermal growth factor (EGFR), human epidermal growth factor receptor
(HER), their downstream mitogen-activated protein kinase/extracellular signal-related
kinases (MAPK/ERK1/2), and other downstream signaling pathways all of which can drive
cancer cell progression and drug resistance [10-13]. Other signaling pathways involved in
Dox-resistant breast tumors include signal transducer and activator of transcription 3
(STAT3), nuclear factor-kappa B (NF-kB), and protein kinase C alpha and delta (PKCa and
8) [14-16].

Activation of signaling pathways including ERK1/2, PI3K/AKT, NF-kB, and STAT3 are
reported to induce the expression of the ABC transporters ABCB1 (MDR1), ABCC1
(MRP1), and ABCG2 (BCRP) and metabolizing enzymes such as carbony! reductase 1
(CBR1) and aldo-keto reductase 1C3 (AKR1C3) which are involved in the development of
both intrinsic and acquired drug resistance [17-22]. In addition, elevated expression of
CBR1 and AKR1C3 induce the metabolism of Dox to doxurubicinol, the primary Dox
metabolite, which is reported to be a million times less active than Dox at inducing DNA
damage and promoting breast tumor cell apoptosis [23] but significantly more cardiotoxic
than Dox [23]. Thus, individual variations in conversion of Dox to doxorubicinol may
confer individualized variation in its antitumor and cardiotoxic effects.
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Disruption of circadian time structure by light at night as encountered during shift work
and/or disturbed sleep-wake cycle leads to a significantly increased risk of an array of
diseases, including breast cancer [24]. The circadian hormone melatonin, produced by the
pineal gland at night, inhibits the growth of breast cancer through activation of the MT, G
protein coupled melatonin receptor [25]. Our most recent studies [26] demonstrate that
circadian/melatonin disruption by exposure of tumor-bearing female nude rats to dim light at
night (ALEN) promotes tumor growth and drives intrinsic resistance to the anti-estrogen
tamoxifen in tissue-isolated ERa-positive (ERa+) human breast tumor xenografts and that
melatonin via inhibition of tumor metabolism and kinase activity re-establishes tumor
sensitivity to tamoxifen and acts synergistically with tamoxifen to drive tumor regression.

In the present study, we again utilize our circadian-complete (e.g., intact nocturnal

melatonin production), tissue-isolated breast tumor xenograft nude rat model to address the
hypothesis that disruption of the nocturnal circadian melatonin signal, by exposure of tumor-
bearing animals to dLEN, induces rapid breast tumor growth and resistance to chemotherapy
with Dox. In addition, we tested the postulate that the administration of melatonin during
dLEN would attenuate tumor metabolism, inhibit the expression and/or phospho-activation
of key kinases and transcription factors as well as Dox metabolizing enzymes and ABC-
transporters that efflux Dox to block the development of dLEN-induced intrinsic resistance
to Dox.

Materials and methods

Chemicals and reagents

All chemicals including Dox and tissue culture reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Cell culture medium, RPMI 1640 and fetal bovine serum
(FBS) were purchased from Invitrogen Corporation (Carlsbad, CA). High-performance
liquid chromatography (HPLC)-grade reagents were purchased from Fisher Chemical
(Pittsburgh, PA). Free fatty acid, rapeseed oil methyl ester standards, as well as boron
trifluoride-methanol, potassium chloride, sodium chloride, perchloric and trichloroacetic
acids were purchased from Sigma-Aldrich. The HPLC standards, (+/-) 5-HETE and 13(S)-
HODE were purchased from Cayman Chemical Co. (Ann Arbor, Ml).

Cell line and cell culture

The ERa+ MCF-7 human breast cancer cell line used in these studies was obtained from
American Tissue Culture Collection (Manassas, VA). These cells were tested and
authenticated by ATCC and upon receipt were immediately expanded and frozen-down as
stock for future studies. Cells from low passage frozen stocks (passage numbers 18-20)
were used in these studies. Briefly, cells were cultured in RPMI 1640 medium supplemented
with 10% FBS, 50 mM minimum essential medium non-essential amino acids, 1 mM
sodium pyruvate, 2 mM glutamine, 10 mM basal medium eagle, 100 mg/mL streptomycin,
and 100 U/mL penicillin, and maintained at 37° C in a humidified atmosphere of 5% CO»
and 95% air.
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Animals, housing conditions, and diet

Female athymic, inbred nude rats (Crl:NIH- Foxn1™Y) used in this study were purchased
from Charles River Laboratories (Wilmington, MA) at 1-2 weeks of age. Upon arrival,
animals were maintained in environmentally controlled rooms (25°C; 50-55% humidity)
with controlled diurnal lighting schedule of 12 h light:12 h dark at subjective night (LD,
12:12) [304 lux; 123 uW/cm?; lights on, 0600 hr and off at 1800 hr]. Animal rooms were
completely devoid of light contamination during the dark phase [27-29]. One week prior to
tumor implantation the animals were switched to a 12 h light:12 h dim light at night (ALEN),
subjective night cycle [0.2 lux, with lights on at 0600 hr and off at 1800 hr, and dLEN on at
1800 hr and off at 0600 hr] in an AAALAC-accredited facility and in accordance with The
Guide. Animals were given free access to food (Purina 5053 Irradiated Laboratory Rodent
Diet, Richmond, IN), and acidified water as previously described [27-29]. All procedures
employed for animal studies were approved by the Tulane University Institutional Animal
Care and Use Committee.

Arterial blood collection

Diurnal plasma melatonin levels (pg/mL; mean + 1 SD) of naive, female nude rats (n = 12)
maintained initially in the control LD 12:12 cycle or in the dLEN cycle were measured as
previously described [26, 28]. In experimental animals during the course of these studies
blood was collected over time at six circadian time points (0400-, 0800-, 1200-, 1600-, 2000,
and 2400-hr) and melatonin levels measured using a radioimmunoassay kit (Alpco, Salem,
NH), as previously described [26].

MCF-7 tumor xenografts development in nude mice

Ovariectomized athymic nude mice (4-5 week old females) were obtained from Charles
River (Indianapolis, IN) and maintained in pathogen-free aseptic conditions with
phytoestrogen-free food and water ad libitum. All mice were supplemented with estrogen
pellets (0.72 mg of 17B-estradiol 60-day release from Innovative Research of America
(Sarasota, FL) and estradiol-dependent MCF-7 xenografts were propagated. Exponentially
growing MCF-7 cells (Passage numbers 18-20) were harvested and approximately 5x108
MCEF-7 cells in 150 pl of PBS-matrigel mixture were orthotopically and bilaterally
implanted into the mammary fat pads of female nude mice, as previously described [26].

Tumor transplantation into athymic nude rats

After one week of photoperiod acclimation (ALEN or dLEN plus nighttime melatonin
supplementation), nude rats were implanted in a tissue-isolated fashion with MCF-7 human
tumor xenografts obtained from the tumor xenografts initially developed in mice, as
described previously [26-28]. Once implanted, tissue-isolated tumor xenografts reached a
palpable size (approximately pea size) in the nude rats they were measured every day for
estimated tumor weights, as previously described [26]. All animals were maintained in the
dLEN lighting schedule and were randomized so that half received either vehicle or a
supplement of melatonin in their nighttime drinking water (0.1 pg/ml) such that they
received approximately 2.5 ug melatonin daily intake, based on a daily water intake of about
25 ml; this simulates the high normal nighttime physiologic levels of melatonin. When

J Pineal Res. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiang et al.

Page 5

tumor weights reached approximately 2.5 g estimated weight, one-half of the animals (n = 3/
group) maintained in either the dLEN lighting or dLEN supplemented with melatonin were
treated daily at 1600 hr with either 0.1 ml of Dox (6 mg/kg/day) or diluent by i.p. injection.
Thus this study consisted of 4 groups: Group | (dLEN treated with vehicle), Group Il (dLEN
treated with Dox), Group 111 (ALEN supplemented with melatonin and treated with vehicle),
and Group IV (dLEN supplemented with melatonin and treated with Dox). When tumors
reached an estimated weight of 8 g or regressed to 1.6 g following treatment, tumors were
prepared for A-V difference measurements between 2400 and 0200 hr; animal preparation
and blood collection, blood and plasma analysis of constituents were conducted as
previously described [26-28]. Twenty minutes prior to end of blood collection [3H]-
thymidine (0.05 pCi/g of est. tumor weight) was injected intravenously via carotid catheter.
Details for the these procedures and the kits used for measurement of glucose, lactate, fatty
acids, LA, 13-HODE, cAMP, O,, CO5, and melatonin have been described previously [26—
28].

Tumor and heart lysate extraction and Western blot analysis

Tumor xenografts and heart samples harvested and snap frozen at 2400 hr (mid-dLEN
phase) were pulverized and homogenized in RIPA buffer (1 x PBS, 1% Nonidet P40, 0.5%
sodium deoxycholate, 0.1% SDS) containing protease and phosphatase inhibitor cocktails
(Sigma). Total tumor protein was isolated from tumor lysates as previously described [26,
28] and aliquots were stored at —80° C. One hundred twenty micrograms of protein from
each sample were separated on a Criterion™ precast gel (Bio-Rad, Richmond, CA) and
transferred onto nitrocellulose membranes (Bio-Rad). After incubation with 5% nonfat milk
in Tris-buffered saline containing 0.1% Tween 20, Western blots were probed with various
antibodies including phospho- (p)-HER2 Tyr1121/1222, (t)-HER2, p-HER3 Tyr1222, t-
HER3 p-ERK1/2 Thr202/Tyr204, total t-ERK1/2, p-AKT Ser473, t-AKT, p-nuclear factor-
kappa beta (NF-kB) Ser536, t-NF-KB, p-cAMP response element binding protein (CREB)
Ser133, t-CREB, p-pyruvate dehydrogenase kinase 1 (PDK-1) Ser241 and t-PDK-1, p-p21
activating kinase 1 (PAK1) Tyr423 and t-PAK1, p-signal transducer and activator of
transcription 3 (STAT3) Tyr707 and t-STATS3, t-protein kinase C alpha/delta (PKCa, t-
PKC9), t-CBR1, t-AKR1C1, t-AKR1C2, and t-AKR1C3, t-superoxide dismustase 2
(SOD2), and t-proliferating cell nuclear antigen (PCNA) from Cell Signaling (Danvers,
MA). The blots were stripped and re-probed with anti-p-actin antibody (Sigma, St. Louis,
MO) to evaluate loading. Quantitation of Western blots and differences in expression of
total and phosphorylated proteins were determined by digital quantitation of phosphorylated
and total protein levels and normalizing phosphorylated levels to the levels of the total
protein of interest and comparing the levels of dLEN, and dLEN + melatonin in the presence
or absence of Dox, to the dLEN control to determine the percent or fold change.

Statistical analysis

Data are represented as the mean + standard error of the mean. Statistical differences
between mean values in the LEN-exposed group versus the control group at circadian time
points were assessed by the Student’s t-test. Statistical differences among group means in
tumor perfusion studies were determined by a one-way ANOVA followed by Bonferroni’s
multiple comparison test. Differences in the tumor growth rates among groups were

J Pineal Res. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiang et al.

Results

Page 6

determined by regression analyses and tests for parallelism (Student’s t-test). Differences
were considered to be statistically significant at p < 0.05.

We previously reported that exposure to dLEN represses the nighttime rise of melatonin in
female nude rats [26]. Figure 1A shows plasma levels of melatonin of female nude rats
housed under LD 12:12 conditions increased and remained high during the dark phase
reaching a peak at 2400 hr that was more than 70-fold higher than during the light phase.
Figure 1B shows that melatonin levels were low to undetectable under the dLEN lighting
schedule prior to the administration of exogenous melatonin. After supplementation with
melatonin in the drinking water (2.73 + 0.34 pg/day) plasma melatonin levels at 2400 hr
(mid-dLEN/subjective night) were 142-fold higher (352.5 + 17.74 pg/ml) than at 1200 hr in
control (dLEN) rats (2.48 + 0.67 pg/ml), respectively.

Given that dLEN promotes tumor growth and intrinsic resistance to tamoxifen in MCF-7
tissue-isolated breast tumor xenografts, we asked if reduction of nighttime melatonin by
exposure to dLEN could also drive resistance to Dox. Figure 2 shows that tissue-isolated
ERa+ MCF-7 breast tumor xenografts from rats housed in a dLEN lighting schedule had a
significantly shorter (p < 0.001) latency-to-tumor-onset and increased growth rate (2.3-fold)
compared to tumors in rats in dLEN that received supplemental melatonin during the
subjective dark phase. Tumor xenografts from rats in dLEN showed complete intrinsic
resistance to Dox growing at the same rate as vehicle-treated dLEN xenografts. However,
xenografts in dLEN rats supplemented with melatonin showed a significant response to Dox
administered in the late light phase at 1600 hr, regressing at a rate of —0.18 g/day. Figure
2B—-E shows the visually dramatic difference in tumor growth and regression between the
various groups with or without melatonin supplementation and Dox.

Because tumor metabolism has been reported play an important role in drug resistance, we
felt it necessary to evaluate key aspects of tumor metabolism including FFA and LA uptake
and glucose metabolism. Administration of Dox alone to rats on dLEN did not suppress
tumor LA uptake, its metabolism to 13-HODE, or the incorporation of [3H]-thymidine into
DNA as compared with dLEN vehicle-treated controls. Tumor LA uptake and 13-HODE
formation were completely suppressed in both vehicle- and Dox-treated rats on dLEN when
melatonin was supplemented (Table 1). Incorporation of [3H]-thymidine into DNA in
xenografts from vehicle and Dox-treated dLEN rats was elevated by 10-fold at the mid-
dLEN phase (2400 hr) compared with vehicle- and Dox-treated dLEN tumors receiving
melatonin supplementation.

In rats treated with Dox alone, no suppressive effect of the drug on the high rates of tumor
glucose and O, uptake were observed at 2400 hr in dLEN xenografts versus those receiving
vehicle (Table 2). In dLEN rats receiving melatonin without Dox, uptake of tumor glucose
and O, were significantly reduced by 66% and 29%, respectively, compared to vehicle
treated dLEN xenografts. In melatonin supplemented Dox-treated xenografts tumor glucose
uptake was 89% lower than in either vehicle or Dox-treated dLEN tumors, and 67% lower
than in melatonin-supplemented xenografts. Tumor O, uptake in dLEN xenografts receiving
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melatonin and Dox was 72% lower than in vehicle or Dox-treated dLEN group, and 66%
lower than in melatonin-treated tumors (Table 2).

In rats treated with Dox alone, there was no suppressive effect on the high rates of tumor
lactate release and CO, production observed at 2400 hr in dLEN xenografts receiving
vehicle or Dox (Table 2). In dLEN rats receiving melatonin alone, tumor lactate release and
CO», production were significantly reduced by 58% and 44%, respectively, as compared
with dLEN vehicle treated animals. In melatonin + Dox-treated rats, tumor lactate release
was 88% lower than in either vehicle or Dox-treated rats, and 73% lower than in melatonin-
treated animals (Table 2). In melatonin + Dox-treated rats, tumor CO» production was 64%
lower than in either vehicle or Dox-treated rats, and 33% lower than animals receiving only
melatonin (Table 2).

We next asked if melatonin could repress the stimulatory effect of dLEN on breast cancer
cAMP production. In rats treated with Dox alone, no suppression of tumor cAMP levels was
observed, compared with vehicle-treated control animals. Tumor cAMP levels were 30-fold
higher at the mid-dLEN phase in rats in vehicle- and Dox-treated dLEN rats respectively,
compared with the corresponding groups supplemented with melatonin (Table 1).
Administration of Dox to rats in dLEN did not affect tumor cAMP levels, however; it
diminished tumor cAMP levels by 2.8-fold in dLEN supplemented with melatonin as
compared to vehicle treated animals.

As the expression and/or phospho-activation of numerous kinases and transcription factors
in proliferative and survival signaling pathways are known to be elevated in drug-resistant
breast cancer [6-13], we asked if such signaling nodes were modulated by dLEN or
melatonin in the presence or absence of Dox. In our current study, tumors from the dLEN
group treated with vehicle or Dox showed high levels of p-ERK1/2 expression, while those
in dLEN but supplemented with melatonin showed almost complete suppression of p-
ERK1/2 expression (Fig. 3). Elevated expression of t-AKT and t-NF-kB, but not their
phosphorylated forms, were observed in dLEN xenografts treated with either vehicle or
Dox, but were suppressed in dLEN xenografts supplemented with melatonin. Tumors from
vehicle or Dox-treated rats in dLEN also showed elevated expression of p-PDK1, p-RSK2,
t-PKCa, and t-PKCS, respectively; however, dramatic suppression of the total and
phosphorylated forms of these kinases was seen in melatonin supplemented dLEN
xenografts with or without Dox treatment (Fig. 3). A high level of p-STAT3 expression was
also evident in vehicle or Dox treated dLEN tumors, whereas its expression was greatly
suppressed in melatonin supplemented dLEN xenografts with or without Dox therapy.

The transcription factor CREB is phospho-activated by the cAMP/PKA pathway and up
regulated in many breast tumors [29]. In dLEN xenografts CREB is highly phospho-
activated in the presence or absence of Dox, but supplementation with melatonin suppressed
the levels of p-CREB in both the absence and presence of Dox. Elevated expression of t-
HER2, t-HER3, and t-PCNA (marker of cell proliferation) was also seen in dLEN tumors
treated with either vehicle or Dox, all of which were suppressed in response to melatonin
supplementation during dLEN.
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We next examine the expression of known Do metabolizing enzymes and ABC transporters
which are known to be involved in the development of both intrinsic and acquired drug
resistance [17-21]. dLEN breast tumor xenografts treated with either vehicle or Dox showed
high levels of the reductases CBR1 and AKR1C3 while dLEN tumaors supplemented with
melatonin and treated with vehicle or Dox showed suppressed levels of CBR1 and AKR1C3
(Fig. 4A). AKR1C1 and AKR1C2 were also elevated in dLEN but only modestly inhibited
by melatonin (data not shown).

Expression of ABC transporters is a key event in the development of multidrug resistance in
cancer cells [17]. Breast tumor xenografts from the dLEN group treated with vehicle or Dox
showed elevated levels of ABCG2/BCRP. However, tumors from rats in dLEN receiving
melatonin supplementation and treated with vehicle or Dox showed greatly reduced BCRP
levels (Fig. 4B). The levels of ABCB1/MDR1 or ABCC1/MRP1 were undetectable in all the
groups (data not shown).

Given the reported ability of melatonin to relieve the cardotoxicity of Dox [30], we
examined expression of several factors associated with this action of melatonin. In heart
tissue from rats in the dLEN lighting schedule, the expression of total and phospho-active
ERK1/2 and AKT was evident in both the presence and absence of Dox (Fig. 5). Unlike
tumor xenografts, cardiomyocytes did not show suppressed expression or phosphorylation of
ERK1/2 and AKT in dLEN rats when supplemented with melatonin in any treatment group.
No significant change in cardiomyocyte expression of the reductase CBR1 was observed
between the different treatment groups, but a significant (p<0.05) 38% increase in the anti-
oxidant enzyme SOD2 was evident in cardiomyocytes from Dox-treated dLEN rats
supplemented with melatonin vs. those from Dox-treated rats in dLEN.

Discussion

Enhancement of tumor metabolism and cell signaling by various kinase and transcription
factor pathways is acknowledged as key for the development of drug resistance in human
malignancies [1-8, 31]. We have recently demonstrated that disruption of the endogenous
circadian melatonin signal in female nude rats in response to dLEN drives human breast
tumor xenografts to develop intrinsic resistance to tamoxifen [26]. Unlike bright LEN,
which disrupts the activity of the central circadian clock and the circadian melatonin signal,
dLEN suppresses only melatonin production without affecting overall central circadian
regulatory activities [25, 28]. In the present study, we extended our previous findings on
dLEN-induced tamoxifen resistance to examine if circadian disruption may also cause a
similar intrinsic resistance to Dox chemotherapy via common mechanistic pathways.

Doxorubicin in addition to other chemotherapeutic agents is commonly used as a first-line
treatment for patients with endocrine-resistant or metastatic breast cancer [32]. As with all
chemotherapeutic agents many patients develop intrinsic and/or acquired resistance to Dox
[2]. Our studies clearly show that host exposure to dLEN drives breast tumor xenografts to
intrinsic resistance to Dox indicating that drug resistance induced by dLEN is a broader
event impacting both endocrine and drug therapies. To begin to explore the mechanisms
involved in dLEN induction and melatonin inhibition of Dox resistance in breast cancer, we
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focused on three key events involved in cancer chemo-resistance including: (1) tumor
metabolism, (2) tumor proliferation and survival cell signaling, and (3) factors involved in
drug metabolism and efflux.

As in our previous studies examining tamoxifen resistance [26], dLEN significantly induced
high rates of breast tumor xenograft aerobic glycolysis (Warburg effect) and uptake of LA
and its metabolism to its mitogenic end product 13-HODE in the absence or presence of
Dox. The mitogenic activity of 13-HODE in breast tumor xenografts may include a unique
mechanism involving it’s ability to stimulate the Warburg effect via increasing the phospho-
activation of AKT [27]. The presence of melatonin during dLEN markedly suppressed the
Warburg effect and uptake of LA and its metabolism to 13-HODE either in the absence or
presence of Dox. Activation of the Warburg effect (aerobic glycolysis) has been reported to
promote the expression/phospho-activation of ERK1/2, AKT, SRC, and cAMP that feed
back to amplify the Warburg effect [33]. Thus, dLEN appears to “push” breast tumor
xenografts to generate a mutually reinforcing positive feedback loop, involving metabolic
and signaling mechanisms, resulting in a hyper-metabolic state that helps drive intrinsic
tumor resistance to Dox.

In addition, dLEN-induced suppression of circadian melatonin stimulates the nighttime
expression/activation of key proliferation and survival signaling pathways including the
EGFR tyrosine kinase family members HER2, HER3, and downstream pathways and nodes
including ERK1/2, AKT, CREB, PKA, PAK-1, PDK1, PKCa, PKC8, NF-kB, RSK2,
STAT3 and PCNA. Nighttime supplementation of melatonin during dLEN suppressed or
ablated the expression/phospho-activation of each of these signaling molecules. The
importance of each of these signaling molecules in breast cancer proliferation, progression,
and drug resistance has been well described [2]. Given that elevated expression/activation of
the HER2/3 heterodimer can lead to downstream activation of various signaling nodes and
cascades noted above [34, 35], it is possible that the initiating signaling event promoting
tumor progression and resistance to Dox is the induction of HER2 and HER3 expression.
Since dLEN stimulates rapid tumor uptake of LA and its metabolism to 13-HODE, an
activator of EGFR tyrosine kinase [36], it is conceivable that 13-HODE may also promote
HER2 or HERS3 activation to induce the further activation of downstream signaling
pathways.

Recently, Sims et al. [14] reported that STAT3/NF-kB are involved in regulating Dox
resistance in human melanoma cells and promote oncogenesis by stimulating the
transcription of proliferative, invasive, and anti-apoptotic genes. Our findings strongly
suggest that host exposure to dLEN via its induction/activation of STAT3 and NF-kB in
breast tumor xenografts promotes intrinsic resistance to Dox. Conversely, melatonin
supplementation during dLEN in combination with Dox may induce tumor regression by
inhibiting the expression/phospho-activation of various transcription factors including
STAT3 and NF-kB.

Dim light exposure at night also resulted in increased expression/phospho-activation of
PDK-1 and PAK-1 in breast cancer xenografts. PAK1, a serine-threonine protein kinase
regulates the PI3BK/AKT, RAS/ERK signaling pathways [37] and is required for full

J Pineal Res. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiang et al.

Page 10

activation of these signaling pathways [38]. Both PDK-1 and PDK-3 via inhibition of
pyruvate dehydrogenase, a key regulator of cellular glucose utilization and mitochondrial
oxidation, enhance aerobic glycolysis in tumor cells [39] and thus promote chemo-resistance
[40, 41]. These findings combined with our current studies provide evidence that dLEN
drives tumor xenografts to aerobic glycolysis (Warburg effect) in part by inducing PDK-1
expression and that dLEN-induced hyper-activation of aerobic glycolysis is involved in the
development of Dox resistance. Melatonin’s ability to inhibit the expression/phospho-
activation of these kinases further supports a new regulatory role for melatonin as a
circadian regulated kinase inhibitor [26] that can suppress or inhibit intracellular signaling
pathways associated with drug resistance and tumor progression.

At first glance, there seems to be a discrepancy between the dramatic suppressive action of
melatonin on kinase and transcription factor expression/activation and cell proliferative
activity that exceeds only a 50% decrease in the overall tumor growth rate. This can be
explained on the basis of that the endogenous physiological melatonin signal, as well as the
melatonin signal simulated via exogenous melatonin supplementation in the present study, is
only present during the 12-hr dark phase of the light/dark cycle [26, 27]. Therefore,
melatonin is suppressing kKinase and transcription factor expression/activation and cell
proliferative activity only during dark phase with maximal inhibition occurring during the
mid-dark phase (2400 hr) when these parameters were measured. During the light phase
when melatonin levels are low to non-detectable, these signaling and proliferative pathways
are operating maximally. The net effect is that cell proliferative activity is only maximally
inhibited for one-half of the 24-hr day resulting in an overall tumor growth rate that is only
50% slower than when melatonin is suppressed in dLEN [26, 27].

From a mechanistic standpoint, it appears as though the lead events induced by dLEN that
drive intrinsic drug resistance include the enhanced expression of HER2 and HER3 that
promote RAS expression and the phospho-activation of ERK1/2. Signaling nodes and
pathways downstream of ERK1/2 include PDK1, PAK1, PKCa/s, AKT, NF-kB, CREB, and
STAT3. Given the central role of STAT3 in promaoting cancer cell survival, cell
proliferation, and drug resistance [40], and that cAMP/PKA/CREB, HER2/ERK1/2, PAK1,
RSK2, and PKCa all phospho-activate and/or transcriptionally activate STAT3, we
postulate that STATS3 is the distal common signal node critical for dLEN/circadian-
disruption-induced chemo-resistance in breast cancer. Our data supports that suppression of
signaling nodes upstream of STAT3 by melatonin suppress STAT3 phospho-activation to
block chemo-resistance. Clearly, additional studies using constitutively-active or dominant-
negative forms of these signaling nodes, including STATS3, are needed to define which
pathway(s) is most critical in regulating chemo-resistan

Doxorubicin metabolism and clearance are predominantly mediated by the liver by the
phase | enzymes CBR1 and AKR1C3 [19, 20, 41, 42]. CBR1 the major hepatic carbonyl
reductase in the liver is also expressed in breast tumors [42]. The increased expression of
CBR1 and AKR1C3 in breast tumor xenografts in response to dLEN, suggest that Dox is
rapidly metabolized to its less active but more cardiotoxic metabolite, doxorubicinol. The
suppressed expression of CBR1 and AKR1C3 during dLEN by nocturnal melatonin
supplementation, suggests that Dox metabolism is greatly reduced and that intratumoral Dox
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levels remain high in the presence of melatonin to promote tumor cell killing. The
suppressed expression of BCRP, and ABC efflux pump, during dLEN by melatonin
supplementation would also suggest that the intratumoral levels of Dox would remain high
during the melatonin phase to promoting tumor cell killing. Although we have not yet
defined the mechanism(s) involved in melatonin regulation of BCRP specifically in our
model system, Martin et al. [43] reported that melatonin induces hypermethylation of the
BCRP promoter to suppress BCRP expression. Thus, dLEN, via its disruption of nighttime
melatonin may suppress intratumoral levels of Dox by inducing its metabolism and efflux.

Our studies show that melatonin, in addition to enhancing tumor responsiveness to Dox
therapy when administered during dLEN, it maintained ERK1/2 and AKT expression in rat
cardiomycytes. As caridotoxicity is a significant side effect of Dox therapy [23] and studies
report that elevated levels of PDK1, AKT, and ERK1/2 are important for mitigating cardiac
toxicity by protecting the heart from ischemia-reperfusion injury [44], the ability to
melatonin to maintain the expression of these kinases suggests that it may play a cardio-
protective role. Interestingly, melatonin does not suppress ERK1/2 and AKT expression/
activity in cardiomyocytes, contrary to its action in breast tumor xenografts, ostensibly
protecting cardiomyocytes from doxorubicinnol toxicity. The mechanism(s) involved in this
difference between tumor xenograft and cardiomyocytes is currently unknown. However, G-
protein switching, as described for other G protein-coupled receptors [45], may be involved
such that the activated M T4 receptor may prefer the Gai2 protein in the tumor xenograft but
a Gaq or Gall protein in the heart.

The generation of hydroxyl radicals, hydrogen peroxide, and superoxide anions in response
to Dox treatment represents another important component of Dox-induced cardiotoxicity
[46, 47]. Work by Reiter et al. [48] defined melatonin as a potent scavenger of free radicals
and activator of endogenous antioxidant enzymes that protects various organs from
oxidative damage. Other groups reported that via its anti-oxidant action melatonin reduces
Dox-induced cardiotoxicity [49]. Consequently, our data showing that exogenous melatonin
administration during dLEN increases the expression of the antioxidant enzyme SOD2 while
maintaining ERK1/2 and AKT signaling in rat cardiomyocytes indicates an additional level
of protection against Dox-induced cardiotoxicity.

In conclusion, the present investigation validates the importance of an intact endogenous
nocturnal circadian melatonin signal in sensitizing human breast tumor cells to
chemotherapy, particularly Dox. As in our previous report, nighttime melatonin significantly
represses tumor kinase signaling, and acts broadly to suppress metabolic, -signaling, -
proliferative, and —survival activity in breast cancer. As in our tamoxifen-resistance study
[26], this study confirms that a comprehensive understanding and maintenance of host/
cancer circadian biology and the circadian-regulated nature of cancer metabolism, cell
signaling, and drug metabolic and efflux pumping mechanisms is essential to maximize the
efficacy of Dox and possibly other chemotherapies. This study also suggests that the actions
of melatonin may be cardio-protective through mechanisms that appear to operate
differently in heart vs. tumor tissues. The achievement of maximal efficacy and minimal
toxicity (e.g., optimal therapeutic index) of such chemotherapies appear to be predicated
upon their optimal temporal administration in alignment with a patient’s own intact
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endogenously regulated circadian timing system (e.g., nocturnal melatonin signal). Given
that many, if not all, breast cancer patients are likely subjected to various degrees of LEN as
a result of stress, lack of sleep, and/or continued night shift work, and thus are circadian/
melatonin disrupted, LEN may represent a unique risk factor that could account for some
forms of intrinsic and possibly acquired resistance to Dox and potentially other agents
resulting in an increased toxicity and diminished quality of life, shortened survival time
and/or possibly a decreased survival rate in breast cancer patients. Therefore, one could
envision chemotherapy being administered in a circadian-optimized manner in combination
with exogenous melatonin therapy to a breast cancer patient experiencing LEN-induced
circadian disruption.
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Figure 1.
Effect of dLEN versus LD 12:12 lighting schedules or administration of exogenous

melatonin in the dLEN lighting schedule on the serum melatonin profile in female nude rats.
Female nude rats with (ERa+) tissue-isolated breast tumor xenografts were housed under
control (LD 12:12) or experimental, dLEN (with light at 0.2 lux) lighting schedules, or
dLEN and supplemented with nighttime melatonin (MLT), and treated with diluent or
doxorubicin (Dox). (A) Diurnal plasma melatonin levels (pg/ml; mean = 1 SD) of female
nude rats maintained in a controlled LD 12:12 or experimental dLEN lighting cycle (n=6/
group) were measured as described in “Materials and Methods”. Data are double-plotted to
better visualize rhythmicity (n = 6/group). Asterisks (*) denote significant differences (p <
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0.05) in serum melatonin levels in rats under the different lighting schedules. (B) Plasma
melatonin levels from dLEN at 1200 hr (red bars) and 2400 hr (blue bars) from animals
maintained in dLEN and treated with vehicle (dLEN Cntl) or Dox (dLEN + Dox), or from
animals on dLEN but supplemented with melatonin (in nighttime drinking water) and
treated with vehicle (ALEN+MLT) or Dox (dALEN+MLT+Dox), as described in “Materials
and Methods”. Significant differences (p < 0.05) in serum melatonin levels in rats (n=3/
group) under the different lighting schedules are denoted by an asterisk (*).

J Pineal Res. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Xiang et al.

Page 17

A. Day 28
Estimated MCF-7 (ER+) Tumor Weight
o 107 i -e— dLEN Controls
E o pox —— dLEN +DOX
= =~ dLEN +MLT
5 0
g 6 DO*X *X = dLEN MLT + DOX
5 4 3+0.04g/d
E
=5
= 21 -0.18 + 0.06 g/d
(]
w
0 i T T
0 20 40 60
Days following implantation
Figure 2.

Differential effects of Dox on the growth and regression of (ERa+) MCF-7 tissue-isolated
breast tumor xenografts in female nude rats housed in a lighting schedule of dLEN or dLEN
supplemented with melatonin during dLEN. (A) Estimated tumor weight [g/day] of MCF-7
human breast tumor xenografts from nude rats exposed to a dLEN lighting schedule and
treated with diluent (red triangles) or Dox (blue diamonds) [6 mg/kg/day] or a dLEN
lighting schedule and supplemented with melatonin during dLEN (black triangles) or dLEN
+ melatonin + Dox (green inverted triangles). Tumor weights were estimated daily as
described in “Materials and Methods.” Images of tumor-bearing nude rats in maintained in
either experimental (LD 12:12dLEN) or (LD 12:12dLEN and supplemented with nighttime
melatonin) lighting schedules, as described in “Materials and Methods.” Panel B and C
represent xengografts from experimental animals 28 days after tumor implant in dLEN (B)
and dLEN receiving melatonin supplementation (C). Panels D and E show tumor xenografts
from experimental animals 45 days after tumor implant in dLEN supplemented with
melatonin and administered a diluent (D) and dLEN supplemented with melatonin and
treated with DOX beginning on day 28 (E). Asterisks (*) indicate location of tumor
xenografts.
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MCF-7 Tumor Xenografts in Nude Rats
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Figure 3.

Modulation of signaling kinases and transcription factors in tissue-isolated (ERa+) MCF-7
human breast tumor xenografts from female nude rats exposed to control dLEN treated with
vehicle or Dox or dLEN supplemented with nighttime melatonin and treated with vehicle or
Dox. Total-(t) and phospho-(p)Western blot analysis of total tissue lysates from breast tumor
xenografts harvested from rats in a dLEN lighting schedule and treated with vehicle (Cntl)
or Dox (Dox) or in dLEN but supplemented with melatonin during dLEN and treated with
vehicle (MLT) or Dox (MLT+Dox). All tumors were harvested at 2400 hr (mid-dLEN
phase) from 3 animals in each group. Total cell lysates (120 ug of protein per sample) from
each tumor were analyzed by Western blot for expression of total and/or phosphorylated
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forms of HER2, HER3, ERK1/2, PDK1, AKT, NF-kB, CREB, STAT3, PKCa, PKC3, RAS,
RSK2, and PCNA. B-actin was used as a control for equal loading. This figure was
generated by re-probing the same Western blot with all the different antibodies, thus f—actin
loading is representative for all samples.
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MCEF-7 Tumor Xenografts in Nude Rats
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Figure 4.
Modulation of Dox metabolizing enzymes, the antioxidant SOD2, and the ABC efflux pump

protein ABCG2/BCRP in tissue-isolated (ER+) MCF-7 human breast tumor xenografts from
female nude rats exposed to control dLEN treated with vehicle or Dox or dLEN
supplemented with nighttime melatonin and treated with vehicle or Dox. Western blot
analysis of total tissue lysates from breast tumor xenografts harvested from rats in dLEN
lighting schedule and treated with vehicle (Cntl) or Dox (Dox) or in dLEN supplemented
with melatonin during dLEN and treated with vehicle (MLT) or melatonin and Dox (MLT
+Dox). All tumors were harvested at 2400 hr (mid-dLEN phase) from 3 animals in each
group. Total cell lysates (120 pg of protein per sample) from each tumor were analyzed by
Western blot for expression of total forms of (A) CBR1, AKR1C3, SOD2, and (B) BCRP. -
actin was used as a control for equal loading. This figure was generated by re-probing the
same Western blot with all the different antibodies, thus p—actin loading is representative for
all samples.
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Changes in Expression of Heart Proteins
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Figure 5.
Modulation of heart ERK1/2 and AKT, the Dox metabolizing enzyme CBR1, and the anti-

oxidant enzyme SOD?2 in female nude rats bearing tissue-isolated (ERa+) MCF-7 human
breast tumor xenografts and exposed to dLEN treated with vehicle or Dox or dLEN
supplemented with nighttime melatonin and treated with vehicle or Dox. Expression of total
(t)- or phospho (p)- ERK1/2, AKT, CBR1, and SOD?2 in heart tissue from nude rats in dLEN
and treated with vehicle (Cntl) or Dox (Dox) or in a dLEN lighting schedule but
supplemented with exogenous melatonin and treated with vehicle (MLT) or Dox (MLT
+TAM). All tumors were harvested at 2400 hr (mid-dLEN phase) from 3 animals in each
group. Total cell lysates (120 g of protein/sample) from tumors were analyzed by Western
blotting for expression of total or phospho- ERK1/2 and AKT, and total levels of CBR1 and
SOD2. B-actin was used as a control for equal loading. This figure was generated by re-
probing the same Western blot with all the different antibodies, thus f—actin loading is
representative for all samples.
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Table 2

Tumor uptake of glucose and O, and production of lactate and CO, production in vivo (Warburg effect)
during the mid-dark phase (2400 hrs) in tissue-isolated MCF-7 (ER,) human breast cancer xenografts in nude

female rats exposed to dLEN and treated with either vehicle, dox (6 mg/kg), melatonin (2.5ug/d), or dox +
melatonin. Values are means £+ SD (n =3/group).

0, i 0,
Treatment@ Glucose uptake (ug/min/g)  Lactate release (nmol/min/g) 0 uptake (% of CO. production (% of

supply) original value)
dLEN Vehicle 45+0.6 (349 + 1.3%)P 26.2+19 789+ 0.4 1329+ 108
dLEN dox 42+0.3(33.8 + 3.4%)P 252+1.1 787+23 136.9+4.6
dLEN melatonin 1.5+0.26(12.0 + 1.5%)PC 10.5+0.9¢ 64.3+3.9¢ 74.0 +6.3C
dLEN dox + melatonin 5 1 + 058 (3.7 + 0.5%)P.d 29+0.6d 224+19d 491+17d

aThree animals (tumors)/group; (+ SD) tumor weights, in MCF-7 (ER+) dLEN groups, vehicle treatment = 8.30 £ 0.27 g; dox treatment = 8.08 +
0.17 g; melatonin treatment = 7.93 + 0.37 g; dox + melatonin treatment = 1.60 + 0.18 g, respectively. All tumors were harvested at 2400 hrs.

b, .

Values expressed as % of arterial glucose supply.
c .

p< 0.05 vs. vehicle;
d .

p < 0.05 vs. dox and melatonin;

ep < 0.05 vs. dox.
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