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A Non-canonical Function of BMAL1
Metabolically Limits Obesity-Promoted
Triple-Negative Breast Cancer
Cassandra A. Ramos,1,2 Ching Ouyang,3,4 Yue Qi,1 Yiyin Chung,1 Chun-Ting Cheng,1 Mark A. LaBarge,2,5

Victoria L. Seewaldt,2,5 and David K. Ann1,2,6,*

SUMMARY

The epidemiological association between disrupted circadian rhythms andmetabolic diseases is impli-

cated in increased risk of human breast cancer and poor therapeutic outcomes. To define a metabolic

phenotype and the underlying molecular mechanism, we applied chronic insulin treatment (CIT) to an

in vitro model of triple-negative breast cancer to directly address how BMAL1, a key circadian tran-

scription factor, regulates cancer cell respiration and governs tumor progression. At the cellular level,

BMAL1 suppresses the flexibility of mitochondrial substrate usage and the pyruvate-dependent mito-

chondrial respiration induced by CIT. We established an animal model of diet-induced obesity/hyper-

insulinemia and observed that BMAL1 functions as a tumor suppressor in obese, but not lean, mice.

Downregulation of BMAL1 is associated with higher risk of metastasis in human breast tumors.

In summary, loss of BMAL1 in tumors confers advantages to cancer cells in both intrinsic

mitochondrial metabolism and extrinsic inflammatory tumor microenvironment during pre-diabetic

obesity/hyperinsulinemia.

INTRODUCTION

Rhythmic oscillations in cellular activity are coordinated by genes that comprise the core circadian machin-

ery (Bell-Pedersen et al., 2005). The notion that circadian rhythm disruptions lead to an increased likelihood

of mammary tumor development is supported by studies that female workers taking frequent night shifts

have disrupted internal clocks and an increased risk of developing breast cancer (BC) (Davis et al., 2001;

Schernhammer et al., 2001; Wegrzyn et al., 2017). It has been reported that circadian genes have anti-tumor

roles in multiple cancer types (de Assis et al., 2018; Papagiannakopoulos et al., 2016; Tang et al., 2017) and

may act as tumor suppressors by regulating a wide variety of pathophysiological events, including cellular

metabolism and pathogenesis of cancer (Cederroth et al., 2019; Lesicka et al., 2018; Lin and Farkas, 2018).

Indeed, disrupted circadian rhythm likely affects multiple hallmarks of cancer, including proliferative

signaling maintenance, cell death resistance, replicative immortality, invasion and metastasis activation,

and energy metabolism reconfiguration (Hanahan and Weinberg, 2011).

Epidemiological data also suggest that disrupted circadian rhythm is strongly associated with metabolic

syndrome (Verlande and Masri, 2019). Multiple factors common to metabolic syndrome and its related dis-

orders have been shown to promote BC tumor growth and progression (Hursting et al., 2012). For example,

hyperinsulinemia, or elevated circulating insulin levels, is a hallmark of obesity and pre-diabetes and is

associated with higher BC incidence and poor prognosis (Del Giudice et al., 1998; Goodwin et al., 2002;

Gunter et al., 2009; Lawlor et al., 2004; Lipscombe et al., 2006; Tsujimoto et al., 2017). Moreover, multiple

reports indicate that metabolic diseases differentially impact individual subtypes of BC (Capasso et al.,

2014; Garcia-Estevez and Moreno-Bueno, 2019; Yang et al., 2011). Overall, despite current studies demon-

strating a close relationship among circadian disruption, metabolic syndrome, and cancer progression, the

mechanisms linking these together are not yet systematically established.

Circadian clocks are orchestrated by a gene network through transcriptional regulation (Partch et al., 2014).

Circadian-controlled genes are transcribed after initiation by the transcription factor heterodimer complex

comprising Brain and Muscle Arnt-Like (BMAL) and Circadian Locomotor Output Cycles Kaput (CLOCK)

(Sahar and Sassone-Corsi, 2009). Together with BMAL1 (gene name: ARNTL) and CLOCK, the core circa-

dian genes comprise the machinery that implements the oscillations in cellular activity (Bell-Pedersen
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et al., 2005). Therefore, BMAL1 is an essential clock gene affecting all rhythmic behaviors as the loss of

BMAL1 ensures that the circadian heterodimer is disrupted (Bunger et al., 2000). A number of reports

have documented the crosstalk between BMAL1 function and insulin signaling, mitochondrial function,

and lipid metabolism in non-cancer tissues (Breit et al., 2018; Dang et al., 2016; Jacobi et al., 2015; Liu

et al., 2016; Luciano et al., 2018; Luo et al., 2019; Marcheva et al., 2010; McGinnis et al., 2017; Zhang

et al., 2014). In addition, BMAL1 transcriptionally activates genes important for its own feedback loop

(Sato et al., 2006) as well as many cellular processes, including mitochondrial dynamics, cell cycle regula-

tion, and stress responses (Hatanaka et al., 2010; Jacobi et al., 2015; Rey et al., 2011). Global and liver-spe-

cific knockout of BMAL1 resulted in hyperlipidemia and increased lipoprotein production (Pan et al., 2016).

However, the functional role of BMAL1 in BC cell metabolism and tumor progression remains largely

unknown.

Understanding how circadian disruption and metabolic dysregulation influence BC can help elucidate the

underlying biological mechanisms, especially in the basal-like (BL)/triple-negative BC (TNBC) subtype for

which there is currently no effective therapeutic target. In this study, we developed two independent cell

models, in vitro and in vivo, to investigate how the deficiency of intrinsic BMAL1 affects cellular metabolic

homeostasis and tumor progression of TNBC. We demonstrate a previously unrecognized effect by tumor-

intrinsic BMAL1 on shaping the mitochondrial fuel flexibility and anti-tumor landscape. Our observations

provide insights into the mechanism underlying BMAL1-mediated TNBC suppression and evidence that

BMAL1 downregulation in combination with hyperinsulinemic obesity exacerbates TNBC progression

and aggressiveness.We discuss the implications of using BMAL1 as amarker, along with diet management,

for cancer prevention and therapeutics.

RESULTS

Developing an In Vitro Cell Model to Investigate BMAL1 Function in TNBC

Circadian rhythms not only vary among different organisms but also can be unique in different tissue organs

within the same organism (Yoo et al., 2004). Investigation across cancers originated from different tissues

suggested that altered expression of clock genes often shows cancer type-specific pattern and is associ-

ated with oncogenic pathways, clinical outcomes, and molecular subtypes (Ye et al., 2018). To examine

the expression profile of canonical core circadian genes across different cancer types, we investigated

The Cancer Genome Atlas (TCGA) Pan-Cancer datasets. Consistent with the corroborated link between

circadian disruption and BC (Blakeman et al., 2016), the expression of ARNTL/BMAL1 was significantly

down-regulated in primary tumor samples compared with normal tissues in multiple cancer types,

including BC (Figure S1A). As BC is highly heterogeneous and can be classified into different molecular

subtypes (Perou et al., 2000), subsequent analysis using unsupervised hierarchical clustering revealed

that the BL subtype has a distinct circadian gene expression profile among the PAM50 molecular subtypes

(Figure 1A). Most tumors of BL subtype do not express receptors for estrogen, progesterone, and HER2,

the major characteristics of TNBC. This subtype is more aggressive and has a poorer prognosis than other

BC subtypes (Subik et al., 2010; Toft and Cryns, 2011). The average expression of the core circadian genes

(Figure 1B) and ARNTL/BMAL1 (Figure 1C) in the BL and HER2-enriched subtypes was significantly lower

compared with the other subtypes. We thereby sought to further study BMAL1 deficiency with the focus

on BL/TNBC because circadian rhythm disruption may affect BC in a subtype-dependent manner.

To identify a suitable in vitro cell model, we evaluated a panel of 51 BC cell lines. The gene expression pro-

files are in general agreement with our observations from the TCGA clinical samples, confirming that circa-

dian gene expression levels differ among the BC subtypes. Among the BL/TNBC cell lines, MDA-MB-231

was selected for its low- to mid-range abundance of circadian gene expression (Figure S1B) and ARNTL

message (Figure S1C). Next, to develop a metabolic phenotype, MDA-MB-231 cells were continuously

passaged in media supplemented with insulin for more than 10 passages, referred to as chronic insulin

treatment (CIT). To mimic the insulin levels in a post-meal, fed state during pre-diabetes (high insulin

with normal glucose), CIT cells treated with 10 or 100 nM insulin were assayed to verify that these cells

were no longer sensitive to additional insulin stimulation. As shown in Figure 1D, no strong increase in in-

sulin signaling activation was observed in serum/insulin-deprived (24 h) CIT cells stimulated with a high

concentration of insulin at 100 nM, indicating the development of insulin resistance. To examine the effect

of CIT on circadian outputs, a serum shock procedure was applied to stimulate and synchronize oscillations

of circadian genes (Balsalobre et al., 1998). Cells grown without insulin exhibited a standard ARNTLmRNA

oscillation, whereas we observed decreased amplitude for short-term insulin treatment and an early peak
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Figure 1. Expression of Core Circadian Genes Is Altered in BC

(A) The 1,097 BC patient samples from the TCGA database were analyzed via unsupervised hierarchical clustering to show

circadian expression profiles among the PAM50 subtypes: Basal-like, HER2-enriched, Luminal A, Luminal B, and Normal-

like.

(B and C) The patient samples were analyzed for average expression of circadian genes (B) and ARNTL expression (C),

grouped by BC subtypes.

(D) Immunoblot analysis (left panel) of markers of active insulin signaling—phosphorylated AKT and phosphorylated

IRb—were examined to reflect relative levels of insulin signaling. GAPDH serves as a loading control. Quantification of
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for CIT (Figure 1E). Of note, we also tested the same assay with additional cell lines having different abun-

dance of endogenous BMAL1 (Figure S2A). Alteration of ARNTL mRNA oscillation was again observed in

another TNBC cell line BT549 (Figure S2B), as well as progesterone receptor-positive MCF7 cells (Fig-

ure S2C), suggesting that the effect of short-term insulin and CIT on ARNTL mRNA oscillation is common.

However, the alteration pattern may vary with different cell types.

The Interplay between BMAL1 and Mitochondrial Adaptations to CIT

The molecular interplay between circadian rhythms and cellular metabolism has been delineated as circadian

genes control the nicotinamide adenine dinucleotide (NAD+) salvage pathway (Nakahata et al., 2009). Thus,

we conducted oscillating circadian-controlled NAD+ assays (Ramsey et al., 2009) with untreated and CIT cells.

CIT cells showed a faster peak time and a higher steady-state NAD+/NADH ratio than those in insulin-respon-

sive MDA-MB-231 cells (Figure S3A), demonstrating the links among insulin signaling, circadian output, and

cellular metabolism. Also, the oxidation of NADH to NAD+ links the tricarboxylic acid (TCA) cycle to ATP gen-

eration in mitochondria. Based on the above results, we tested the hypothesis that mitochondrial activity may

partake in BMAL1 regulation. In r0 cells (depleted ofmitochondrial DNA), we observed a significant decrease in

the steady-state BMAL1 protein levels (Figure S3B) and mRNA levels of ARNTL/BMAL1, along with its direct

target NAMPT, irrespective of CIT (Figure S3C). Unlike in MDA-MB-231 cells (Figure 1E), there was no detect-

able difference in ARNTLmessage oscillation between untreated and CIT r0 cells (Figure S3D). We concluded

that the mitochondrial activity is indispensable for the expression and CIT-mediated regulation of BMAL1 and

its downstream NAD+-regulating target gene.

Next, we tested the state of mitochondrial respiration in the context of decreased BMAL1 expression.

ARNTL-targeting small interfering RNA (siRNA) (siBMAL1) was designed and used to decrease BMAL1

abundance by nearly 90% (Figure 2A). In both untreated and CIT MDA-MB-231 cells, ARNTLknockdown

produced higher levels of intracellular ATP (Figure 2B). Moreover, following CIT, BMAL1-knockdown cells

produced a higher mitochondria-specific reactive oxygen species signal (reflecting electrons leaking from

the electrochemical gradient) comparedwith control cells (Figure 2C). Together, these data suggested that

BMAL1 regulates bioenergetic homeostasis and possibly other respiration outputs.

To pinpoint the involvement of BMAL1 in mitochondrial bioenergetics, oxygen consumption rate (OCR)

was measured in untreated or CIT MDA-MB-231 cells. In control-knockdown cells, CIT increased OCR in

a dose-dependent manner (Figure S3E), and an opposite OCR pattern was observed in BMAL1-knockdown

cells (Figure S3F). BMAL1 knockdown increased basal respiration over control knockdown in untreated cells

(Figure S3G, left panel). Also, BMAL1 was required for CIT to increase maximum respiration, a measure-

ment of respiratory capacity, in a dose-dependent manner (Figure S3G, right panel). Given the fact that

BMAL1 suppresses basal OCR in untreated cells and promotes maximal OCR in CIT cells, BMAL1 conceiv-

ably plays a key role in the mitochondrial metabolic adaptation to CIT.

We then investigated how BMAL1-mediated mitochondrial adaptations affect other metabolic parameters

by measuring the levels of neutral lipid droplets, a nutrient source for cancer (Petan et al., 2018). Before

assaying, MDA-MB-231 cells were starved of glucose to promote fatty acid mobilization (Rambold et al.,

2015). We observed that BMAL1 knockdown increased the amounts of lipid droplets in both untreated

and CIT cells (Figure S4A). Also, another functional consequence of CIT and BMAL1knockdown was an in-

crease in the sensitivity to metformin (Figure S4B), a biguanide that causes oxidative stress by inhibiting

mitochondrial complex I (Mayer et al., 2015). Last, by measuring extracellular acidification rate, we

concluded that neither BMAL1 nor CIT impacted glycolytic activity (Figures S4C–S4E) inMDA-MB-231 cells.

Pyruvate Links BMAL1 to Mitochondrial Bioenergetics

Pyruvate is a key link between glycolysis and TCA cycle (Figure S5A). Based on the above-mentioned results, we

hypothesized that BMAL1 serves a distinct role in regulating pyruvate utilization in untreated and CIT cells. To

Figure 1. Continued

phosphorylated AKT/total AKT and phosphorylated IRb/total IRb is shown relative to GAPDH levels, and signal in

untreated cells is set to 1 (right panel). CIT: chronic insulin treatment.

(E) Cells were entrained by serum shock. Total RNA was collected every 4 h and analyzed by qRT-PCR. Data are shown as

meanG SD; n = 3; one-way ANOVAwith Tukey’s post hoc test. TheGAPDHmRNA level of untreated cells at 0 h is set to 1.

(B, C, and E) N/S p > 0.05; *p > 0.05; **p < 0.05; ***p < 0.001. See also Figures S1 and S2.
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Figure 2. BMAL1 Mediates Pyruvate Utilization during Chronic Insulin Treatment

(A) Representative immunoblot showing the CIT effect on BMAL1 in MDA-MB-231 cells. BMAL1-targeting or control siRNA was transiently transfected into

untreated or CIT cells. Owing to different levels of protein abundance, BMAL1 blot with longer exposure time, compared with GAPDH blot, is shown.

(B and C) (B) Intracellular levels of ATP and (C) mitochondrial superoxide were assayed in MDA-MB-231 cells grown without insulin (Untreated) or over

10 passages of insulin (100 nM, CIT) and then transiently transfected with control or BMAL1-targeting siRNA. Measurements are normalized to cell number.

n = 3; independent samples t test.
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address this possibility in different BC cells, intracellular pyruvate levels were measured in MDA-MB-231, along

with BT549 and MCF7 cells. As we observed in MDA-MB-231 cells (shown in Figure 2A), CIT did not affect

steady-state level of BMAL1 in either BT549 or MCF7 cells (Figure S5B). However, CIT increased pyruvate levels

in control (without BMAL1 knockdown) MDA-MB-231 (Figure 2D) and BT-549 (Figure S5C) cells compared with

their untreated cells. Also, pyruvate level was not affected by BMAL1 knockdown in untreated MDA-MB-231

cells (Figure 2D). In contrast, BMAL1 knockdown in CIT cells decreased pyruvate levels in all three (MDA-

MB231, BT549, and MCF7) cell lines (Figures 2D, S5C, and S5E), suggesting that BMAL1 suppresses pyruvate

utilization during CIT adaptation. We then measured OCR in the presence and absence of external pyruvate

in MDA-MB-231 cells (Figure 2E). As expected, the increased maximal respiration by BMAL1 knockdown de-

pended on external pyruvate availability (Figure 2F).

Because BMAL1 is a transcription factor, we posited that BMAL1 regulates genes that metabolize pyruvate

(Deng et al., 2018). We found that BMAL1 knockdown reduced the expression of pyruvate kinase (PKM) and

pyruvate carboxylase (PC) (converting phosphoenolpyruvate to pyruvate and converting pyruvate to oxalo-

acetate, as shown in Figure S5A) in untreatedMDA-MB-231 cells (Figure 2G). In comparison, BMAL1 knock-

down also markedly decreased PKM, PC, and PDK4 mRNA levels in CIT BT549 (Figure S5D), but only

showed relatively minor effect in MCF7 cells (Figure S5F), suggesting a context-dependent role of

BMAL1 in regulating pyruvate metabolism enzyme expression in different BC cells. To test if the effects

of BMAL1 on OCR are mediated through its regulation of PKM abundance, we applied PKM-targeting

siRNA to lower PKM expression in MDA-MB-231 cells and assayed for mitochondrial respiration activity.

Consistently, PKM knockdown increased OCR in untreated cells, but decreased OCR in CIT MDA-MB-

231 cells, mimicking the effects seen in BMAL1knockdown (Figure 2H). The decreased PC activity could

also render pyruvate less available to mitochondria (Perry et al., 2015). Together, these findings under-

scored a specific role of BMAL1 in regulating pyruvate metabolism.

To corroborate that BMAL1 affects substrate utilization, specific inhibitors were used to block threemajor mito-

chondrial fuels: glutamine, long-chain fatty acids, andpyruvate.Mito Fuel Flex assays demonstrated that BMAL1

knockdown altered substrate capacity, or the ability of cells to increase oxidation of particular fuel to compen-

sate for inhibition of alternative fuels. Specifically, BMAL1knockdown increased glutamine and fatty acid

oxidation capacity in both untreated and CIT cells (Figure 2I, middle and right panels), indicating that

BMAL1 suppresses glutamine and fatty acid utilization in MDA-MB-231 cells. However, BMAL1 knockdown

increased the capacity of pyruvate oxidation under CIT, but decreased it in the insulin-sensitive cells (Figure 2I,

left panel). Finally, compromised BMAL1 decreased pyruvate (Figure S6A), but not glutamine (Figure S6B) and

fatty acid (Figure S6C), dependency in mitochondria of CIT cells. These results demonstrated that BMAL1 reg-

ulates substrate usage and that CIT cells require BMAL1 to suppress substrate flexibility. This is consistent with

our observations that BMAL1 knockdown mediates reduction of message abundance of key pyruvate meta-

bolism-regulating enzymes (Figure 2G). Altogether, we surmised that CIT and BMAL1 counterbalanced the

regulation ofmitochondrial activity. This observed dual regulation of pyruvate by both BMAL1 and insulin would

explain how insulin context alters the effect by BMAL1 on tumor cell metabolism.

BMAL1 Suppresses HFD-Induced Tumor Growth In Vivo

To further establish whether BMAL1 regulates tumor progression in vivo, we used wild-type female

C57BL/6 mice coupled with mouse mammary tumor E0771 cells orthotopically implanted in syngeneic

lean and obese mice (Figure S7A). The advantage of using an allografted syngeneic mouse tumor model

Figure 2. Continued

(D) Intracellular pyruvate was measured in MDA-MB-231 cells not treated or chronically treated with insulin (100 nM, CIT) and transfected with control or

BMAL1-targeting siRNA. Pyruvate levels are normalized to cell number. n = 3.

(E) One representative oxygen consumption rate (OCR) profile of Mito Stress Test with MDA-MB-231 cells containing control or BMAL1-targeting siRNA in

media G pyruvate.

(F) Pyruvate is required for maximal respiration, calculated from (E). n R 3.

(G) The relative levels of mRNA encoding pyruvate-regulating enzymes from untreated or CIT MDA-MB-231 cells transfected with control or BMAL1/ARNTL-

targeting siRNA, quantified using qRT-PCR. n = 3.

(H) The basal respiration in untreated or CIT MDA-MB-231 cells transfected with control, BMAL1/ARNTL, or PKM-targeting siRNA were analyzed using Mito

Stress Test. Measurements are normalized to cell number. n = 3; one-way ANOVA with Tukey’s post hoc.

(I) The capacity to oxidize pyruvate (left panel), glutamine (middle panel), and fatty acids (right panel) in control or siBMAL1-transfected, untreated, or CIT

MDA-MB-231 cells was analyzed using the Mito Fuel Flex Test. n = 3; one-way ANOVA with Tukey’s post hoc.

(B–I) Data are shown as mean G SD; *p < 0.05; **p < 0.01; ***p < 0.001. (B–D and F–I) one-way ANOVA with Tukey’s post hoc. See also Figures S3–S6.
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Figure 3. BMAL1 Suppresses HFD-Promoted Tumor Growth

(A) Palpable parental (left panel) or shBMAL1 (right panel) tumors were measured in LFD- and HFD-fed mice. n = 4–6;

independent samples’ t test at each time point. Inset features immunoblot analysis of parental E0771 and E0771 with

stable knockdown of BMAL1. Italicized numbers indicate relative BMAL1 expression level.

(B) Tumor volumes from parental and BMAL1-knockdown E0771 cells in LFD- and HFD-fed mice were analyzed at day 28

after implantation (left panel). Representative tumor images are shown (right panel). n = 4–6.

(C) Formalin-fixed tissue sections from tumors derived from parental and BMAL1-knockdown E0771 cells in LFD- and

HFD-fed mice were stained with anti-Ki67 antibody. % Ki67+ cells were calculated as Ki67-positive cells divided by total

cells (left panel). Representative images of stained tumor tissues are shown (right panel). n = 3. Scale bar, 200 mm; red

scale bar, 100 mm (inset).
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over an MDA-MB-231-xenografted NSG mouse model is that C57BL/6 mice are better responsive to high-

fat diet (HFD) feeding (NSGmice are, but only with litter reduction, Behan et al., 2013) and that we are able

to study the interaction between cancer cells and their surrounding tumor microenvironment in an immu-

nocompetent animal model. The E0771 cells were derived from a spontaneously developed TNBC in

C57BL/6 mice (Ewens et al., 2005; Yang et al., 2017). Parental E0771 cells are poorly metastatic when

compared with 4T1 cells (Johnstone et al., 2015) and have homozygous mutations in Trp53 and Kras genes

(Yang et al., 2011) with a detectable BMAL1 expression (Figure 3A, inset). When mice reached young adult-

hood at the age of 8 weeks, they were separated into two groups: HFD or low-fat diet (LFD) (Dutta and Sen-

gupta, 2016). These two diets had equal calories and sucrose for consistent chow palatability and to ensure

consistent caloric intake. HFD comprised 60% fat, whereas LFD had 10%. Fasting insulin and glucose levels

were measured before starting the diets and 4 weeks after consuming either HFD or LFD. The results

showed that LFD did not cause a notable change in fat mass and fasting insulin levels compared with mea-

surements before starting the diet; however, both increased in HFD-fed mice without affecting fasting

glucose levels (Figure S7B). To test whether the lack of hyperglycemia in HFD-fed mice is due to hyperin-

sulinemia, which mimics pre-diabetic state, an oral glucose tolerance test was performed. Following

glucose feeding after a starvation period, blood glucose levels spiked faster and remained high longer

in HFD-fed mice compared with the mice with LFD (Figure S7C). The HFD-fed mice also displayed higher

body weight gained than LFD-fed mice, even though food intake did not differ (Figures S7D and S7E).

After confirming HFD-induced obesity/hyperinsulinemia, the fourth mammary fat pad on the right side of

lean or obese mice was implanted with parental E0771 cells or E0771 cells with stable BMAL1 knockdown.

The mice were maintained on their respective diet for an additional 4 weeks. In general, HFD accelerated

tumor progression over LFD (Figure 3A). Upon tumor harvest, BMAL1-knockdown E0771 tumors were not

significantly different in size from parental tumors in lean mice, whereas they were larger than the corre-

sponding tumors of parental cells in hyperinsulinemic mice (Figure 3B). The E0771/shBMAL1-derived tu-

mors from HFD-fed mice showed the largest sizes among these four groups (Figure 3B, right panel). There

was no notable difference in Ki67, a marker for cell proliferation, signals between tumors from the parental

E0771 cells of LFD- and HFD-fed mice; however, BMAL1 knockdown decreased Ki67 signals in tumors har-

vested from lean, but not hyperinsulinemic, obese mice (Figure 3C). E0771/shBMAL1-derived tumors from

LFD-fed mice had the least proliferative potential. We next examined whole lungs from obese and lean tu-

mor-harboring mice as lungs are a common site of metastasis from E0771-derived mammary tumors (You-

sefi et al., 2018). Likewise, the obese tumor-bearing mice harbored more lung tumor nodules than the lean

group (Figure 3D). In addition, BMAL1knockdown decreased the lung tumor nodules in LFD-fed tumor-

bearing mice, yet significantly increased it in HFD-fed mice. Altogether, BMAL1 serves a non-canonical

role of BMAL1 to suppress tumor progression and/or metastasis under hyperinsulinemic obese context.

Last, primary tumor cells from the orthotopically engrafted E0771 tumors were isolated, cultured, and as-

sessed for mitochondrial respiratory function. It is important to note that, recapitulating findings in MDA-

MB-231 cells in vitro, BMAL1 knockdown increased OCR in E0771 cells recovered from tumors of lean mice,

whereas BMAL1 knockdown decreased OCR in E0771 cells from hyperinsulinemic obese mice (Figure 3E).

This observation validates the importance of the combined effect of BMAL1-mediated metabolic adapta-

tion and hyperinsulinemia as a determinant of TNBC progression and aggressiveness. In addition, using

two different knockdown approaches in cells from two different species yielded comparable conclusion

about the role of BMAL1 on mitochondrial bioenergetics, and these separate approaches likely ruled

out potential off-target effect(s) of BMAL1 knockdown.

BMAL1 Influences Tumor Microenvironment in Hyperinsulinemic Obese Mice

To further explore how BMAL1 and HFD-induced obesity interactively regulate tumor progression, we

examined how the tumor was influenced by the microenvironment. Infiltration of F4/80 macrophage, a

Figure 3. Continued

(D) Number of lung nodules of parental or BMAL1-knockdown E0771 cells per mouse were counted in LFD- and HFD-fed

mice (left panel). Representative image of lung lobes with metastatic nodules are shown (right panel); black scale bar,

3 mm; white scale bar in inset, 2 mm. n R 4.

(E) Relative maximum OCR was calculated for primary E0771 tumors of engrafted cells at passage 2 after extraction from

tumors in LFD- and HFD-fed mice. n R 4.

(B–E) Data are shown as mean G SD; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; one-way ANOVA with Tukey’s

post hoc. See also Figure S7.
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Figure 4. Tumor-Expressed BMAL1 Influences Immune Cell Infiltration

(A) F4/80 signal was quantified as the average area of F4/80 staining in non-overlapping sections of entire tumor and

compared with other samples at the same magnification. n = 4 (left panel). Representative images of tissue sections are

shown (right panel). Scale bar, 500 mm. Red scale bar, 125 mm (inset).

(B) CD8 signal was quantified as the average area of CD8 staining in non-overlapping sections of entire tumor section

and compared with other samples at the same magnification. n = 4. (A and B) Data shown as mean G SEM; *p < 0.05;

**p < 0.01; one-way ANOVA with Tukey’s post hoc. Representative images of stained tissue are shown (right panel). Scale

bar, 250 mm. Red scale bar, 100 mm (inset).

(C) Gene Set Enrichment Analysis shows that expression of hallmark OxPhos gene set in TCGA BC primary tumors

(n = 1,097) is inversely correlated with BMAL1 expression.

(D and E) Kaplan-Meier curves show distal metastasis-free survival rate of patients selected according to BMAL1

expression from two independent datasets GEO: GSE20685 (D) and GSE11121 (E).
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major component of the tumor microenvironment, was assessed by immunohistochemistry (Goswami

et al., 2017; Hu et al., 2016; Netea-Maier et al., 2018). Inside the parental E0771-derived tumors, there

were no notable differences in F4/80 signals regardless of diet; however, the E0771/shBMAL1-derived

tumors in the hyperinsulinemic obese mice, compared with lean mice, exhibited significantly increased

F4/80 signals (Figure 4A). Other prominent immune cells featured inside tumors are the CD8+ T cells, which

play a protective role and are associated with better cancer prognoses and outcomes (Fu and Jiang, 2018).

Tumors from hyperinsulinemic obese mice exhibited significantly decreased CD8+ T cell signals in the

parental tumors than those in the lean mice (Figure 4B). Notably, there were no differences in CD8+

T cell recruitment in shBMAL1 tumors regardless of diet (Figure 4B).

We further performed Gene Set Enrichment Analysis of human primary breast tumor data from TCGA and

found that the oxidative phosphorylation (OxPhos) pathway is significantly upregulated in patient tumors

with downregulated ARNTL (Figure 4C). Such observation is consistent with our findings of increased OCR

during BMAL1 knockdown (Figures S3E and S3F). Together with Figure S1C, our previously reported in-

crease in OxPhos gene expression in TNBC and HER2-enriched BCs (Cheng et al., 2016) could be attrib-

uted to decreased ARNTL expression. In addition, although the metabolic states were not available, our

analyses of two independent public datasets for human BC (Kao et al., 2011; Schmidt et al., 2008) revealed

that reduced ARNTL expression is associated with worse distal metastasis-free survival (Figures 4D and 4E).

DISCUSSION

Although HFD-induced obesity drives tumor growth through multiple mechanisms (Nunez et al., 2008), our

findings support a new paradigm that reduced expression of ARNTL, a key component of the circadian

clock, accelerates TNBC tumor growth and lung metastasis in an HFD-induced hyperinsulinemic obese

context. Virtually, circadian clock disruption is detrimental to metabolic homeostasis in all cells. To under-

score the importance of BMAL1 in the adaptation to hyperinsulinemia in BC cells, here we report that in two

different TNBC cells in two distinct models, in vitro and in vivo, BMAL1 loss (BMAL1 crisis) decreases or in-

creases mitochondrial respiration depending on hyperinsulinemia. In parallel, intrinsic BMAL1 oscillation is

suppressed by short-term insulin exposure in amitochondria-dependent manner in MDA-MB-231 cells. We

propose a model in which the reduced BMAL1 expression cooperates with HFD-induced hyperinsulinemic

obesity to accelerate TNBC tumor progression and lung metastasis through increased mitochondrial fuel

flexibility and reshaped recruitment of macrophages and CD8+ T cells (Figure 4F).

Cancer cells exhibit metabolic plasticity, rewiring their metabolism to satisfy the demands of rapid cell prolifer-

ation and survival (Ghaffari et al., 2015). Mitochondria comprise a metabolic hub that is responsible for energy

production, and also produce building blocks for cell growth by catabolizing glucose, amino acids, and fatty

acids. Althoughwe observed that circadian gene expression andmitochondrial activity appear to be interactive

and counter-balanced, the detailed underlying mechanism is still not clear. It is plausible that metabolites from

the mitochondria directly affect the transcriptional regulation of circadian genes. In addition, post-translational

modifications also play a key role in regulating the expression of circadian genes, such as histone acetylation

being required at promoters of BMAL1-CLOCK target genes (DiTacchio et al., 2011). Here, we introduce a

link between circadian signaling and mitochondrial function by showing that BMAL1 transcriptionally regulates

PKM expression. It hints that endogenous pyruvate production functions as a linchpin for BMAL1-mediated

metabolic adaptations. As such, the combined effect of BMAL1 and hyperinsulinemic obesity on reshaping

the tumormicroenvironment is conceivably mediated by regulating intracellular pyruvate utilization. Ourmodel

on the combined effect of intracellular pyruvate and on promoting tumor progression is supported by reports

that pyruvatemetabolism is important inmaintaining colon cancer stem cell proliferation (Schell et al., 2017) and

that PKM2-null mice display increased HFD-induced metabolic stress (Dayton et al., 2016).

Inflammation plays a key role in hyperinsulinemic obesity and metabolic disease (Chawla et al., 2011; Lu-

meng and Saltiel, 2011). In our model, it appears that cancer cell-intrinsic BMAL1 acts as a critical suppressor

Figure 4. Continued

(F) Hyperinsulinemia and BMAL1 regulate both internal metabolism and external microenvironment of TNBC. The

intrinsic metabolism of TNBC reveals that BMAL1 and hyperinsulinemia have parallel yet distinct regulations of pyruvate

andmitochondrial metabolism. The external TNBCmicroenvironment shows that BMAL1 and hyperinsulinemia in concert

control immune cell recruitment and infiltration. The dotted line indicates a possible mechanism for immune cell

recruitment via mitochondria-induced reactive oxygen species.
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of F4/80 macrophage tumor infiltration under hyperinsulinemic obesity. Cancer cell BMAL1-mediated sup-

pression of F4/80 macrophage infiltration thus has important implications for how anti-tumor immunity is

impaired during hyperinsulinemic obesity. A causative role of immune cells in promoting tumor progression

has been demonstrated (Wellenstein and de Visser, 2018) as depleting inflammatory immune cells leads to

rapid improvement in insulin sensitivity and glucose tolerance, which is associated with decreased local and

systemic inflammation in obese mice (Nishimura et al., 2009). The role of BMAL1 in immune cell recruitment

is not yet elucidated. The observed decrease in CD8+ T cell recruitment in tumors harvested from HFD-fed

mice is in agreement with findings in another report (Wang et al., 2019). Considering such a decrease was not

observed in BMAL1-knockdown tumors, one plausible function of BMAL1 is to prevent T cell exhaustion dur-

ing obesity. Together, these data show that the immune cells surrounding the tumor are likely affected by

the tumor cells’ metabolic flexibility. Cancer-associated fibroblasts have been shown to secrete pyruvate to

support metabolism in the tumor (Sakamoto et al., 2019) and the BMAL1-suppressed pyruvate utilization we

observed in CIT cells may contribute to the tumormicroenvironment landscape. Furthermore, macrophages

consume exogenous pyruvate, resulting in increased PD-L1 expression and suppressed anti-tumor immune

cells (Watanabe et al., 2017), providing a plausible mechanism of tumor-secreted pyruvate and uptake by

immune cells.

In summary, our experimental results showed that BMAL1 suppresses TNBC progression in multiple ways:

by maintaining the clock machinery and circadian rhythms, by suppressing hyperinsulinemia-dysregulated

mitochondrial activity and pyruvate utilization, and by suppressing pro-inflammatory components of the

immune microenvironment in the obese context. The latter roles could be attributed to non-canonical

circadian functions of BMAL1. In this context, our results provide a compelling case for BMAL1 expression

to be examined in patients with TNBC who also present with hyperinsulinemia in the clinic. TNBC tumors

with BMAL1 crisis are predicted to have worse outcomes, especially during obesity/hyperinsulinemia.

BMAL1 appears to act as a tumor suppressor in TNBC during obesity/hyperinsulinemia, underscoring

the importance of understanding BMAL1-mediated mitochondrial metabolic reprogramming during CIT

adaptation, which could be exploited pharmacologically or with diet management for better patient out-

comes in the future.

Limitations of the Study

There is ample evidence that the cellular circadian clock regulates more than just cell-intrinsic metabolic

processes. Based on consistent observations using two distinct models of TNBC, both in vitro and in vivo,

we propose a paradigm that BMAL1 serves as a metabolic switch on hyperinsulinemia-regulated mito-

chondrial activity to govern TNBC tumor progression. Indeed, there is a need to better link circadian

biology to cancer risk. Although our findings provide insights regarding the non-canonical BMAL1 func-

tion, additional studies are needed to validate how BMAL1 loss (BMAL1 crisis) influences most cases of

BC in different metabolic states and whether these insights can be leveraged into an effective therapy.

Also, although we demonstrated that BMAL1 crisis confers advantages to cancer cells in both intrinsic

metabolism and extrinsic inflammatory microenvironment during hyperinsulinemia, the underlying

signaling mechanism among BMAL1 crisis, hyperinsulinemia, and tumorigenesis in vivo remains to be

established.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.100839.
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Figure S1. Expression of core circadian gene ARNTL is altered in BC. Related to Figure 1. 

(A) Standard boxplots are applied to visualize the log2-transformed ARNTL expression levels 

(RSEM+1) between normal tissues (blue) and primary tumors (red) across 17 cancer types in 

TCGA Pan-Cancer study. Cancer types having more than five samples of normal tissues were 

included in this analysis. The number of samples and fold change (FC) of normalized 

expression values are labeled at the bottom. Statistical p-values between groups were 

determined by Welch’s t-tests. ***: p<0.001; **: p<0.01; *: p<0.05; N/S: p>0.05. BLCA: bladder 

urothelial carcinoma; BRCA: breast invasive carcinoma; CHOL: cholangiocarcinoma; COAD: 

colon adenocarcinoma; ESCA: Esophageal carcinoma; HNSC: head and neck squamous cell 

carcinoma; KICH: kidney chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP: kidney 

renal papillary cell carcinoma; LIHC: liver hepatocellular carcinoma; LUAD: lung 

adenocarcinoma; LUSC: lung squamous cell carcinoma; PRAD: prostate adenocarcinoma; 

READ: rectal adenocarcinoma; STAD: Stomach adenocarcinoma; THCA: Thyroid carcinoma; 

UCEC: uterine corpus endometrial carcinoma. (B-C) RNA-seq data from 51 BC cell lines, 

grouped by BC subtypes, were analyzed for the average expression of circadian genes (B) and 

ARNTL (C).  
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Figure S2. Alteration of ARNTL mRNA oscillation upon insulin treatment in BT549 and 

MCF7 cells. Related to Figure 1. (A) Western blots comparing BMAL1 in MCF7, BT549, and 

MDA-MB231 cells before (Untreated) and after CIT (at least 10 passages of 100 nM insulin). (B- 

C) ARNTL expression in untreated, short-term insulin treated, and CIT BT549 (B) and MCF7 

cells (C). ARNTL mRNA oscillation pattern was analyzed by qRT-PCR after serum shock. After 

serum shock, cells were kept in DMEM and harvested for total RNA extraction every 4 h. 

GAPDH expression serves as the internal control and ARNTL expression of untreated cells at 0 

h is set to 1. Data are shown as mean±SD; n=3. 

  

Figure S2 Legend



0	

50	

100	

150	

200	

Untreated	 100nM	
ChrIns	

0 

0.5 

1 

1.5 

2 

Untreated CIT 

NA
D+ /N

AD
H 

re
lat

ive
 to

 ce
ll n

um
be

r 

p=0.05 

0	

0.5	

1	

1.5	

2	

2.5	

0	 4	 8	 12	 16	 20	 24	
Time after entrainment (h) 

Ra
tio

s r
ela

tiv
e t

o 
ce

ll n
um

be
r 

NAD+/NADH 

Untreated 
CIT 

0 8 16 24 
0 

1 

2 

* 

0	

0.5	

1	

1.5	

0	 4	 8	 12	 16	 20	 24	
0 

0.5 

1 

Time after entrainment (h) 
0 4 8 12 16 20 24 

1.5 

Re
lat

ive
 A

RN
TL

 le
ve

l 

ρ0 Untreated 
ρ0 CIT 

A B

Actin 

OX
PH

OS
 

BMAL1 

NAMPT 

V-ATP5A 

III-UQCRC2 

IV-MTCO1 

I/II-NDUFB8/SDHB 

Un
tre

at
ed

 

CI
T 

CI
T 

Un
tre

at
ed

 

Parental ρ0 

C D

E 

G 

0	

50	

100	

150	

200	

250	

300	

350	

400	

450	

0	 20	 40	 60	 80	
0 

100 

200 

300 

400 

0 20 40 60 80 

Ox
yg

en
 co

ns
um

pt
io

n 
ra

te
 

 (p
m

ol
/m

in
/10

,00
0 c

ell
s)

 

O F R 

Time (min) 

0	

50	

100	

150	

200	

250	

300	

350	

siControl	 siBMAL1	
0 

100 

200 

300 

siControl siBMAL1 

Re
lat

ive
 o

xy
ge

n 
co

ns
um

pt
io

n 
ra

te
 

Basal Respiration 

** ** 

0	

50	

100	

150	

200	

250	

300	

350	

siControl	 siBMAL1	
0 

100 

200 

300 

siControl siBMAL1 

Maximum Respiration 

** ** 

Re
lat

ive
 o

xy
ge

n 
co

ns
um

pt
io

n 
ra

te
 

Untreated 
10 nM CIT 
100 nM CIT 

0	

50	

100	

150	

200	

250	

300	

350	

400	

450	

0	 20	 40	 60	 80	
0 

100 

200 

300 

400 

0 20 40 60 80 
Time (min) 

O R F 

Ox
yg

en
 co

ns
um

pt
io

n 
ra

te
 

 (p
m

ol
/m

in
/10

,00
0 c

ell
s)

 

siBMAL1 Untreated 
siBMAL1 10 nM CIT 
siBMAL1 100 nM CIT 

siControl Untreated 
siControl 10 nM CIT 
siControl 100 nM CIT 

F 

0	

0.5	

1	

1.5	

Untreated	 100nM	ChrIns	

NAMPT 

Untreated CIT 

* 

0 

0.5 

1 

1.5 

Untreated 100nM 
ChrIns 

m
RN

A 
re

lat
ive

 to
 G

AP
DH

 

0 

0.5 

1 

1.5 Parental 
ρ0 

ARNTL 

Untreated CIT 

*** ** p=0.13 

Figure S3 



Figure S3. Insulin-regulated mitochondrial activity and BMAL1 are closely linked. Related 

to Figure 2. (A) Untreated and CIT cells were entrained by serum shock and cell lysate was 

collected every 4 h and assayed for NAD+ and NADH levels (left panel). Untreated and CIT cells 

were assayed for steady state levels of NAD+ and NADH (right panel). NAD+ and NADH levels 

were normalized to cell number and the NAD+/NADH ratio of untreated cells is set to 1. n=2. (B) 

Immunoblot analysis of protein from parental and ρ0 MDA-MB-231 cells grown without insulin 

(Untreated) or chronic insulin treatment (CIT). (C) mRNA levels of BMAL1 and its target gene 

NAMPT are shown from parental and ρ0 cells either untreated or after CIT.  Data are normalized 

to GAPDH and shown as mean±SEM; n=4. (D) Untreated and CIT MDA-MB-231 ρ0 cells with 

deficient mitochondria were entrained by serum shock, and mRNA was collected every 4 h and 

subjected to qRT-PCR analyses. Transcript levels are normalized to constitutively-expressed 

GAPDH and mRNA of untreated cells at 0 h is set to 1. Data are shown n=4; p>0.05 at all time 

points. (E-F) Representative Mito Stress Test profile of CIT (10, 100 nM or not)-treated MDA-

MB-231 cells. Mitochondrial oxygen consumption rate was measured before and after 

treatments with ATP synthase inhibitor oligomycin (O), mitochondria membrane uncoupler 

FCCP (F), and mitochondrial complex I inhibitor rotenone (R) in control- (E) or BMAL1-

knockdown (F) MDA-MB-231 cells. (G) Basal respiration (left panel) and maximum respiration 

(right panel) calculated from (E-F). (A, C, G) Data are shown as mean±SD; n=3; *: p<0.05; **: 

p<0.01; ***: p<0.001; independent samples t test. 
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Figure S4. BMAL1-mediated adaptation to CIT impacts glycolytic activity. Related to 

Figure 2. (A) MDA-MB-231 cells were grown without insulin (Untreated) or chronically treated 

with insulin (100 nM, CIT) and transiently transfected with control or BMAL1-targeting siRNA. 

Levels of neutral lipids were assayed after glucose starvation to assess ability to mobilize lipids 

during nutrient stress; n=3. (B) Cell viability was assayed after treatment with metformin (1 mM) 

in glucose-free media for 48 h. Data are shown as mean±SD; n=2. (C) One representative 

profile demonstrating Glycolysis Stress Test measuring ECAR before and after addition of 

glucose (G), ATP synthase inhibitor oligomycin (O), and glucose analog 2-deoxyglucose (D) in 

MDA-MB-231 cells were transiently transfected with BMAL1-targeting siRNA (or not) and 

seeded in glucose-free media. (D) Glycolysis and Glycolytic Reserve were calculated from 

panel C. Data are shown as mean±SD; n=2. (E) Glycolysis Stress Test profile is shown where 

ECAR was measured before and after glucose (G), oligomycin (O), and 2-deoxyglucose (D) 

treatment in MDA-MB-231 cells were grown without insulin (Untreated), with a 24 h 

pretreatment (Short-term) or over 10 passages with insulin (100 nM, CIT). ECAR is normalized 

to cell number. Data are shown as mean±SD; n=5; (A, B, D) N/S: p>0.05; *: p<0.05. 
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Figure S5. BMAL1 affects pyruvate metabolism of cells adapted to CIT in BT549 and 

MCF7 cells. Related to Figure 2. (A) A general schematic diagram displaying the roles of the 

PKM, PC, and PDK enzymes in regulating intracellular pyruvate levels. (B) Immunoblots of 

BMAL1 in siControl- or siBMAL1-trasfected CIT (10 nM and 100 nM insulin) BT549 and MCF7 

cells. (C, E) Relative intracellular pyruvate level in untreated and CIT (100 nM insulin) BT549 (C) 

and MCF7 (E) cells transfected with siControl or siBMAL1 for 16 h. Cells were treated with 

medium contain 10 mM glucose, no pyruvate, and 10% FBS for 48 h. (D, F) Relative mRNA 

level of pyruvate-regulating enzymes from untreated or CIT BT549 (D) and MCF7 (F) with or 

without BMAL1 knockdown by siRNAs, analyzed by qRT-PCR with GAPDH as loading control. 

(C-F) Data are shown as mean±SEM; n≥3; N/S: p>0.05; *: p<0.05; **: p<0.01; ***: p<0.001. 
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Figure S6. Influence of BMAL1 on mitochondria fuel dependency of chronic insulin 

treated cells. Related to Figure 2.  (A-C) Control or siBMAL1-transfected MDA-MB-231 cells 

either without insulin treatment (Untreated) or CIT (100 nM insulin) were assayed for their 

respiratory dependence on pyruvate (A), glutamine (B), and fatty acids (C) in the Mito Fuel Flex 

Test. Data are shown as mean±SEM; n≥3; *: p<0.05; **: p<0.01. 
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Figure S7. HFD increases fat mass percentage and fasting insulin levels. Related to 

Figure 3. (A) Schematic diagram of animal experiment design. (B) Mouse body mass was 

measured by functional magnetic resonance imaging and fat mass percentage was calculated 

as fat mass divided by total mass (upper panels). Mice were fasted for five hours before serum 

was collected and assayed for insulin levels (middle panels) and glucose levels (lower panels). 

Measurements were taken before the controlled diet and after 4 weeks of low-fat diet (LFD) or 

high-fat diet (HFD). Data are shown as median values; n=6; paired samples t-test. (C) OGTT 

shows blood glucose levels measured in LFD- and HFD-fed mice at regular intervals 2 h after 

feeding; n=5. (D) Body weight of mice fed LFD or HFD was measured every week during the 

first four weeks of the diets; n=6. (E) Food intake per mouse was measured throughout the first 

four weeks of the LFD or HFD; n=6. (C-E) data are shown as mean±SD; N/S: p>0.05; *: p<0.05; 

**: p<0.01; ***: p<0.001; independent samples t test. 
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Transparent Methods 

Cell Culture 

Human cell line MDA-MB-231 (Cat No. HTB-26) was purchased from American Type Culture 

Collection (ATCC, Manassas, VA, USA). MDA-MB-231 cells were grown in Dulbecco's modified 

Eagle's medium (DMEM) with high glucose (25 mM), L-glutamine (4 mM), and sodium pyruvate 

(1 mM) (Corning, 10-013) at 37C, 5% CO2 in a humidified chamber. All media were 

supplemented with heat-inactivated fetal bovine serum (10%, v/v) (Thermo Fisher, 10437028) 

and 1X antibiotics containing penicillin and streptomycin (Corning, 30-002-CI). No. 25-512, 

Genesee). MDA-MB-231 ρ0 were cultured in the same media as the MDA-MB-231 cells with a 

supplement of uridine (50 µg/ml) and ethidium bromide (50 ng/ml). The cells were grown in 

incubators set at 37 ºC at 5% CO2. All cells used in this study were tested and found to be 

mycoplasma negative. Prior to insulin treatment, MDA-MB-231 cells were serum depleted in 

DMEM high glucose (25 mM) medium containing BSA (0.2%, serum-free medium) for 24 h and 

then stimulated with Insulin (100 nM, Cat No. I9278; Sigma-Aldrich, St. Louis, MO) or left 

untreated for indicated time periods. For metformin treatment and cell viability assay, cells were 

seeded in equal numbers in plates with glucose-free media containing metformin (0 or 1 mM, 

Sigma, PHR1054) and incubated at 37 ºC with CO2 for 48 h. Cells were counted using a 

hemocytometer and trypan blue dye as well as with the Cytation 5 Imaging Reader (Biotek). 

Viability was calculated as a percentage of live cells in metformin-treated wells compared to live 

cells in wells without metformin. 

Parental E0771 cells were obtained from CH3 BioSystems (Cat No. 940001). Parental and 

stably transduced E0771 shBMAL1 cells were grown in RPMI 1640 media with glutamine (2.05 

mM; GE Life Sciences, SH30027) and supplemented with fetal bovine serum (5%) and HEPES 

(10 mM). DNA encoding shRNA targeting mouse Arntl in a pLKO.1 lentiviral backbone was 

obtained the Broad Institute RNAi Consortium. p∆8.7 and pVSV-G were transfected with the 

pLKO.1 plasmid using Lipofectamine 2000 reagent (Thermo Fisher, 11668) into HEK 293T cells 

to generate lentivirus. To transduce E0771 cells with lentivirus, the cells were grown in virus-

infected media with polybrene (2 µg/ml). Successfully transduced cells were selected by 

puromycin as described previously (Cheng et al., 2016). 

Short-term insulin treated cells were first starved with serum-free DMEM for 24 h and incubated 

with insulin (100 nM)-containing medium for 24 h. To establish cells subjected to chronic insulin 

treatment (CIT), cells were cultured in growth medium containing human recombinant insulin 

(100 nM; Thermo Fisher, 12585014) for at least 10 passages. For cell entrainment, cells were 

grown overnight in serum-free media, then incubated in DMEM with fetal bovine serum (50%) 



for 2 h using a previously described serum shock procedure (Balsalobre et al., 1998). The 

entrained cells were washed with phosphate buffered saline after the serum shock and were 

grown in serum-free media for the remainder of the experiments.  

For culturing cells from excised tumor, tumor mass was minced and digested with 1X 

collagenase/hyaluronidase (Stem Cell Technologies, 07912) at 37 ºC for 1 h, with pipetting 

through a 10-ml serological pipet every 15 min. Cell suspension was passed through a 70-µm 

strainer and red blood cells were lysed with ACK Lysing Buffer (Thermo Fisher, A1049201) for 1 

min. After centrifugation, cells in supernatant were cultured in media for E0771 cells. 

Western Blot 

Cells were seeded at a density of 5105 cells per well in six well plates. The medium was 

changed to serum-free medium at 48 h post-seeding. Insulin (100 nM in serum-free medium) 

was added at 24 h following serum/insulin removal for indicated time periods. Cells were 

collected by scraping and centrifugation at 800g for 5 mins at 4C. Cell pellet was washed 

once with PBS and resuspended in 20 cell volumes of 1X SDS sample buffer. Cell lysates were 

prepared by performing two iterations of vortexing and heating at 95C for 5 mins. Western 

blotting was performed by running cell lysates on a gradient SDS-PAGE gel and transferring 

onto a PVDF membrane. Western blots were probed with antibodies specific to BMAL1, 

GAPDH (Santa Cruz, sc-365645 and sc-25778, respectively), p-Akt-S473, Akt, p-Insulin 

Receptor-Y1150/1151, Insulin Receptor β, tubulin (Cell Signaling Technology, 9271, 9272, 3024, 

3025 and 2125S, respectively), NAMPT (Novus, 2361), Actin (Millipore, MAB1501R), and 

MitoProfile OXPHOS Cocktail (Abcam, ab110411). Images were obtained and analyzed using 

ChemiDoc Touch Imaging System and Image Lab software (Bio-Rad). After primary antibody 

incubation, blots were incubated with HRP-conjugated anti-rabbit or anti-mouse secondary 

antibodies (1:5000 dilution; Abcam, ab6721 and ab6789) and protein bands were visualized 

using chemiluminescence detection. The intensity of desired non-saturated protein bands was 

quantified and normalized to Actin.  

ATP measurement 

For ATP measurement, MDA-MB-231 cells untreated or treated with insulin in 12-well plates. 

Cells were lysed in 1% trichloroacetic acid and 0.1% tris-acetate. The lysate was clarified by 

centrifugation at 16000g for 10 mins at 4C. ATP levels were measured using the luciferase-

based ENLITEN ATP Assay System (Promega, FF2000) and detected using the Synergy H1 

Microplate Reader (Biotek). Measurements were normalized to cell number. 

 



Quantitative RT-PCR analysis 

RNAs were isolated by homogenizing cells with QIAshredder columns (QIAGEN, 79654) and 

purifying RNA using the Quick-RNA Kit (Zymo, R1054). cDNA was synthesized using the iScript 

Kit (Bio-Rad, 1708890) and the qRT-PCR reaction utilized the components contained in the 

iTaq Universal SYBR Green Supermix (Bio-Rad, 1725120). Reaction was performed in the iQ5 

Thermal Cycler (Bio-Rad) and data was analyzed by the 2∆∆Ct method and normalized to 

GAPDH. The sequences of primer pairs used are:  

ARNTL (5’-GCTCAGGAGAACCCAGGTTATC and 5’-GCATCTGCTTCCAAGAGGCTCA),  

GAPDH (5’-CCCCTTCATTGACCTCAACTA and 5’-CTCCTGGAAGATGGTGATGG),  

NAMPT (5’-CCAGAGCTCCCAGACTGC and 5’-GTGGCCAGGAGGATGTTGAA),  

PKM (5’-ATGGCTGACACATTCCTGGAGC and 5’-CCTTCAACGTCTCCACTGATCG),  

PC (5’-GCCATGTCATGGTAAACGGTCC and 5’-GCAGGATGTCTCTGAAACCAGC),  

PDK2 (5’-TGCCTACGACATGGCTAAGCTC and 5’-GACGTAGACCATGTGAATCGGC). 

NADH and NAD+/NADH analysis 

Samples were prepared using reagents from the NAD/NADH-Glo Assay Kit (Promega, 9071). 

Briefly, the siRNA-transfected MDA-MB-231 cells were seeded in 96-well white opaque plates, 

and sets of cells underwent serum shock every 4 h so that all time points of NAD+ and NADH 

samples were harvested at the same time. Cells were lysed using solution containing Trizma 

base, hydrochloric acid, and dodecyltrimethylammonium bromide per the instructions in assay 

kit. Luminescence was detected using the Synergy H1 Microplate Reader (Biotek).  

Genetic knockdown by siRNAs 

The siRNAs are pooled sets of three target-specific siRNAs that are 19 to 25 nucleotides long. 

siRNAs were used to knock down expression of BMAL1/ARNTL and PKM (Santa Cruz, sc-

38165 and sc-62820, respectively). The control siRNA (Santa Cruz, sc-37007) contains a 

scrambled sequence and served as a negative control. The transfection reaction used 

Lipofectamine RNAiMAX (Thermo Fisher, 13778150) and the manufacturer-recommended 

protocol using Opti-MEM I Reduced Serum Medium (Thermo Fisher, 11058021). 

Mito Stress Test assay 

One day prior to assay, cells were counted and seeded 5x104 on assay plate in XF Assay 

Medium (Agilent, 102365) supplemented with glucose (25 mM) and pyruvate (1 mM) overnight. 

During assay, cells were sequentially injected to obtain final concentrations of oligomycin (1 µM), 

trifluoromethoxy carbonylcyanide phenylhydrazone (0.5 µM, FCCP), and rotenone (2.5 µM) 

according to manufacturer’s protocol. Oxygen consumption rate (OCR) was measured using the 



Seahorse Extracellular XFe96 Analyzer (Agilent) and normalized to cell number. Basal 

respiration is calculated as the OCR measurement prior to oligomycin injection subtracted by 

the measurement after rotenone injection. Maximum respiration is the OCR measurement after 

FCCP injection subtracted by the measurement after rotenone injection. 

Glycolysis Stress Test assay  

Cells were seeded as in OCR assays. During the assay, cells were sequentially injected to 

obtain final concentrations of glucose (10 mM), oligomycin (1 µM), and 2-deoxyglucose (50 mM) 

according to manufacturer’s protocol. Extracellular acidification rate was measured using the 

Seahorse Extracellular XFe96 Analyzer (Agilent) and normalized to cell number. Glycolysis is 

calculated as the ECAR measurement after glucose injection subtracted by the measurement 

before glucose injection. Glycolytic reserve is the ECAR measurement after oligomycin injection 

subtracted by the measurement after glucose injection. 

Neutral lipid assay  

Cells were harvested by trypsinization, and incubated for 30 mins in the dark with BODIPY 

493/503 (5 ng/ml, Thermo Fisher, D3922) solution for dyeing neutral lipids. Fluorescent-labeled 

lipids were detected using BD Accuri C6 Cytometer. Results are reported as relative 

fluorescence. 

Pyruvate assay 

Cells were harvested by scraping and lysed with reagents from Pyruvate Assay Kit (Abcam, 

ab65342). The probe and enzyme from the kit catalyzed a fluorescent with the pyruvate in the 

sample, and fluorescence was detected at 535/587 nm using the Synergy H1 Microplate Reader 

(Biotek). Measurements were normalized to cell number. 

Mitochondrial ROS assay 

Cells were incubated with MitoSOX (3 µM, Thermo Fisher, M36008) for 10 mins at 37 ºC to 

stain mitochondria-specific superoxide. After staining, the cells were fixed with 2% 

paraformaldehyde on ice. Fluorescent-labeled mitochondrial superoxide was detected using BD 

Accuri C6 Cytometer. 

Viability assay 

To assess viability of cells, cells were stained with trypan blue dye and counted using a 

hemocytometer. Dead cells were identified as those whose membranes were permeated by the 

blue dye. Viability is indicated as the percentage of live cells out of total cells. 

 



Mito Fuel Flex Test assay 

Substrate utilization in cells was measured using the Seahorse XF Mito Fuel Flex Test Kit 

(Agilent Technologies, 103260) as previously described. On day of assay the cells were seeded 

in XF Base Medium (Agilent, 102353) supplemented with glucose (25 mM), sodium pyruvate (1 

mM), and L-glutamine (2 mM). For this assay, BPTES (4 μM), Etomoxir (10 μM) or UK5099 (5 

μM) were used to inhibit glutamine, FA or glucose oxidation. OCR was measured using the 

Seahorse Extracellular XFe96 Analyzer (Agilent). To calculate fuel dependence percentage, or 

the cell’s reliance on a particular fuel pathway, this equation was used: (basal OCR – OCR after 

treatment with target inhibitor)/(basal OCR – OCR after treatment with all fuel inhibitors). To 

calculate fuel capacity percentage, or the cell’s ability to oxidize a fuel when other pathways are 

inhibited, this equation was used: 1 – [(basal OCR – OCR after treatment with other two 

inhibitors)/(basal OCR – OCR after treatment with all fuel inhibitors)]. Fuel flexibility was 

calculated as the absolute value of the difference between capacity and dependence. 

Gene expression profile analysis  

Gene expression data from the TCGA Pan-Cancer project (Cancer Genome Atlas Research 

Network et al., 2013) was applied to this study. Log2-transformed RNA-Seq by Expectation-

Maximization (RSEM) expression values were used for boxplots, clustering analysis and GSEA. 

Morpheus software by Broad Institute (https://software.broadinstitute.org/morpheus/) was used 

for heatmap generation and unsupervised hierarchical clustering analysis with one minus 

Pearson correlation distance. GSEA (http://software.broadinstitute.org/gsea) was performed 

based on a ranked gene list derived from the correlation of expression between ARNTL and 

genes from Gene Ontology biological process gene sets (Molecular Signatures Database v6.2). 

The RNA-Seq data from BC cell lines was obtained from Heiser et al (Heiser et al., 2012) and 

unpublished observations kindly provided by Joe Gray (Oregon Health & Science University). 

Kaplan-Meier curves representing the distal metastasis-free of patient groups were plotted 

according to the expression of the BMAL1. Log-rank statistics were applied to identify the 

optimal cut-point for transforming the continuous variable of BMAL1 gene expression into 

categorical high and low expression groups in a survfit model. Each curve represents the 

percentage (Y-axis) of the population that exhibits distal metastasis along time (X-axis, in 

months). Vertical ticks indicate censored patients. A Log-rank test is performed to compare the 

differences in the two groups. 

  



Animals  

Animal experiments were approved by the Institutional Animal Care and Use Committee at City 

of Hope (IACUC 10024). Female C57BL/6-Tg(UBC-GFP)30Scha/J mice were obtained from 

Jackson Laboratory. The 8-week-old mice were divided into four groups with at least six animals 

in each group. Two groups were fed with high-fat diet (HFD, 60% of total calories as dietary fat; 

Research Diets, D12492) or low-fat, sucrose-matched diet (LFD, 10% of total calories as dietary 

fat; Research Diets D12450J) for five weeks. Both HFD- and LFD-fed of mice were then 

randomly separated into two equal groups and each group was injected with E0771 parental or 

shBMAL1 cells (2x105) at the right 4th mammary fat pad and fed with same diet until 

euthanization. Tumor size, mouse body weight, and food intake were measured twice per week. 

Tumor size was calculated with the equation (length×width2)/2. Tumor masses and lung tissue 

were excised en bloc. Part of tumor mass was fixed in neutral-buffered formalin (10%) for at 

least three days. Tissue embedding, sectioning, and Ki67 immunohistochemistry staining were 

performed by the City of Hope Molecular Pathology Core. Lung tissue was fixed in formalin for 

at least three days before counting nodules. 

Metabolic phenotyping 

Body composition analysis, oral glucose tolerance test, fasting insulin, and fasting glucose 

measurements were performed by the City of Hope Comprehensive Metabolic Phenotyping 

Core. Fat mass and weight were measured with an EchoMRI a body composition analyzer. For 

oral glucose tolerance test, mice were fasted for five hours, orally fed glucose and tail vein blood 

drawn every hour to measure glucose levels. For fasting blood glucose, mice were fasted for 

five hours and tail vein blood was drawn to measure glucose levels. For fasting insulin, mice 

were fasted for five hours and tail vein blood was drawn to measure insulin in an enzyme-linked 

immunosorbent assay. 

Statistical analyses 

Data are represented as mean and standard error of mean (Mean ± SEM). Statistical analyses 

were performed using GraphPad Prism 7.0 software (GraphPad Prism Software Inc., San Diego, 

CA) and R. Normal distribution was confirmed using Shapiro-Wilk normality test before 

performing statistical analyses. For normally distributed data, comparison between two means 

were assessed by unpaired two-tailed Student’s t test and that between three or more groups 

were evaluated using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. 

In animal studies, paired t test was performed to analyze metabolic measurements of individuals 

before and after HFD or LFD feeding regimen. Brown-Forsythe test confirmed that the variance 



in the groups compared were not significantly different. All data followed a normal distribution 

and have equal variances. A p-value lower than 0.05 was considered statistically significant. 

Figures were generated using Adobe Illustrator software (San Jose, CA, USA). Power analysis 

was performed by Power and Sample Size Calculations program (Dupont and Plummer, 1990). 

In each of the independent sample groups containing at least six mice, there is about a 25% 

standard deviation between tumor sizes. An effect size of 0.5 between groups with this sample 

size will detected with over 87% power. 
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