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Anendogenousmolecular clockworkdrives various cellular pathways includingmetabolismand the cell cycle. Its
dysregulation is able to prompt pathological phenotypes including cancer. Besides dramatic metabolic alter-
ations, cancer cells display severe changes in the clock phenotypewith likely consequences in tumor progression
and treatment response. In this study, we use a comprehensive systems-driven approach to investigate the effect
of clock disruption on metabolic pathways and its impact on drug response in a cellular model of colon cancer
progression. We identified distinctive time-related transcriptomic and metabolic features of a primary tumor
and its metastatic counterpart. A mapping of the expression data to a comprehensive genome-scale reconstruc-
tion of humanmetabolismallowed for the in-depth functional characterization of 24 h-oscillating transcripts and
pointed to a clock-driven metabolic reprogramming in tumorigenesis. In particular, we identified a set of five
clock–regulated glycolysis genes,ALDH3A2,ALDOC,HKDC1, PCK2, and PDHBwith differential temporal expression
patterns. These findings were validated in organoids and in primary fibroblasts isolated from normal colon and
colon adenocarcinoma from the same patient. We further identified a reciprocal connection of HKDC1 to the
clock in the primary tumor, which is lost in the metastatic cells. Interestingly, a disruption of the core-clock
gene BMAL1 impacts on HKDC1 and leads to a time-dependent rewiring of metabolism, namely an increase in
glycolytic activity, as well as changes in treatment response. This work provides novel evidence regarding the
complex interplay between the circadian clock and metabolic alterations in carcinogenesis and identifies new
connections between both systems with pivotal roles in cancer progression and response to therapy.
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1. Introduction

The circadian clock is an internal timing system that allows organ-
isms to adapt biological processes and behavior to the geophysical
time and it is operated by a set of genes and proteins hardwiring tran-
scriptional and translational regulatory feedback loops. In mammals,
these feedback loops drive the oscillatory expression of various target
Humboldt - Universität
y, Germany.

an open access article under
genes and regulate cellular processes involved in tumor development
and progression [1], including metabolism and cell cycle [2]. A close
link between the circadian clock and metabolism was previously re-
ported [3,4] and increasing evidence points to a role of dysregulated bi-
ological clocks in cancer onset [5], as well as to an important role for the
clock in the response to anticancer treatments [6,7].

Cancer cells show a vast number of metabolic alterations and spe-
cific metabolic pathways are likely to play a role in cell transformation.
Awell-known example for changes in the cellularmetabolism in tumors
is the Warburg effect – the predominant use of glycolysis even in the
presence of oxygen –which is present in many cancer cells [5]. Another
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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metabolic pathway that came into focus during the last years is the al-
tered glucose metabolism in cancer that is required to achieve the ana-
bolic demands of tumor cells [8]. Although enhanced aerobic glycolysis
has been used as a marker to distinguish cancer cells from normal cells
for decades, an elevated glucose metabolismwas only very recently de-
fined as one of the hallmarks of cancer [9]. Cancer cells maintain high
rates of glycolysis and concurrent oxidative phosphorylation to supply
other pathways that generate macromolecules to fulfil the metabolic
demands of proliferating cells [8,10]. Several metabolic genes such as
glucose-6-phosphatase (G6P), phosphoenolpyruvate carboxykinase 2
(PCK2) and solute carrier family 2 member 2 (GLUT2) show a circadian
expression pattern [5]. Furthermore, numerous metabolites have been
shown to oscillate in a circadian fashion [3,11], further strengthening
the role of the circadian clock as a regulator of metabolism. Moreover,
a reciprocal interplay between the circadian clock and mitochondrial
respiratory activity has recently been shown [12,13]. In addition to the
biological clock influence on metabolic pathways, drug response path-
ways that influence pharmacokinetics and pharmacodynamics are also
under circadian control [14]. Consequently, improved treatment re-
sponse and tolerability has been achieved by chronomodulated chemo-
therapy [15] and time-dependent radiotherapy scheduling [16–19].
However, despite the recent studies that support the role of the circa-
dian clock inmetabolic control, the mechanisms by which the circadian
clock might influence cellular metabolism in cancer remain unclear.

In the present study, we investigated the role of a dysregulated bio-
logical clock in an in vitromodel of colon cancer progression. As amodel
system,we used established cancer cell lines derived from a primary co-
lorectal adenocarcinoma and a lymph node metastasis from the same
patient, in addition to primary fibroblasts isolated from normal colon
and colon adenocarcinoma of the same patient and organoids to further
explore our findings. At the transcriptome level, we quantified differ-
ences in gene expression that impact on metabolic pathways. A
genome-scale reconstruction of a human metabolic network allowed
for the in-depth functional characterization of the 24 h oscillating
genes. Based on different oscillatory profiles of selectedmetabolic path-
ways, glycolysis and oxidative phosphorylation, we identified a set of
clock-regulated metabolic genes. Among those is the hexokinase
HKDC1, which we found to be able to mediate clock-driven metabolic
reprogramming in tumorigenesis. A subsequent disruption of the
core-clock gene encoding for the Aryl hydrocarbon receptor nuclear
translocator-like protein 1 (ARNTL, also known as BMAL1) led to time-
dependent rewiring of metabolism in both cell lines, as well as changes
in treatment response. Thus, our data demonstrates the existence of a
reciprocal interplay between metabolic genes and the circadian clock,
and identifies novel connections between both systems that can play a
pivotal role in colon cancer progression and in response to therapy.

2. Materials and Methods

2.1. Cell Culture

SW480 (RRID:AB_148468), SW620 (RRID:CVCL_0547) and HepG2
(RRID:CVCL_0027) cell lines were maintained in Dulbecco's Modified
Eagle Medium (DMEM) low glucose (Lonza, Basel, CH) culture medium
supplemented with 10% fetal bovine serum (FBS) (Life technologies,
Carlsbad, CA, USA), 1% penicillin-streptomycin (Life technologies),
2 mM Ultraglutamine (Lonza) and 1% HEPES (Life technologies).
Normal fibroblasts (NFs) and tumor-associated fibroblasts (TAFs)
were cultivated in gelatin-coated dishes and maintained in Minimum
Essential Medium Eagle (MEM)-α (Gibco,Waltham,MA, USA) medium
supplemented with 10% Hyclone FBS (GE healthcare, Little Chalfont,
UK), 1× antibiotic-antimycotic (Gibco) and 1× MEM Non-Essential
Amino Acids Solution (Gibco). Human fallopian tube organoids were
maintained in Advanced DMEM/F12 (Invitrogen, Carlsbad, CA, USA)
supplemented with 12 mM HEPES, 1% GlutaMAX, 2% B27, 1% N2,
10 ng/ml human EGF (all from Invitrogen), 100 ng/ml human noggin,
100 ng/ml human FGF-10 (both from Peprotech, Rocky Hill, NJ, USA),
1 mM nicotinamide, 9 μM ROCK inhibitor (Y-27632, both from Sigma-
Aldrich, St. Louis, MO, USA) and 0.5 μM TGF-β RI Kinase Inhibitor IV
(SB431542, Calbiochem, San Diego, CA, USA), Wnt3a and RSPO1 condi-
tioned medium (housemade stocks) in Matrigel (Corning, NY, USA).
Cells were isolated, maintained and cultured as previously described
[20]. All cells were incubated at 37 °C in a humidified atmosphere
with 5% CO2.
2.2. Primary Fibroblasts

Fibroblasts were derived from colorectal cancer patients. NFs were
isolated from normal colon segment with a distance of approximately
20 cm from the tumor and TAFs were isolated from the tumor of the
same patient with moderately differentiated adenocarcinoma and
lymph node metastasis. Tissue pieces were washed rigorously with
phosphate buffered saline (PBS), antibiotic-antimycotic (10×) (Lonza),
gentamycin (10×) (Lonza) and cut into pieces for incubation overnight
at 37 °C in DMEM (Euroclone, Milano, IT), antibiotic-antimycotic (1×),
gentamycin (1×) in the presence of collagenase type II 150 U/ml
(Gibco). After incubation, the solutionwas centrifugedbriefly to remove
undigested tissue pieces and plated on gelatin (1 g/l) pre-treated dishes
in αMEM (Euroclone) supplemented with 10% defined FBS (GE-
Healthcare), non-essential amino acids (Euroclone), L-alanine-L-
glutamine (Euroclone), penicillin/streptomycin (5×) (Euroclone),
antibiotic-antimycotic (5×), and gentamycin (5×).
2.3. Human Fallopian Tube Organoids

Human fallopian tube samples were provided by the department of
Gynecology, Charité Medical University of Berlin, Germany. Scientific
usage of the samples for experimental purposes was approved by the
ethics commission of the Charité (EA1/002/07), and all subjects gave in-
formed consent to their tissues being used in scientific research. Frag-
ments were sourced from standard surgical procedures for benign
gynaecological disease. Only anatomically normal fallopian tubes were
used. Tubes were transported and dissected within 2–3 h of removal.
2.4. Ethics Statement

Primary fibroblasts: The protocol and the scientific usage of the sam-
ples for experimental purposes was approved by IRCCS SDN (Comitato
Etico per la Sperimentazione Clinica Progetto N:ro 2013_01_02) and
Monaldi Hospital ethical committees (Deliberazione del Direttore
Generale n:o 1239). Human fallopian tube organoids: Scientific usage
of the samples for experimental purposes was approved by the ethics
commission of the Charité Medical University of Berlin (EA1/002/07),
and all subjects gave informed consent to their tissues being used in sci-
entific research.
2.5. Lentivirus Production

Lentiviral elements containing a BMAL1-promoter-driven luciferase
(BLH) or a PER2-promoter-driven luciferase (PLB) were generated as
previously described [21]. For lentivirus production, HEK293T (RRID:
CVCL_0063) cells were seeded in 175 cm [2] culture flasks and co-
transfectedwith 12.5 μg packagingplasmid psPAX, 7.5 μg envelope plas-
mid pMD2G and 17.5 μg expression plasmid using the CalPhosmamma-
lian transfection kit (Clontech, Fremont, CA, USA) according to the
manufacturer's instruction. To harvest the lentiviral particles, the super-
natant was centrifuged at 4100 x g for 15 min to remove cell debris and
passed through a 45 μm filter (Sarstedt, Nümbrecht, DE). The lentiviral
particles were stored at−80 °C.
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2.6. Transduction with Lentiviral Vectors

For lentiviral transduction, cells were seeded in 6-well plates. On the
day of transduction, 1 ml medium and 1 ml of lentiviral particles was
added. 8 μg/ml protamine sulfate (Sigma) and 4 μg/ml polybrene was
used to enhance transduction efficiency. The next day, the medium
was replaced and selectionmediumwas added one day later (complete
growth medium containing appropriate antibiotic) to obtain stably
transduced cells and incubated at 37 °C with 5% CO2 atmosphere.
Untransduced cells treated with the same antibiotic concentration
were used as selection controls.

2.7. Bioluminescence Measurements

For live-cell bioluminescence recordings, SW480 and SW620 cells
were maintained in phenol red-free DMEM (Gibco) containing 10% FBS,
1% penicillin-streptomycin. NFs and TAFs were maintained in phenol
red-free MEM-α (Gibco) medium supplemented with 10% Hyclone FBS
(GE healthcare), 1× antibiotic-antimycotic (Gibco) and 1× MEM Non-
Essential Amino Acids Solution (Gibco). Human fallopian tube organoids
were maintained in normal growth medium. All media were supple-
mented with 250 μM D-Luciferin (PJK, Kleinblittersdorf, DE). Cells were
synchronized by medium change prior to measurement. BMAL1-
promoter-(BLH/BLP)-reporter activity and PER2-promoter-(PLB) activity
was measured, using a LumiCycle instrument (Actimetrics, Wilmette, IL,
USA) for five consecutive days. Raw luminescence data were de-trended
by the 24 h running average using the Chronostar software [22]. The
first 12 h of measurement were removed from the analysis, since the
first data collection is comparatively very noisy due to technical limita-
tions of the device.

2.8. Respirometric Measurements

Cultured cells were synchronized by medium change, gently de-
tached from the dish by trypsinization, washed in PBS, harvested by
centrifugation at 500 x g for 5min and immediately assessed for O2 con-
sumption with a high resolution oxymeter (Oxygraph-2 k, Oroboros In-
struments, Innsbruck, AT). About 8–10 × 106 viable cells/ml were
assayed in DMEM at 37 °C; after attainment of a stationary endogenous
substrate-sustained resting oxygen consumption rate (OCR), 2 μM
antimycin A plus 2 μM rotenone were added and the mitochondria-
mediatedOCR calculated by subtracting the inhibitors-insensitive respi-
ration (b5% of the overall OCR) and normalized to the cell number.

2.9. Cell Synchronization

For all experiments, cells were synchronized bymedium change. For
the time-dependent analysis of glycolysis,mitochondrial respiration, vi-
ability, cytotoxicity and apoptosis, cells were synchronized at three dif-
ferent timepoints prior to the treatment. Treatment was carried out at
18 h, 21 h and 24 h after synchronization. Timepoint 0 h is defined as
the timepoint of treatment. Untreated control cells were prepared in
the same way, but treated with a vehicle control.

2.10. Measurement of Glycolytic Activity and Mitochondrial Respiration

Glycolytic activity and mitochondrial respiration were determined
using a seahorsemachine (Agilent, Santa Clara, CA, USA) and the Seahorse
XF Glycolysis Stress Test Kit (Agilent) or the Seahorse XF Cell Mito Stress
Test Kit (Agilent). Cells were seeded one day prior to the assay in 96-well
seahorse plates. The assayswere performed according to themanufactur-
er's instructions. For the Glycolysis stress test, seahorse XF base medium
(Agilent) supplemented with 2 mM L-Glutamine (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used and 10 mM glucose, 1 μM oligomycin
and 50 mM 2-DG were used for the injections during the assay. The XF
Glycolysis Stress Test presents the measure of glycolysis as the
extracellular acidification rate (ECAR) reached by a given cell after the ad-
dition of saturating amounts of glucose. The glycolytic capacity is the
maximumECAR reachedby a cell following the addition of oligomycin, ef-
fectively shutting down oxidative phosphorylation and driving the cell to
use glycolysis to its maximum capacity. For the cell mito-stress test,
seahorse XF base medium supplemented with 2 mM L-Glutamine,
5.5 mM glucose (Sigma) and 1 mM sodium pyruvate (Sigma) was used
and 2 μM oligomycin, 0.5 μM FCCP and 0.5 μM rotenone/antimycin A
were used for the injections during the assay. Data was analyzed using
the wave software (Agilent). Data was normalized using a CyQuant
(Invitrogen) assay according to the manufacturer's manual.

2.11. Measurement of Cell Viability, Cytotoxicity and Apoptosis

To determine cell viability, cytotoxicity and apoptosis, the ApoTox-
Glo Triplex Assay (Promega,Madison,WI, USA)was used. The testmea-
sures live-cell protease activity using a fluorogenic, cell-permeant pep-
tide substrate (GF-AFC Substrate), dead-cell protease activity using a
cell-impermeant, fluorogenic peptide substrate (bis-AAF-R110 Sub-
strate) and caspase-3/7 activation as a key indicator of apoptosis. Cells
were seeded in black 96-well half-area plates with clear bottom. The
assay was performed according to the manufacturer's instructions.

2.12. RNA Extraction, cDNA Synthesis (Reverse Transcription) and Quanti-
tative Real-Time PCR (qPCR)

Total RNAwas isolatedusing the RNeasyMini kit (Qiagen, Venlo, NL)
according to themanufacturer's manual. Prior to the purification proce-
dure, mediumwas discarded and cells werewashed twicewith PBS and
lysed in RLT buffer (Qiagen). To digest genomic DNA, an optional on col-
umn DNase digestion was performed, using the RNase-free DNase Set
(Qiagen). RNA was eluted in 30–50 μl RNase-free water. The final RNA
concentration was measured using a Nanodrop 1000 (Thermo Fisher
Scientific). RNA was then stored at−80 °C until use. For RT-qPCR anal-
ysis, the extracted RNA was reverse transcribed into cDNA using ran-
dom hexamers (Eurofins MWG Operon, Huntsville, AL, USA) and
Reverse Transcriptase (Life technologies). RT-qPCR was performed
using human QuantiTect Primer assays (Qiagen) and SsoAdvanced Uni-
versal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA)
in 96-well plates. TBP or GAPDH were used as reference genes. The
qPCR reaction and the subsequent melting curve were performed
using a CFX Connect Real-Time PCR Detection System (Biorad). A melt-
ing curve analysis was performed to detect potential unspecific amplifi-
cation products. Cq values were determined using the regression
method. Relative gene expression was calculated using the 2-ΔΔCt

method [23]. Biological and technical replicates were included into the
analysis. The mean and the standard error of themeanwere calculated.
Oscillatory behavior for clock and clock-regulated genes and proteins in
SW480 and SW620 cells was determined by the RAIN algorithm (see
Microarray Analysis for details). Circadian parameters (acrophase, rela-
tive amplitude, mesor) were estimated for both RT-PCR and protein
data by fitting a linear sine-cosine function using the R package
HarmonicRegression [24]. The analysis is provided in Supplementary
Table 1. The harmonic regression procedure fits the model y(t) = m
+ acos(ωt) + bsin(ωt) in order to estimate absolute amplitudes (A =
√(a2 + b2)) and phases (tan φ = b/a) along with confidence intervals
and p-values [24]. The relative amplitude is determined by dividing
the absolute amplitude A by the mean value m (A/m).

2.13. shRNA-Mediated Knockdown

For the knockdown of BMAL1 and HKDC1, a TRC lentiviral shRNA
glycerol set (Dharmacon, Lafayette, CO, USA) specific for each gene
was used consisting of five individual shRNAs. The construct that gave
best knockdown efficiencywas determined by gene expression analysis
and used for further experiments.
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2.14. Treatment with WZB117 and Oxaliplatin

Treatment concentrations were determined based on the experi-
mentally determined IC50 value (Fig. S7) or based on literature search
[25]. For the experimental determination ofWZB117 treatment concen-
tration, cells were seeded in 96 well plates one day prior to treatment.
Cells were treated with 1.25 μM, 2.5 μM, 5 μM, 10 μM, 20 μM, 40 μM,
80 μM, 160 μM, 320 μM or 640 μM WZB117 for 48 h. The cytotoxicity
was determined using the CytoTox-Glo™ Cytotoxicity Assay (Promega)
following the manufacturer's manual. The following treatment concen-
trationswere used:WZB117: 80 μM, oxaliplatin: 5 μM. Treatment dura-
tionwas 24 h. The structure ofWZB117 (CAS number 1223397–11-2) as
well as oxaliplatin (CAS number 61825–94-3) is already published.

2.15. Proliferation Curves

Cells were seeded at the same density and counted for four consec-
utive days 72 h – 144 h. Cells were counted and cell viability was
checked using an automated cell counter (Luna, Biozym, Hessisch
Oldendorf, DE) in a 1:1 trypan blue dilution.

2.16. Western Blotting Analysis

Cells were synchronized by medium change as described above,
gently detached from the dish, sedimented by low-speed centrifugation
and resuspended in lysis buffer. Aliquots containing 40 mg of proteins
from each cell lysate were subjected to SDS polyacrylamide gel electro-
phoresis and transferred to a polyvinylidene difluoridemembrane (Bio-
Rad) using Trans Blot Turbo Transfer System. Membranes were probed
with the following primary antibodies: PDH-E1-alpha (1:1000; Abcam,
Cambridge, UK); PSER293-PDH-E1-alpha (1:500; Abcam); PCK2 (1:1000;
Cell Signaling Technology, Denvers, MA, USA); HKDC1 (1:1000; Sigma-
Aldrich); BMAL1 (1:5000; Millipore, Burlington, MA, USA); β-actin
(1:10000; Sigma-Aldrich); GAPDH (1:10000; Sigma-Aldrich). After
incubation with corresponding suited horseradish peroxidase-
conjugated secondary antibody (1:2500; Cell Signaling Technology),
signals were developed using the enhanced chemiluminescence kit
(ClarityTMWestern ECL Substrate, Bio-Rad), acquired by ChemiDoc Im-
aging System XRS+ (Bio-Rad) and analyzed for densitometry with the
ImageJ Lab 4.1 software.

2.17. Sample Preparation for 24 H Time-Course Microarrays

Cellswere seeded in triplicates in 6-well plates onedayprior to the ex-
periment. On the next day, cells were synchronized by medium change
and samples were taken every 3 h for 24 h and prepared for RNA extrac-
tion.Microarray hybridizationwas carried out by the Labor für funktionelle
Genomforschung (LFGC, Charité - Universitätsmedizin Berlin) using
Affymetrix GeneChip Human Transcriptome Array 2.0. The microarray
dataset has been deposited in the ArrayExpress database at EMBL-EBI
(www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-5876.

2.18. Microarray Analysis

The microarray analysis was conducted in R. Gene expression data
was pre-processed for all samples as one batch using the RMA (Robust
Multichip Average) methodology [26,27]. To detect genes exhibiting
rhythmic behavior with a period of 24 h in their expression intensities,
the Rhythmicity Analysis Incorporating Nonparametric methods (RAIN)
algorithm was applied to identify robustly 24 h oscillating transcripts
with a p-value b.05 [28]. Since the algorithm works optimally with pe-
riods that are amultiple of the sampling interval, a period of 24hwas cho-
senwhich is the nearest approximation to the observed period of 24.59 h
in SW480 cells.
2.19. Clustering of Gene Expression

All genes associated to the three metabolic pathways glycolysis, War-
burg effect and oxidative phosphorylation were clustered according to
their temporal expression patterns if they showed 24 h oscillations
(RAIN analysis) in at least one of the two tested cell lines. Prior to the clus-
tering, the RMA-preprocessed gene expression values were transformed
to the standard normal distribution. Clustering of the genes was per-
formed with Mfuzz, an R package for soft clustering of microarray data
that uses the fuzzy c-means algorithm [29]. For every gene and cluster,
the algorithm generates gradual membership values ranging between 0
and1, indicating the degree ofmembership of this gene for the given clus-
ter. The fuzzyfication parameter [30] for all genes setswas set to 1.25. The
cluster numberwas set to 3 in order to obtain clusters with a good agree-
ment between fuzzy andhard clustering, suitable for a broad visualization
of the differences in the oscillatory behavior of the gene groups as deter-
mined by the partition coefficient for a range of cluster numbers.

2.20. Over-Representation Analysis

For the over-representation analysis of 24 h oscillating genes, genes
were grouped into three sets: genes oscillating in both cell lines, genes
oscillating only in SW480 cells and genes oscillating only in SW620
cells. Over-representation analysis was performed using
ConsensusPathDB (http://cpdb.molgen.mpg.de/). p-values were com-
puted by ConsensusPathDB according to the hypergeometric test
based on the number of physical entities present in both the predefined
set and user-specified list of physical entities. The p-values were
corrected for multiple testing using the false discovery rate method.

All pathways with a p-value b.01 and containing at least two over-
lapping members of the defined sets (genes oscillating in both cell
lines, genes oscillating only in SW480 cells, genes oscillating only in
SW620 cells) were taken into consideration. The results are provided
as Supplementary Table 2.

2.21. Metabolic Network Analysis

Gene identifiers were mapped on a global reconstruction of human
metabolism (RECON 2.2 [31],. The metabolic network reconstruction
RECON 2.2 encompasses 5324metabolites, 7785 reactions and 1673 as-
sociated genes and represents one of themost complete and best anno-
tated consensus of a human metabolic network reconstruction
available. Of all 25,037 genes considered in the microarray analysis,
1636 genes were mapped on the network reconstruction and thereby
linked with detailed reaction annotations for further analysis. The re-
spective files are provided as Supplementary Table 3.

2.22. Statistical Analysis

The experiments were carried out with at least three biological repli-
cates for each condition. All results are represented as mean ± SEM.
Statistical analysis of the results was performed using either one-way
ANOVA followed by Tukey's multiple comparisons test or by two-tailed
unpaired t-test, based on the experimental design. A p-value b.05 was
considered as statistical significant (* = p b .05; ** = p b .01; *** = p b

.001).

3. Results

3.1. The SW480 Colon Cancer Cell Line and its Metastatic Counterpart
SW620 Show Phenotypic Changes in the Expression of Core-Clock Genes
and Clock Output Pathways

Results from our previous work showed large phenotypic variations
in circadian rhythms for colorectal cancer (CRC) cell lines that are
reflected in the dissimilarity of their oscillatory core-clock gene

http://www.ebi.ac.uk/arrayexpress
http://cpdb.molgen.mpg.de/
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expression patterns [32]. Based on these results, we wished to further
explore the consequences of clock alterations in a colon cancer cell
model. For the current study, we selected two of the previously ana-
lyzed CRC cell lines, namely the colorectal adenocarcinoma cell lines
SW480 and SW620, as an experimental model to investigate the inter-
play of a dysregulated biological clock and the resultant metabolic out-
put in colon cancer progression. These two cell lines have the same
genetic background, but different metastatic potential: the SW480 cell
line is derived from a primary Duke's stage B colon carcinoma, and the
SW620 cell line is derived from a mesenteric lymph node metastasis
in the same patient.

The cell lines exhibit different clock phenotypes: the SW480 cells
showed robust oscillations (T = 24.59 h ± 0.34, n = 3) with BMAL1
and period circadian regulator 2 (PER2) oscillating in antiphase, as ex-
pected (Fig. 1a). The oscillations in SW620 cells had a delayed phase
of around 12 h for both BMAL1 and PER2, as compared to the observa-
tions in the SW480 cells (Fig. 1a). To further investigate the observed
differences at the transcriptome level, we performed a 24 h time-
course analysis of gene expression using transcriptome microarrays
for both CRC cell lines. Out of 14 core-clock genes, 8 were oscillating
in SW480 cells with a period of ca. 24 h (p b .05), but only 4 in SW620
cells, and the overall expression patterns were different (Supplemen-
tary Fig. 1a).

We confirmed these observations by 45 h qPCR data of selected
core-clock genes and carried out a detailed statistical analysis of the cir-
cadian parameters (period, amplitude and phase of the oscillations) by
fitting a harmonic regression to the expression data as described inMa-
terials and Methods (Fig. 1b, Supplementary Table 1). Minor discrepan-
cies regarding the circadian parameters between results displayed in
Fig. 1a and b occur from different methods used and different sampling
intervals. In Fig. 1A, the promoter activity of BMAL1 and PER2wasmea-
sured, whereas in Fig. 1B, mRNA levels of BMAL1 and PER2 (as well as
other clock genes) were determined. While the first method measures
the activity of the promoter of the clock gene, the second quantifies di-
rectly the RNA concentration.

Furthermore, we observed a global shift in the set of 24 h oscillating
genes between both cell lines. In total, we found similar percentages of
oscillating genes when analyzing the oscillations independently in each
cell line, namely 16.0% (3998) of all genes were oscillating in SW480
cells and 14.8% (3693) were oscillating in SW620 cells. However, we
found that only 5.5% (1385) of all genes oscillate in both cell lines,
which points to a switch in the 24 h oscillating genetic landscape for
these cells. A subsequent functional annotation analysis for genes with
24 h oscillations in both cell lines revealed several metabolic pathways
to be overrepresented, namely glucose metabolism (p = 1.06E-05)
and glycolysis (p = 3E-03). Interestingly, the functional analysis of
genes oscillating only in SW620 cells showed enriched pathways in-
volved in mitochondrial respiration, including the tricarboxylic acid
(TCA) cycle (p = 5.85E-04), mitochondrial electron transport chain (p
= 7.66E-05), and the Warburg effect (p = 1.04E-06) (Supplementary
Table 2).

To obtainmore insights into themetabolic differences between both
cell lines, wemapped the expression data to a comprehensive genome-
scale reconstruction of humanmetabolism (RECON 2.2). This metabolic
reconstruction specifies all known metabolic reactions occurring in a
human cell and provides manually curated relationships between
genes, proteins and reactions [31]. This allowed us to annotate 1636
metabolic genes (out of 25,037 genes identified in the microarray anal-
ysis) with detailed reaction annotations (Supplementary Table 3). Out
of this metabolic gene set, 374 genes (22.7%) were identified as 24 h os-
cillating in SW480 cells and 367 (22.4%)were identified as 24 h oscillat-
ing in SW620 cells. For both cell lines, the percentage of 24 h oscillating
genes associated with cellular metabolism was therefore higher than
the percentage of 24 h oscillating genes in the whole transcriptome. In
addition, the genome-scale reconstruction of human metabolism
allowed us to evaluate the functional roles of 24 h oscillating transcripts
in greater detail. We distinguished between metabolic genes that are
oscillating in SW480 only, oscillating in SW620 only, and oscillating in
both cell lines. Interestingly, the pathway annotations oxidative phos-
phorylation and glycolysis were among the most frequent in all three
sets, but with a different ranking as shown in Supplementary Table 3.
In particular, the pathways glycolysis (position 5) and oxidative phos-
phorylation (position 2) ranked the highest in gene sets that oscillate
only in the SW620 cells. These results indicate a shift in oscillating
genes, whereas general metabolic categories are preserved. Members
of distinct metabolic pathways oscillate with different significant
weights (ranking) in the metastatic cell line SW620 as compared to
the primary tumor cell line SW480.

A following clustering of the gene sets involved in the glycolysis
pathway, oxidative phosphorylation or theWarburg effect revealed dif-
ferent mRNA expression patterns of these genes in both cell lines
(Fig. 1c-d and Supplementary Fig. 1b-c). We further evaluated the ex-
pression data for these gene sets and selected five putatively clock-
controlled metabolism-related genes with differential mRNA expres-
sion profiles in both cell lines as candidate genes, based on the 24 hmi-
croarray data. The expression profiles of the five candidate genes
ALDH3A2, ALDOC, HKDC1, PCK2 and PDHB were verified via qPCR
(Fig. 1e, Supplementary Table 1). All candidate genes belong to the
KEGG pathway glycolysis and gluconeogenesis. In particular, ALDH3A2
is involved in oxidative stress response [33], ALDOC catalyzes the con-
version of fructose-1,6-bisphosphate to glyceraldehyde-3-phosphate
and dihydroxyacetone phosphate [34],HKDC1 catalyzes the phosphory-
lation of glucose [35], PCK2 catalyzes the conversion of oxaloacetate to
phosphoenolpyruvate [36]. PDHB catalyzes the overall conversion of py-
ruvate to acetyl-CoA and carbon dioxide, and provides the primary link
between glycolysis and the TCA cycle [37]. All five genes had higher fold
changes over time in the SW480 cells. In particular, HKDC1 showed a
circa 13 h phase-shift in its peak expression between both cell lines.
This is consistent with the observed phase shift in the oscillation profile
of BMAL1 in SW620 as compared to SW480 cells (Fig. 1a). This might be
a hint for a circadian regulation of HKDC1 expression via BMAL1, though
further targeted studies will be needed to test this hypothesis in future
work. Among the top candidates,HKDC1oscillatedwith the best p-value
(p = 5.7E-04, SW480; p = 1.6E-05, SW620) and the highest relative
amplitude (0.562 in SW480; 0.353 in SW620) for both cell lines, as esti-
mated by the harmonic regression analysis (Supplementary Table 1)
and was thus chosen for further investigation.

In accordance with the differential mRNA expression of metabolism-
related genes, SW480 and SW620 cells displayed distinct out-of-phase
profiles of mitochondrial respiration following in vitro synchronization
(Supplementary Fig. 1d). As previously reported for other cell lines [12],
the oscillatory oxygen consumption rates (OCRs) of both CRC cell lines
showed ultradian patterns. To evaluate the possible consequences of
rhythmic mRNA expression changes at the protein level, we performed
time-course western blot (WB) analysis for our candidate metabolism-
related genes. The time-course profiles of BMAL1, HKDC1, pyruvate
dehyrogenase (PDH) and phosphoenolpyruvate carboxykinase 2 (PCK2)
differed also at the protein level between both cell lines (Fig. 2a-f). In par-
ticular, the peaks in protein abundance changed between both cell lines
for all tested proteins with phase shifts up to 18 h (Supplementary
Table 1). BMAL1 (phase = 16.3 h in SW480) and HKDC1 (phase =
8.7 h in SW480) showed antiphasic peaks in protein abundance
(Fig. 2a-b). For PDH and PCK2, the expression changes over time were
higher in SW480 compared to SW620 cells, as also observed at the
mRNA level.

We further investigated the clock gene-mediated expression of the
PDH-subunit E1-β (PDHB). The activity of the PDH complex is known
to be regulated by the reversible phosphorylation state of the PDH-
subunit E1-α at Ser293 [38]. This post-translational modification is con-
trolled by the relative activities of PDHkinases (PDK) and PDHphospha-
tases (PDP) [39]. To analyze this mechanism in our cellular model
system, we performed WB of the PDH-subunit E1-α with antibodies
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specific for either one of the two forms. Both the expression of PDH and
its phosphorylated form (P-PDH) displayed an oscillatory profile in syn-
chronized SW480 and SW620 cells, albeit with different amplitudes and
phases (Fig. 2d-e). Interestingly, the ratio between phosphorylated PDH
and unphosphorylated PDH revealed a shift in activity between both
cell lines (Fig. 2f). Most notably, the P-PDH/PDH ratios resulted in
changes that were in anti-phase with the mitochondrial OCRs which is
consistent with the fact that P-PDH has lower pyruvate oxidation activ-
ity, as previously reported [40]. In order to validate the general property
of synchronized cells to undergo autonomous oscillatorymitochondria-
related respiratory activity, we tested these findings in an independent
cell line (i.e. human hepatocarcinoma-derived HepG2). Consistently,
the changing phosphorylation state of PDH as a function of the synchro-
nization time appears to be a common feature irrespective of the cell
type. (Supplementary Fig. 1e).

Another candidate clock-regulated gene revealed by our study was
the glycolytic gene HKDC1. HKDC1 is known to catalyze the phosphory-
lation of glucose in the glycolytic pathway, but its role in cancer remains
largely unknown [35]. In our cellularmodel system of colon cancer pro-
gression, HKDC1 showed time-dependent changes in its mRNA expres-
sion levels that differed between SW480 and SW620 cells (13 h phase
shift, Supplementary Table 1). In order to compare the gene expression
of the core-clock gene BMAL1 and HKDC1 in a normal scenario, we used
human organoids derived from normal fallopian tubes. Organoids
mimic the physiology and anatomy of the donor-tissue very closely
[20,41]. Hence, this cellular model system allows for the analysis of
the circadian clock in healthy cells in anorgan-like context. The compar-
ison of SW480 and SW620 cells with organoids derived from non-
cancer tissues was used to evaluate the relative similarity of both cell
lines to a normal tissue. The BMAL1-promoter activity of the organoids
showed robust circadian oscillations over a time-course of 330 h (T =
24.64h±0.1, n=3) (Supplementary Fig. 2a) similar to theperiodmea-
sured in SW480 cells (T = 24.59 h ± 0.34, n = 3). We further carried
out a 24 h time-course gene expression analysis in the organoids and
compared the results with those of the CRC cellular model system.
BMAL1 showed circadian oscillations with a phase at 8–12 h (Supple-
mentary Fig. 2b), as also observed in the SW480 cells (Fig. 1b). Thus,
the time-dependent expression pattern of BMAL1 seems to be a charac-
teristic of normal cells, as well as of non-metastatic cancer cells.

Moreover, the changes of HKDC1 mRNA expression over time in
human fallopian tube organoids followed a very similar pattern to that
observed in SW480 cells with an expression minimum at around 12 h,
in antiphase to BMAL1. (Supplementary Fig. 2c). Thus, it seems that
the putative interplay between BMAL1 andHKDC1 expression in the pri-
mary CRC cell line SW480 is different from that of themetastatic cell line
SW620, despite their common genetic origin, and instead resembles
more closely the phenotype observed in the organoids.

3.2. The Knockdown of the Core-Clock Gene BMAL1 Induces Differential
Metabolic Changes in SW480 and SW620 Cells

The global analysis of different clock phenotypes revealed metabolic
changes between SW480 and SW620 cells. To further investigate the con-
nection between altered circadian regulation and the temporal expres-
sion patterns of metabolic genes, we knocked down the core-clock gene
BMAL1 in SW480 and SW620 cells and evaluated the resulting output in
gene expression and metabolic activity. The knockdown (KD) is carried
Fig. 1. SW480 and SW620 cells serve as a model for tumor progression with changes in the cor
(left panel) and SW620 (right panel) cells were lentivirally transduced with a BMAL1-promote
sured for five consecutive days. Shown is one representative replicate for each condition. (b
CRY2, PER2 and REV-ERBα) in SW480 (dark red) and SW620 (dark blue) cells. Data are expres
genes oscillating with a 24 h period in at least one of the two tested cell lines. (d) Clustering
gene expression patterns indicate gradual membership values, reflecting the strength of a gene
ship value). The black lines indicate the cluster centres. (e) 45 h time-course RT-qPCR measure
(dark red) and SW620 (dark blue) cells. Data are expressed as mean ± SEM, n = 3. See also S
out a specific time point, but the selected cells contain a stable gene KD
(Materials and Methods) so we no longer have a single timepoint effect,
but the gene is constantly lower expressed than in the wild type condi-
tion. As expected, the KD of BMAL1 in SW480 (KD-efficiency: 68.3%)
and in SW620 (KD-efficiency: 68.7%) cells led to an almost complete
loss of oscillations in BMAL1-promoter activity (Supplementary Fig. 3a-
b, Supplementary Fig. 4).Wealso tested the effect ofBMAL1-KDon the ex-
pression of other core-clock genes, as well as on the previously selected
clock-regulated metabolic candidate genes via qPCR. HKDC1 expression
was significantly upregulated after BMAL1-KD in SW480 cells (p b .001),
whereas nuclear receptor subfamily 1 group D member 1 (REV-ERBα)
(p b .01), ALDOC (p b .001), PCK2 (p b .01) and PDHB (p b .01)were signif-
icantly downregulated (Fig. 3a, left panel). Interestingly, the KD of BMAL1
in SW620 cells led to different effects.While PER2 (p b .05) and PCK2 (p b

.001) were significantly upregulated, ALDH3A2 (p b .05) was significantly
downregulated (Fig. 3a, right panel). Thus, the KD of the core-clock gene
BMAL1 does not only affect core-clock genes, but also impacts on the ex-
pression levels of metabolic genes in both cell lines. Remarkably, the ex-
pression profile of SW620 control (SW620-ctrl) cells resembles the
expression profile of SW480-shBMAL1 cells (Fig. 3a-b).

Furthermore, SW480-shBMAL1 cells proliferate faster than SW480-
ctrl cells (p b .05 for all timepoints), and their proliferation profile re-
sembles that of the SW620 metastasis-derived cells (Fig. 3c) (p b .05
for the last two timepoints, but no significant differences for the other
timepoints, (Fig. 3c, Supplementary Table 4). These findings corroborate
published data regarding the role of the biological clock as a tumor sup-
pressor [42–49] and lead to the assumption that a dysregulated clock
promotes a more metastatic phenotype.

We further evaluated the impact of BMAL1-KD on cell viability, cyto-
toxicity and apoptosis at three different time points after cell synchroni-
zation (18 h, 21 h and 24 h). Viability and cytotoxicity exhibited time-
dependent profiles that decreased with later synchronization time
points in both cell lines, with the highest effect at 18 h and lowest at
24 h (Supplementary Fig. 5a-b). After BMAL1-KD, the time-dependent
profile was inverted compared to the normal scenario in both cell
lines and viability and cytotoxicity increased with time, with stronger
changes in SW480-shBMAL1 cells. The apoptotic profile of the cells did
not show a time-dependency, but BMAL1-KD led to significantly lower
apoptosis rates in both SW480 (p b .001) and SW620 (p b .001) cells
(Supplementary Fig. 5c). Thus, the KD of BMAL1 may confer an advan-
tage in terms of cell progression towards malignant phenotypes, in
agreement with our recent findings in amodel systemofmouse embry-
onic fibroblasts [50].

In addition, our data shows an upregulation of HKDC1 expression in
SW480-shBMAL1 cells (Fig. 3a) which points to a putative interplay be-
tween both genes. To attain further insights into this interplay, we
knocked down HKDC1 in SW480 and SW620 cells and evaluated the
output phenotypes in gene expression and the subsequent effect on
metabolic activity. The KD influenced the expression of several core-
clock and metabolic candidate genes. In particular, for SW480 cells,
HKDC1-KD led to a significant upregulation of BMAL1 (p b .001) and
REV-ERBα (p b .001), whereas PER2 (p b .01), PCK2 (p b .001) and
PDHB (p b .05) were downregulated (Fig. 3d, left panel). In SW620
cells, BMAL1 (p b .01), PCK2 (p b .001) and PDHB (p b .01) were signifi-
cantly downregulated uponHKDC1-KD (Fig. 3d, right panel). In the con-
trol conditions, HKDC1 expression was higher in SW620 cells compared
to SW480 cells, whereas BMAL1 expression was lower (Fig. 3b).
e-clock and metabolic output pathways. (a) To investigate circadian clock activity, SW480
r (blue) or PER2-promoter (pink) driven luciferase construct. Bioluminescence was mea-
) 45 h time-course RT-qPCR measurements of selected core-clock genes (BMAL1, CRY1,
sed as mean ± SEM, n = 3. (c) Phase-ordered, median-normalized heatmap of glycolytic
of metabolic genes based on their time-dependent expression profile. The colors of the
's association with its respective cluster (red: highmembership value, blue: lowmember-
ments of selected core-clock genes (ALDH3A2, ALDOC, HKDC1, PCK2 and PDHB) in SW480
upplementary Fig 1 and 2 and Supplementary Tables 1 and 2.



112 L. Fuhr et al. / EBioMedicine 33 (2018) 105–121



113L. Fuhr et al. / EBioMedicine 33 (2018) 105–121
Additionally, we carried out a 24 h time-course qPCR analysis to ex-
amine the effect of BMAL1-KD on HKDC1 expression (Supplementary
Fig. 3c). In both cell lines, the HKDC1 expression profile changed upon
BMAL1-KD (Fig. 1e and Supplementary Fig. 3c). These results further
reinforce a connection between the core-clock, clock-controlled
metabolism-related genes and metabolic activity. We also investigated
the metabolic profiles upon BMAL1-KD in both cell lines: we evaluated
the energy phenotype based on the extracellular acidification rate
(ECAR) and the OCR of the cells, and determined the metabolic pheno-
type of SW480 and SW620 cells (Fig. 4a). In SW480 cells, the KD of
BMAL1 led to a change towards a more energetic phenotype, while for
SW620 cells, no change upon BMAL1-KD was observed. Remarkably,
the alterations of the energy phenotype of SW480-shBMAL1 cells led
to a phenotype similar to the one observed in SW620 cells, further
supporting our hypothesis that clock gene disruption leads to a more
metastatic phenotype, and reinforcing the role of the circadian clock
as a tumor suppressor.

To further evaluate the glycolytic andmitochondrial capability of the
cells in the BMAL1-KD, we quantified glycolysis and glycolytic capacity,
as well as basal respiration, ATP production and maximum respiration
at three different time points after synchronization (see Materials and
Methods). Cells were measured 18 h, 21 h and 24 h, after synchroniza-
tion, respectively. Glycolytic capacity and glycolysis showed significant
time-dependent alterations in SW480-ctrl cells, but not in SW480-
shBMAL1 cells (Fig. 4b-c, left panel). The loss of time dependent varia-
tions in glycolytic activity after BMAL1-KDmight hint at a circadian con-
trol of the timing of glycolytic activity in CRC cells.

SW620 cells also showed changes in glycolytic activity (glycolysis
and glycolytic capacity) between control and shBMAL1-cells, but no sig-
nificant time-dependent effects could be observed (Fig. 4b-c, right
panel). Glycolysis was significantly increased (p b .05) after BMAL1-KD
in SW480 cells whereas the same perturbation led to a significant de-
crease (p b .05) in SW620 cells. In addition to the glycolytic activity,
the mitochondrial function also plays a role in tumor growth and
metastasis [10]. Published data show that highly metastatic tumors in-
crease mitochondrial Nicotinamide adenine dinucleotide phosphate
(NADPH) and undergo further metabolic changes to fight stress caused
by reactive oxygen species (ROS) [51]. To assay themitochondrial activ-
ity in the tested cells, we measured basal respiration, ATP production
and maximal respiration. Our data shows similar time-dependent ef-
fects on themitochondrial activity, although not as strong as for the gly-
colytic activity (Fig. 4d-f). In general, a KD of BMAL1 led to a slight
increase inmetabolic activity in SW480 cells, but to the opposite change
in SW620 cells. Moreover, upon BMAL1-KD, HKDC1 expression was up-
regulated in SW480 cells, but not in SW620 cells. This is likely to result
from the overall increased metabolic activity of SW480-shBMAL1 cells.
Thus, we propose HKDC1 as a putative mediator of time-dependent ef-
fects on energy production metabolic pathways.

Overall, our data shows that a dysregulation of the biological clock
leads to alterations in expression of metabolic genes, as well as in met-
abolic activity that could be pivotal in colon cancer progression.

3.3. The Dysregulation of the Circadian Clock Alters Metabolism in Primary
Stromal Cells

Cancer cells are under continuous bidirectional communicationwith
tumor stroma that nurtures and supports tumor progression. Stroma
modifies proliferation, local migration, metastasis, metabolism and
drug resistance responding to the needs of cancer cells [52]. To compare
the results gained from the cancer cell lines with patient-derived pri-
mary stromal cells, we used normal fibroblasts (NFs) and tumor-
associated fibroblasts (TAFs) derived from the same colon cancer pa-
tient. Each NF-TAF pair is a singly unique model system reflecting the
Fig. 2. Time-course western blot data of SW480 and SW620 cells. (a-f) 30 h time-course west
SW480 (left panel) and SW620 (right panel) cells. One representative blot for each condition i
status of the patient. The NF-TAF analyzed was derived from a patient
with lymph nodemetastasis, with no other distant organmetastasis ob-
served. Therefore, this patient represents best the epithelial cancer cell
model system we are using (SW480 vs SW620).

Bioluminescence recordings of NFs and TAFs showed the same
BMAL1-expression phase observed in the SW480 cells (Fig. 5a and
Fig. 1a). An analysis of clock gene and metabolic gene expression in
TAFs compared to NFs revealed a significant upregulation of PCK2 ex-
pression (p b .001) and a downregulation of HKDC1 (Fig. 5d). We then
perturbed the clock via BMAL1-KD in both NFs and TAFs and measured
BMAL1-promoter activity over five consecutive days. As expected, the
knockdown led to a complete loss of oscillations for both cell types
(Fig. 5a). We further analyzed the effect of BMAL1-KD on different
core-clock genes, as well as on our previously selected candidate
clock-regulated metabolic genes. In NFs as well as in TAFs, BMAL1-KD
led to the upregulation of PER2 (p b .001) and downregulation of REV-
ERBα (p b .001). The same tendency was also observed after BMAL1-
KD in SW480 cells (Fig. 3a). Furthermore, BMAL1-KD led to the down-
regulation of ALDOC (NF, p b .05; TAF, p b .001), HKDC1 (NF, p b .05;
TAF, p b .001) and PCK2 (NF, p b .01; TAF, p b .001), reinforcing the
data for the CRC cells regarding the impact of BMAL1 on the expression
of themetabolic genes (Fig. 5e-f). In TAFs, BMAL1-KD additionally led to
the downregulation of PDHB (p b .01) (Fig. 5f). An evaluation of the gly-
colytic activity and glycolytic capacity revealed additionalmetabolic dif-
ferences between NFs and TAFs. While a significant time-dependent
effect of glycolysis could be observed in NFs, where glycolytic activity
decreased at later time points, this effect could not be observed in
TAFs. The knockdown of BMAL1 led to a decrease of glycolysis and gly-
colytic capacity in NFs, as well as in TAFs (Fig. 5b, c). This data corrobo-
rates our hypothesis that the circadian clock influences the timing of
metabolism and is able to reprogram metabolic activity in general.

3.4. A Role for HKDC1 as a Mediator of Metabolic Changes in SW480 and
SW620 Cells upon Circadian Disruption

To further evaluate the role of HKDC1 in the regulation of clock-
mediated metabolic changes, we analyzed the effect of its downregula-
tion both at the clock andmetabolism level in our cellularmodel system
(Supplementary Fig. 4). As expected, given its upstream role in the gly-
colytic pathway, the KD of HKDC1 led to a decrease of glycolysis in both
cell lines (p b .05) (Fig. 4b) whereas only in SW480 cells, the glycolytic
capacity increased after HKDC1-KD (Fig. 4c, left panel). In particular, in
SW480-shHKDC1 cells, basal respiration, ATP production andmaximum
respiration showed time-dependent effects and increased in earlier
time points after synchronization (Fig. 4e, upper panel),whereas no sig-
nificant time-dependent changes were observed in SW480-ctrl and
SW480-shBMAL1 cells. In SW620-shHKDC1 cells, only maximum respi-
ration showed synchronization time-dependent effects, whereas ATP
production and basal respiration remained unaffected in SW620 cells
(Fig. 4d-f).

Together, these results point to a negative interplay between HKDC1
and the circadian clock, in particular for SW480 cells, since the KD of
BMAL1 leads to a higherHKDC1 expression and consequently to a higher
metabolic activity in these cells, and a KD ofHKDC1 led to higher BMAL1
expression and slightly lower glycolytic activity.

3.5. BMAL1 and HKDC1 Knockdown Affect Treatment Response

Given themetabolic changes induced in SW480 and SW620 cells by
BMAL1-KD, we hypothesized that a subsequent effect on treatment re-
sponse is likely to occur as well. Consequently, we treated ctrl, shBMAL1
and shHKDC1 cells with WZB117, a glucose transporter (GLUT1) inhib-
itor, and evaluated its effect on the gene expression level, as well as on
ern blots of BMAL1 (a), HKDC1 (b), PCK2 (c), PDH (d), p-PDH (e) and p-PDH/PDH (f) in
s shown. Data in the graph is presented as mean ± SEM, n = 2.



Fig. 3. Consequences of BMAL1- and HKDC1-KD on gene expression and proliferation in SW480 and SW620 cells. (a) Gene expression analysis of selected core-clock (BMAL1, CRY1, REV-
ERBα, PER2) andmetabolic genes (ALDOC, ALDH3A2,HKDC1, PCK2 and PDHB) in SW480 (left panel) and SW620 (right panel) cells after BMAL1-KD. Gene expression is shown compared to
the corresponding control-gene. Mean± SEM, n= 3. (b) Gene expression analysis of selected core-clock (BMAL1, CRY1, REV-ERBα, PER2) andmetabolic genes (ALDOC, ALDH3A2, HKDC1,
PCK2 and PDHB) in SW620 cells compared to SW480 cells. Gene expression is shown compared to SW480 cells. Mean ± SEM, n = 3. (c) Proliferation curves of SW480-ctrl, SW480-
shBMAL1, SW620-ctrl and SW620-shBMAL1 cells. (d) Gene expression analysis of selected core-clock (BMAL1, CRY1, REV-ERBα, PER2) and metabolic genes (ALDOC, ALDH3A2, HKDC1,
PCK2 and PDHB) in SW480 (left panel) and SW620 (right panel) cells after HKDC1-KD. Gene expression is shown compared to the corresponding control-gene. Mean ± SEM, n = 3.
Significant changes (p b .05) between different synchronization timepoints of the same condition are marked with *. * = p b .05, ** = p b .01, *** = p b .001. See also Supplementary
Figs. 3 and 4.
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the metabolic activity (Fig. 6a-d and Fig. 4b-f). In SW480-ctrl cells,
WZB117 treatment led to a significant upregulation of all tested core-
clock genes (BMAL1 (p b .05), cryptochrome circadian regulator 1
(CRY1) (p b .01), PER2 (p b .01), REV-ERBa (p b .001)) (Fig. 6a). This ef-
fect fits with the observed increase of glycolysis upon KD of BMAL1 in
the absence of treatment in SW480 cells. Furthermore, these results
are in agreementwith the reported inhibitory effect of intracellular glu-
cose on the expression of the core-clock genes BMAL1, PER1 and PER2
[53]. Upon KD of BMAL1 in SW480 cells, we measured an upregulation
of BMAL1 (p b .001) and REV-ERBα (p b .001) after treatment. This up-
regulation of core-clock genes was also observed for SW480-shHKDC1
cells afterWZB117 treatmentwhere PER2was additionally upregulated
(p b .01). In contrast to these observations, of all tested core-clock genes
only REV-ERBα (p b .05) expression was significantly upregulated after
treatment in SW620 cells in all conditions. As expected, BMAL1 (p b

.05) and CRY1 (p b .05) were downregulated in SW620-shBMAL1 cells,
whereas BMAL1 (p b .01) was upregulated in SW620-shHKDC1 cells.
Overall, the effect of WZB117 treatment on core-clock gene expression
is weaker in SW620 cells as compared to SW480 cells. Additionally,
we analyzed the outcome of WZB117 treatment on gene expression of
metabolic genes, which showed diverse effects for the different control
and KD cell scenarios. Upon WZB117 treatment, PCK2 expression was
significantly downregulated in SW480 and SW480-shBMAL1 cells (p b

.05), but upregulated in SW480-shHKDC1 cells (p b .01). The same effect
could be observed in SW620 cells. While HKDC1 expression was not af-
fected in SW480- and SW620-ctrl cells, it was upregulated in both
shHKDC1 cells, as well as in the SW480-shBMAL1 cells (p b .001). Inter-
estingly, we observed no significant effect on PDHB expression in any of
the SW480 conditions, but measured a downregulation after treatment
in SW620 ctrl and -shBMAL1 cells (p b .01). (Fig. 6c-d).

As described above, glycolytic activity showed a different synchroni-
zation time-dependent pattern after BMAL1 KD, which was particularly
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evident for SW480 cells. To investigate the dependence of the time of
treatment and the subsequent effects on metabolism in greater depth,
we treated cells at three different time points after synchronization. As
before, cellswere synchronized 18h, 21 h and 24h before treatment, re-
spectively. The treatment with WZB117 led to the inhibition of
glycolysis in SW480-ctrl, as well as in shBMAL1 cells, but with differen-
tial time-dependent effects (Fig. 4b-c). In the SW480-ctrl cells, treat-
ment at all time points led to a significant inhibition of glycolysis, as
well as of glycolytic capacity. In contrast to that, upon KD of BMAL1, gly-
colysis was only inhibited when cells were synchronized 24 h and 21 h
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before treatment, and glycolytic capacity was only significantly lower
when cells were synchronized 24 h before treatment. WZB117 treat-
ment did neither lead to lower glycolysis, nor to lower glycolytic capac-
ity in SW480-shHKDC1 cells, independent of the time of treatment
(Fig. 4b-c, left panel). In SW620 cells, the glycolysis rate was lower
when treated at time point 21 h or 18 h after synchronization, whereas
glycolytic capacity was downregulated for all treatment time points.
Comparable results were obtained after BMAL1-KD. In contrast to the
observation in SW480 cells, WZB117 treatment led to a slight inhibition
of glycolysis and glycolytic activity in SW620-shHKDC1 cells (Fig. 4b-c,
right panel). These results lead to the hypothesis that not only the gly-
colytic activity itself, but also the effect of glycolysis-targeting treatment
is time-dependent. Other metabolic indicators, including the basal res-
piration, maximum respiration and adenosine triphosphate (ATP) pro-
duction, were not affected upon WZB117 treatment in SW480, but
showed an effect for SW480-shBMAL1 cells, independent of the time
of treatment. For shHKDC1 cells, while basal respiration and ATP pro-
duction were not affected, maximum respiration was inhibited inde-
pendent of the time of treatment (Fig. 4d-f, upper panel). This might
result from a weaker input into the glycolytic pathway that subse-
quently impacts the mitochondrial respiration pathway, leading to an
overall inhibition of maximum respiration.

WZB117 treatment in SW620 cells led to differing results when
compared to the untreated scenario. Basal respiration, maximum respi-
ration and ATP production were inhibited in SW620-ctrl cells, indepen-
dent of the treatment time. The results for shBMAL1 and shHKDC1 cells,
however, were the same in both cell lines. While basal respiration, ATP
production and maximum respiration were affected in shBMAL1 cells,
only maximum respiration was inhibited in shHKDC1 cells (Fig. 4d-f,
lower panel).

Regarding the energy phenotype, WZB117 treatment led to a shift
from an energetic towards a more quiescent phenotype in ctrl as well
as in shBMAL1 cells for both cell lines (Fig. 4a). Untreated SW480-
shBMAL1 cells displayed a more energetic phenotype than SW480-ctrl
cells which was also true after the shift to a more quiescent phenotype
uponWZB117 treatment. We further treated the cells with the classical
chemotherapeutic oxaliplatin, a platinum complex that is used effec-
tively for CRC treatment [14], to analyze whether resulting effects on
cell metabolism are comparable with the ones induced by WZB117.
However, the oxaliplatin treatment did neither induce changes regard-
ing the overall energy phenotype in SW480 or in SW620 cells, nor did it
lead to glycolysis inhibition (Supplementary Fig. 6a-b). We further ob-
served that viability and cytotoxicity were not affected by WZB117
treatment in SW480-ctrl and -shBMAL1 cells, as they still showed the
same synchronization time-dependent pattern as without treatment.
Interestingly, after WZB117 treatment, we measured a lower apoptosis
rate in SW480-ctrl as well as in -shBMAL1 cells (Supplementary Fig. 5a-
c). This data reinforces the role of the circadian clock as a regulator of
metabolism which results in time-dependent treatment effects and
identifies HKDC1 as a potential mediator involved in this interplay.

Although the selection of a temporalwindowof six hours is too short
to access chrono-pharmacology profiles, we could show that the rela-
tive efficacy of the drug on the metabolic fluxes appears to change de-
pending on the post-synchronization time of drug administration. This
result provides insights to schedule crono-therapeutic protocols
targeting cancer cell metabolism and prompts to further deepen these
studies in future work. Our results point to a role of the circadian clock
Fig. 4. BMAL1- andHKDC1-KD leads tometabolic changes in SW480 and SW620 cells and altered d
shBMAL1 cells untreated or after treatment with WZB117 or oxaliplatin. The mean of three trea
(b) Glycolysis of SW480 (left panel) and SW620 (right panel) control, shBMAL1 and shHKDC1 ce
WZB117. Mean ± SEM, n = 5. (c) Glycolytic capacity of SW480 (left panel) and SW620 (rig
synchronization (18 h, 21 h, 24 h). Cells were either untreated or treated with WZB117. Mean
control, shBMAL1 and shHKDC1 cells treated at three different timepoints after synchronization (
(e) Maximum respiration of SW480 (upper panel) and SW620 (lower panel) control, shBMAL
treated with WZB117. Mean ± SEM, n = 5. (f) ATP production of SW480 (upper panel) an
timepoints. Cells were either untreated or treated with WZB117. Mean ± SEM, n = 5. * = p b .0
in tumorigenesis, indicating in particular that the disruption of the bio-
logical clock leads to a more metastatic phenotype.

4. Discussion

Cancer cell lines show a wide variety of circadian phenotypes, vary-
ing from robust oscillations in clock gene expression to their complete
disruption [32]. Such alterations in the biological clock influence the
cell's metabolism and proliferation which ultimately impact the cancer
phenotype [5]. In this study, we conducted a comprehensive analysis of
the consequences of clock disruption on cancer metabolism and the
resulting influence on the metabolic phenotype and drug response.

Weused an experimental cellmodel of colorectal cancer progression
based on the cell lines SW480 (primary tumor) and SW620 (metastatic
site from the same patient) to evaluate, in a time-dependent manner,
the metabolic consequences of clock disruption at the transcriptome
level. The in vitromodelwehave chosen has beenwidely used in the sci-
entific literature to investigate primary and metastatic behavior
[54–56]. However, other possible explanations for their different behav-
ior must be considered e.g., these two cell lines could represent two
clones from the same cancer with different features, not necessarily im-
plying metastatic versus not-metastatic behavior.

In our CRC model, we observed expression level changes for both
core-clock genes and downstream clock-regulated genes. Intriguingly,
despite their common genetic background and although the total num-
ber of 24 h oscillating genes only slightly differed between both cell
lines, the resulting intersect of oscillating genes between both cell
lines was rather small. This led us to assume a global shift in the expres-
sion of circadian-controlled genes in the progression from primary
tumor to metastatic cells. Furthermore, as a consequence of changes in
the core-clock between both cell lines, we observed differential oscilla-
tory patterns within different metabolic pathways. Thus, changes in the
core-clock seem to cause a reprogramming of the circadian system in
the metastatic cell lines and appear to contribute to a shift in the meta-
bolic profile which consequently induces major metabolic modifica-
tions during carcinogenesis and metastasis.

One of the consequences of this reprogramming is a change of the
predominant oscillating metabolic pathways. Indeed, a genome-scale
reconstruction of humanmetabolism and the subsequent functional an-
notation of the 24 h oscillating gene sets allowed us to identify differen-
tial over-represented metabolic pathways between the cell lines. While
glycolysis was over-represented in the set of genes oscillating in both
cell lines,metabolic pathways such as the TCA cycle and theWarburg ef-
fect were specifically over-represented in the set of genes oscillating in
SW620 cells. A thorough investigation of glycolytic genes revealed dif-
ferences in their temporal expression patterns between both cell lines,
leading to the hypothesis that the circadian clock differentially regulates
members of these pathways in a tumor progression-dependentmanner.
An in-depth analysis of this set of metabolic genes identified five clock-
regulated metabolic candidate genes which exhibited differential ex-
pression patterns in our cellular model system. A further time course
analysis of the candidate metabolic genes and of the core-clock genes
in organoids revealed a genetic profile which rather resembles the pro-
file observed in the primary tumor cell line, SW480. This cell line also
seems to have a more normal clock than its counterpart metastatic
cell, SW620. One of our top candidate genes is HKDC1, which encodes
a recently identified member of the hexokinase family (HKDC1) that
rug response. (a) Energymap of SW480 (upper panel) and SW620 (lower panel) control and
tment timepoints after synchronization is shown (18 h, 21 h, 24 h). Mean ± SEM, n = 16.
lls at different timepoints after synchronization. Cells were either untreated or treated with
ht panel) control, shBMAL1 and shHKDC1 cells treated at three different timepoints after
± SEM, n = 5. (d) Basal respiration of SW480 (upper panel) and SW620 (lower panel)

18 h, 21 h, 24 h). Cells were either untreated or treated with WZB117. Mean ± SEM, n = 5.
1 and shHKDC1 cells synchronized at different timepoints. Cells were either untreated or
d SW620 (lower panel) control, shBMAL1 and shHKDC1 cells synchronized at different
5, ** = p b .01, *** = p b .001. For more data, see also Supplementary Fig. 5.



Fig. 5. The circadian clock in primary fibroblasts. (a) Normal fibroblasts (NFs) and tumor associated fibroblasts (TAFs) were lentivirally transduced either with an empty-vector (ctrl) or
with a shBMAL1-construct. Additionally, cells were lentivirally transduced with a BMAL1-promoter driven luciferase construct. Bioluminescence was measured for five consecutive days.
Shown is one representative replicate for each condition. Glycolysis (b) and glycolytic capacity (c) of control and shBMAL1NFs and TAFs at three different timepoints after synchronization
(18 h, 21 h, 24 h). Mean ± SEM, n = 5. Significant changes (p b .05) between different synchronization timepoints of the same condition are marked with *. Gene expression analysis of
selected core-clock (BMAL1, CRY1, REV-ERBα, and PER2) andmetabolic genes (ALDOC, HKDC1, PCK2 and PDHB) in control (d) and shBMAL1NFs (e) and TAFs (f). Gene expression is shown
compared to the corresponding control-gene. Mean ± SEM, n = 3. * = p b .05, ** = p b .01, *** = p b .001.
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plays a role in glucose metabolism [57]. A recently study points to
HKDC1 as a potential therapeutic target for lung cancer [58] and a
high expression ofHKDC1 is associatedwith poor prognosis and aggres-
sive phenotype in hepatocarcinoma [35]. However, the functions and
mechanisms via which HKDC1 influences cell proliferation and cancer
progression are still unclear, particularly in the setting of CRC. In our
study, metastatic SW620 cells showed higher HKDC1 expression com-
pared to SW480 cells, in agreement with the findings described above.
Furthermore, a KD of the core-clock gene BMAL1 led to higher HKDC1
expression and a subsequent increase of glycolysis and cell proliferation,
in SW480 cells. Cancer cells are known to have a reprogrammedmetab-
olism [9,51,59], which allows them to fulfil the enhanced energy de-
mands commonly leading to a switch towards hypoxic glycolysis over
normoxic glycolysis. Comparably, in our cellular model system, the KD
of BMAL1 in SW480 cells led to a significant increase in glycolytic activ-
ity (p b .05), supporting our hypothesis that perturbations of the core-
clock system lead to a more metastatic phenotype.

Following the identification of differential expression of metabolic
pathways in both cell lines, we further analyzed the impact of clock dys-
regulation onmetabolic activity anddrug response. Previous studies point
to a role of BMAL1 in mediating tumorigenesis, through influencing the
cell cycle [50,60], and to a sensitivity to cancer therapeutics in different
cancer types [42,45,61]. Thus, we evaluated the impact of BMAL1-KD
and HKDC1-KD on gene expression and drug response in our model sys-
tem. The KD of BMAL1 led to changes in the expression levels of core-
clock genes as well as of metabolic genes, in a cell type-specific manner.
Interestingly, while most metabolic genes were downregulated after
BMAL1-KD in SW480 cells,HKDC1 expressionwas upregulated – an effect



Fig. 6. Consequences of BMAL1- and HKDC1-KD on gene expression after WZB117 treatment. (a) and (b) Gene expression analysis of selected core-clock genes (BMAL1, CRY1, REV-ERBα
and PER2) in SW480 (A) and SW620 (B) control, shBMAL1 and shHKDC1 cells after treatment with WZB117. Data are shown compared to untreated control cells. Mean ± SEM, n = 3.
(c) and (d) Gene expression analysis of selected metabolic genes (ALDOC, ALDH3A2, HKDC1, PCK2 and PDHB) in SW480 (C) and SW620 (D) control, shBMAL1 and shHKDC1 cells after
treatment with WZB117. Data are shown compared to untreated control cells. Mean ± SEM, n = 3. * = p b .05, ** = p b .01, *** = p b .001 compared to the corresponding untreated
sample of the same condition (control, shBMAL1, shHKDC1).

118 L. Fuhr et al. / EBioMedicine 33 (2018) 105–121
that was not observed in SW620 cells, likely due to the initial highHKDC1
expression in these cells. On the other hand, HKDC1-KD induced BMAL1
expression in SW480 cells, pointing to a reciprocal control between
both genes. In both CRC cell lines, HKDC1-KD led to a strong decrease of
PCK2 expression. PCK2 is a mitochondrial enzyme that catalyzes the con-
version of oxaloacetate to phosphoenolpyruvate (PEP). The functional
role of the mitochondrial isoform PCK2 is likely linked to a cataplerotic
role providing a precursor of intermediates for biosynthesis of phospho-
lipids, amino acids and purines thereby fulfilling the increased demand
for biomass in rapidly proliferating cells [62]. This is particularly relevant
in cancer cells under restricted glucosewhere glutamine-derivedoxaloac-
etate is converted into PEP by PCK2. However, additional roles of PCK2
have to be considered as well. In particular, PEP can act as an effector me-
tabolite stimulating the activity of the PDHphosphatase. This is consistent
with our observation that, at the protein level, a lower expression of PCK2
matches a higher P-PDH/PDH ratio (particularly in SW620 cells). Conse-
quently, the following sequence of events couldbe tentatively envisioned:
PCK2 produces PEP resulting in the activation of the PDH phosphatase,
and the subsequent decrease of the ratio between the phosphorylated
and the non-phosphorylated forms of PDH. This in turn can lead to the in-
crease in pyruvate oxidation and result in the observed increase of the
OCR (Fig. 7). The observed strong effect of shHKDC1 on the expression
of clock genes in SW480 led to pronounced variations in the time-
dependent metabolic activity. These results show that the interplay be-
tween the core-clock and HKDC1 is stronger in SW480 cells than in the
metastatic SW620 cells. Consequently, our data hints at amore functional
clock in primary cancer cells in respect to their metastatic counterpart,
which also correlates with the difference in the clock phenotypes of
both cell lines.
The differential levels of core-clock gene expression in both cell lines
seem to be determinant for the resulting metabolic phenotype upon
BMAL1-KD. While the metabolic activity of both cells without BMAL1-
KD was similar, glycolysis and mitochondrial respiration were slightly
increased in SW480-shBMAL1 cells, whereas the KD of BMAL1 led to a
decrease in metabolic activity in SW620 cells. Strikingly, the time-
dependent glycolytic activity observed in SW480-ctrl cells is disrupted
upon BMAL1-KD. This indicates a circadian regulation of temporal pat-
terns in metabolic activity that are lost upon clock impairment via KD
of a core-clock gene. Upon HKDC1-KD, glycolysis decreased in both
cell lines,whilemitochondrial respirationwas not affectedwhich points
to a temporal regulation of glycolysis via HKDC1.

We further confirmed the findings from our CRC model system, re-
garding the circadian regulation of metabolic genes, in primary fibro-
blasts isolated from normal colon and colon adenocarcinoma of the
same patient. In the normal primary fibroblasts, the KD of BMAL1 led
to a downregulation of HKDC1 and a subsequent inhibition of glycolytic
activity. These results suggest that the disruption of the circadian clock
via BMAL1-KD leads to changes in the expression levels of HKDC1 with
subsequent effects on glycolysis. In normal cells, the inhibition of
HKDC1 and glycolysis is favored, while in primary tumor cells an upreg-
ulation ofHKDC1 and glycolysis is preferred (Fig. 7). Our study points to
a tumor progression-inhibiting role of BMAL1. The suggested tumor-
suppressive role of BMAL1 is in linewith published data including recent
work from our group [50]. Furthermore, after BMAL1-KD, SW480 cells
proliferate faster and their proliferation profile resembles that of the
metastasis-derived SW620 cells. Thus, we hypothesize that a dysregu-
lated biological clock leads to a more metastatic phenotype. Our hy-
pothesis is further supported by the observation that SW480-shBMAL1



Fig. 7. Schematic representation of the interplay between the biological clock andmetabolism in tumorigenesis. In the primary tumor cell line (SW480), clock gene disruption (shBMAL1)
leads to the upregulation of HKDC1 and subsequent activation of metabolic activity (glycolysis and mitochondrial respiration). The downregulation of HKDC1 (shHKDC1) leads to the
upregulation of BMAL1. Upon treatment with WZB117, metabolic activity is inhibited in shBMAL1 cells, and glycolytic activity is inhibited to a lesser extent than in SW480-ctrl cells,
partially explained by an increase of HKDC1 expression in shBMAL1 cells. In the metastatic cells (SW620) the effect of clock gene disruption (shBmal1) on HKDC1 expression is rather
low and consequently Bmal1-KD leads to a slight inhibition of metabolic activity (glycolysis and mitochondrial respiration). After treatment with WZB117, the glycolytic activity is
inhibited in shBmal1-cells, andmitochondrial respiration is inhibited to a much larger extent. The effect of WZB117 treatment is weaker in the shHKDC1 cells. The size of the ellipses rep-
resents the relative RNA quantity, the width of the connecting lines represents the impact of the interaction.
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cells develop an active metabolic phenotype that is similar to that of
SW620-ctrl cells in order to fulfil the energetic demands of proliferating
cells.

In recent years, there have been increasing efforts in cancer therapy
to take circadian timing into consideration, aiming at an improved toler-
ability of anti-cancer drugs and treatment efficacy. Chronotherapy pro-
tocols were used in chronomodulated chemotherapy [15] and time-
dependent radiotherapy scheduling [16–19]. In line with the idea be-
hind these therapeutic strategies, we treated our CRC model system
with a glycolysis inhibitor at three different time points after synchroni-
zation to analyze putative time-dependent treatment effects. WZB117,
an inhibitor of glucose transport, showed a strong impact on clock
gene expression, in line with the described inhibitory effect of intracel-
lular glucose on clock gene expression [53]. In SW480 cells, glucose
transport inhibition upregulated the expression of BMAL1 and, upon
KD of BMAL1, also of HKDC1. In SW620 cells, the effect of the treatment
was more complex: BMAL1 expression was upregulated after shHKDC1
while HKDC1 was upregulated only after WZB117 treatment in
HKDC1-KD cells. Among the observed metabolic effects, glucose trans-
port inhibition led to a slight decrease of glycolysis and glycolytic activ-
ity in SW620-shHKDC1 cells, while the inhibition of mitochondrial
respiration was very strong in SW620 cells after WZB117 treatment,
in particular for shBMAL1 cells. This could be due to altered metabolic
pathways that might be replaceable in primary tumors, but that are es-
sential for metastasis and could thus lead to the activation of mecha-
nisms that ultimately aid cells to evade treatment.

Metabolic alterations during tumorigenesis are a relevant factor to
be considered for drug resistance [10]. While expression changes in
some metabolic pathways including glycolysis are frequently observed
during tumorigenesis, alterations in other pathways such as oxidative
phosphorylation are very heterogeneous [63].

Glycolysis is an attractive anti-cancer target with promising thera-
peutic potential, since many tumors increase glucose uptake and show
elevated glycolysis rates. A possible glycolysis-related target might be
the hexokinase HKII, which is upregulated in different tumor types
and whose inhibition slows tumor progression [10]. A comparison of
normal and tumor cells revealed HK as upregulated, ALDOC as upregu-
lated and PDH as downregulated in most tumors [63]. In our study,
the same tendency regarding HKDC1 and PDHB was observed, leading
to the assumption that these changes are important for both tumor
onset and progression. However, this tendency could not be observed
after BMAL1-KD in themetastatic SW620 cells. Although some isoforms
of glycolytic enzymes are only present in cancer cells and not in normal
cells, such as the hexokinase isoform HK2, the close similarity of differ-
ent isoformsmakes them a difficult target, thus complicating the use of
glycolysis as a potential therapeutic target [8]. An alternative candidate
for targeting glycolysis might be HKDC1 that we identified here as an
important regulator via which the circadian clock influences metabo-
lism in colorectal cancer cells.

Importantly, BMAL1 may impact on metabolic function in different
ways: either by influencing the clock machinery, and altering circadian
rhythms, and/or by influencing the expression of genes that are direct
targets of CLOCK/BMAL1. This could be a result of other potential,
non-circadian functions of BMAL1. As such, to differentiate between
these two hypotheses and to better characterize the specific output re-
sults of BMAL1 KD phenotypes, further studies are necessary.



120 L. Fuhr et al. / EBioMedicine 33 (2018) 105–121
Altogether, our study shows that the biological clock regulates me-
tabolism in cancer cells with profound implications in the metabolic
reprogramming observed in association with tumor progression. Addi-
tionally, our data suggests a role for the biological clock in fine-tuning
both drug efficiency and timing in cancer treatment, highlighting its
crucial function as an elicitor of treatment response.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.07.002.
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