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SUMMARY

Cancer chronotherapy, treatment at specific times during circadian rhythms, endeavors to optimize
anti-tumor effects and lower toxicity. However, comprehensive characterization of clock genes and
their clinical relevance in cancer is lacking. We systematically characterized the alterations of
clock genes across 32 cancer types by analyzing data from TCGA, CTRP, and GDSC databases.
Expression alterations of clock genes are associated with key oncogenic pathways, patient
survival, tumor stage and subtype in multiple cancer types. Correlations between expression of
clock genes and of other genes in the genome were altered in cancerous versus normal tissues. We
identified interactions between clock genes and clinically actionable genes by analyzing co-
expression, protein-protein interaction and ChlP-seq data, and also found that clock gene
expression is correlated to anti-cancer drug sensitivity in cancer cell lines. Our study provides a
comprehensive analysis of the circadian clock across different cancer types and highlights
potential clinical utility of cancer chronotherapy.
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Ye et al comprehensively analyzed alterations of clock genes and circadian rhythms across
multiple human cancers, and revealed strong interactions between clock genes and clinically
actionable genes, which highlights the clinical utility of circadian timing in cancer chronotherapy.

INTRODUCTION

Cancer chronotherapy consists of administering treatment at an optimal time in the circadian
rhythm to maximize anti-tumor effects and minimize toxicity (Dallmann et al., 2016; Levi et
al., 2010). Circadian rhythms are 24-hour oscillations that coordinate a variety of biological
processes in temporal precision in various organisms. Disruption of the circadian rhythm is
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associated with cancer development and poor prognosis. For example, patients with
metastatic colorectal cancer who have normal circadian rhythms have a 5-fold higher
survival rate than patients with severely disrupted circadian rhythms (Innominato et al.,
2012; Mormont et al., 2000). A mathematical model based on transcription profiles of clock
genes Bmal and Nr1dl determined optimal timing and minimized the toxicity of
chemotherapy in mice (Li et al., 2013b). Furthermore, early clinical trials have suggested
significant clinical benefits of specific circadian timing of chemotherapy or radiotherapy by
combination with vinblastine, cyclophosphamide, and methotrexate or 5-FU (Focan, 1979).
Cancer chronotherapy appears to offer the potential to improve current cancer treatments
and to refine the development of new anticancer drugs (Vincenzi et al., 2003). Therefore,
there is an urgent need to develop systems biology approaches to further optimize and
personalize cancer chronotherapy (Ballesta et al., 2017).

To develop cancer chronotherapy, the first crucial step is to understand the roles of clock
genes in cancer. The mammalian circadian machinery is controlled by two main
transcriptional/translational auto-regulatory feedback loops that involve 14 core clock genes.
The CLOCK/ARNTL heterodimer activates the transcription of clock repressors PER1/2/3
and CRY1/2, then the PER/CRY heterodimer translocates into the nucleus to interact with
CLOCK/ARNTL to inhibit their own transcription (Hurley et al., 2016; Ueda et al., 2005).

In another loop, CLOCK/ARNTL is alternatively stimulated and repressed by its
transcription targets, including RORs and REV-ERBs (He et al., 2016; Relogio et al., 2011).
Besides core clock genes, another set of 37 clock associated genes were reported to directly
or indirectly interact with these two transcriptional loops (Sahar and Sassone-Corsi, 2009).
Dysregulation of clock genes promotes tumorigenesis (Lamia, 2017) through mechanisms
that include the cell cycle (EI-Athman et al., 2017; Wood et al., 2006), DNA damage (Sancar
et al., 2010) and metabolism (Eckel-Mahan and Sassone-Corsi, 2013). For example,
ARNTL, also called BMAL 1, displayed a cell-autonomous tumor-suppressive role in
transformation and lung tumor progression (Papagiannakopoulos et al., 2016), and BMAL1
reduced expression is associated with a decreased cell sensitivity to anticancer drugs, such as
oxaliplatin and irinotecan (Dulong et al., 2015; Zeng et al., 2014). ARNTLZare required for
metastatic lung adenocarcinoma (Brady et al., 2016) and estrogen receptor-negative breast
cancer (Ha et al., 2016), and is potential biomarkers for tumor aggressiveness (Mazzoccoli et
al., 2012). CRYZ2 deficiency elevates c-MYC and enhances cancer transformation
susceptibility (Huber et al., 2016). PER2was shown to be downregulated in non-small-cell
lung cancer and several human lymphoma cell lines (Hua et al., 2006; Yang and Stockwell,
2008). These studies support the important roles of clock genes in tumorigenesis.

All 14 core clock genes have at least one paralog gene that may be functionally redundant in
clock regulation. Composite knockdown of paralog clock genes may cause more serious
consequences than single knockdown. For example, composite PER1/2 double or PER1/2/3
triple knockdown caused complete arrhythmicity (Ramanathan et al., 2014). Similarly,
knockdown of CryZ or CryZ2displayed shorter or longer clock rhythm of locomotor activity,
respectively, while Cry1/2 double knockdown caused arrhythmicity (van der Horst et al.,
1999). Despite the arrhythmicity caused by double or triple knockdown, the interactive
effects of these paralog genes in cancer remain to be ascertained.
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On one hand, loss of circadian homeostasis increases the risk of tumorigenesis in multiple
cancer types (Puram et al., 2016). Therefore, preventing disruption of the circadian rhythm
has the potential to improve the efficacy of cancer therapy. On the other hand, circadian
rhythms could be reprogrammed in tumors. For example, circadian metabolism in the liver is
reorganized in the presence of lung adenocarcinoma (Masri et al., 2016), while hepatic
circadian rhythm could be affected or reprogrammed by breast cancer (Hojo et al., 2017),
suggesting that tumors may alter circadian rhythm of other cell lineages.

In this study, we systematically analyzed genomic profiling and clinical data from The
Cancer Genome Atlas (TCGA) (The Cancer Genome Atlas Research Network et al., 2013)
as well as drug sensitivity data from the Cancer Therapeutics Response Portal (CTRP) (Rees
et al., 2015) and Genomics of Drug Sensitivity in Cancer (GDSC) (Yang et al., 2013). Our
results provide a systematic analysis of clock genes across different cancer types, and
highlight the significant roles of circadian clock in cancer chronotherapy.

The Expression of Many Clock Genes is Altered in Cancer

Based on literature, we defined 14 genes that control clock transcriptional/translational
feedback loops as “core clock genes” (Ko and Takahashi, 2006), 37 genes that are directly or
indirectly regulated by these transcriptional-translational loops as “clock-associated genes”
(Reldgio et al., 2014), and the union of these two gene sets as “clock genes”. We utilized
TCGA data for 14 cancer types with paired RNA-seq samples (Figure S1 and Table S1) to
identify genes differentially expressed between tumor and normal sample pairs for clock
genes. Overall, 45 (88.2%) of the clock genes are differentially expressed in at least one
cancer type. We interpret an increase in expression compared to normal samples as
upregulation and a decrease in expression as downregulation. Some clock genes were
upregulated in multiple cancer types. ARNTLZand CSE1L were upregulated in nine cancer
types. PERI was downregulated in ten cancer types, PER2was downregulated in seven
cancer types, and PER3was downregulated in nine cancer types (Figure 1A). Importantly,
we identified alterations in expression of several clock genes that were not well
characterized previously. For example, RORB is downregulated in five cancer types,
including thyroid carcinoma (THCA,; fold-change [FC] = 5.0, P=9.1 x 10714). RORB
regulates clock rhythm and may play a role in tumor suppression. Furthermore, we observed
a cancer-type-specific pattern for several genes. For example, PER2 showed overall
downregulation in most cancer types, but showed upregulation in renal clear cell carcinoma
(KIRC; FC = 1.9, P=13.3 x 10712). NPAS2, which encodes a potential tumor suppressor
(Hoffman et al., 2008; Yuan et al., 2017), showed significant downregulation in kidney
chromophobe (KICH) and head and neck squamous cell carcinoma (HNSC), but was
upregulated in lung squamous cell carcinoma (LUSC), lung adenocarcinoma (LUAD),
kidney renal papillary cell carcinoma (KIRP) and liver hepatocellular carcinoma (LIHC).
This suggests that clock genes play different roles in different tumor environments (Gong et
al., 2017; Han et al., 2015; Xiang et al., 2018).

The mammalian circadian machinery is controlled by two main transcription auto-regulatory
feedback loops. Our results provide the global view of clock transcriptional loops in multiple
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cancer types (Figure 1B). Among the transcriptional repressors, CRY1/2and PER1/2/3
exhibited the most significant downregulation. Among the transcriptional activators in that
ARNTLZ exhibited overall upregulation, CL OCK exhibited no alteration, whereas ARNTL
and NVPASZ exhibited upregulation in several cancer types but downregulation in several
other cancer types.

Effects of Clock Genes on Oncogenic Pathways

To further understand the molecular mechanisms for clock genes involved in tumorigenesis,
we examined the correlation between expression of individual clock genes and activation or
inhibition of ten key signaling pathways, based on a pathway score calculated from the sum
of the relative protein levels of all positive regulatory components minus that of all negative
regulatory components (Akbani et al., 2014) (see STAR Methods). Our results showed that
clock genes are highly associated with activation or inhibition of multiple oncogenic
pathways (Figures 2A and S2A). For example, CRYZ2, PER1, PERZ, PER3, RORA and
RORC are highly associated with inhibition of apoptosis and cell cycle, and activation of
PI3K/AKT and RAS/MAPK signaling pathways. Despite similar repressive functions,
CRYZ2was associated with cancer pathway alterations in many more cancer types than
CRY1 (Figure 2A). For example, CRY?Zis associated with activation of the RAS/MAPK
signaling pathway in nine (versus two for CRYI) cancer types and hormone a pathway in
nine (versus one) cancer types, inhibition of cell cycle in fifteen (versus zero) cancer types,
and DNA damage response in five (versus one) cancer types (Figures 2A and S2B). This
result implies the different effects of core clock genes in the same family. Similar patterns
were observed that RORA and RORB are associated with activation of epithelial-
mesenchymal transition (EMT), while RORC is associated with inhibition of EMT (Figures
2A and S2B). These results suggest that clock genes are associated with alterations of
multiple oncogenic pathways.

Despite the arrhythmicity caused by double or triple knockdown, the interactive effects of
these paralog genes in cancer remains unclear. Here, we compared pathway score in tumor
samples with high expression of paralog clock genes in combinatoin versus tumor samples
with low expression of paralog clock genes in combination (see STAR Methods). We
observed that high expression levels of RORA and RORC in combination were associated
with more pathways (activation of 90 and inhibition of 103 pathways) than any other
combination of ROR genes (Figures 2B and S2B). Patients with low expression of RORA
and RORC in combination showed significantly worse survival (Figure S2C), while low
expression of each individual gene did not significantly contribute to patient survival. On the
other hand, we observed that alterations of CRYZ and CRYZ2in combination led to fewer
alterations of signaling pathways than CRYZalterations alone (Figure S2B), suggesting that
CRYZmay play a dominant role in cancer.

Genetic and Epigenetic Alterations of Clock Genes in Cancer

To further determine genetic alterations of clock genes in human cancer, we analyzed non-
silent mutations of clock genes across cancer types. ££P300 (p300) and CREBBP (CBP),
which contribute to robust histone acetylation of chromatin surrounding E boxes that are
regulated by the BMAL1-CLOCK complex (Lee et al., 2010), showed relatively high
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mutation frequencies (Figure 3A). We observed that mutation frequency is relatively low for
core clock genes, with fewer than five mutations in the majority of samples (Figure 3B).
However, mutations of core clock genes were associated with patients’ overall survival. For
example, breast cancer patients with mutations in core clock genes had worse overall
survival than those without mutations (log-rank test 2= 0.05; Figure 3C). We observed the
highest mutation rate for core circadian genes in PER1/2/3 (Figure 3B), which are associated
with worse survival (P=5.9 x 10°; Figure 3D). These results suggest that genetic
alterations of clock genes play functional roles in cancer.

DNA methylation regulates gene expression in cancer (Shen and Laird, 2013). We examined
the promoter DNA methylation patterns of clock genes across different cancer types and
observed an overall negative correlation between DNA methylation and gene expression
(Figure S3A). We further observed multiple small alterations with a few genes showing
differentially methylated patterns. For example, we observed hypermethylation in HLF, but
hypomethylation in ARNTLZ (Figure S3B). In particular, ARNTLZ2 showed
hypomethylation in three cancer types, which is consistent with upregulation of gene
expression. The results suggest that promoter DNA methylation may regulate the expression
of clock genes in cancer.

Disruption and Reprogramming of Circadian Rhythms in Cancer

Circadian rhythms are involved in the regulation of a wide variety of physiological and
behavioral rhythms by driving the expression of clock controlled genes (Guerrero-Vargas et
al., 2017; Koike et al., 2012). We sought to systematically investigate the contributions of
circadian rhythm disruption and impaired molecular clockworks to tumorigenesis. We
calculated the correlation for gene expression between clock genes and all other genes in
paired tumor and normal samples and interpret a change in correlation as associated with a
disruption of the circadian rhythm. To avoid potential effects of tumor impurity, the Pearson
correlation coefficient was corrected by tumor purity (Li et al., 2016). Compared to normal
tissue, significantly fewer genes in tumor tissues correlated with clock genes across all
cancer types, whether exhibiting negative (Figure 4A) or positive correlation (Figure S4A).
Several thousand genes lost their correlation to clock genes in tumor samples. We also found
that correlation among core clock genes was reduced significantly. For example, CRYZis
highly correlated with eight core clock genes in normal kidney tissue samples, but showed
significantly reduced or no correlation in KIRP (Figure S4B). CRYZis negatively correlated
with ARNTLZin normal kidney tissue samples (Pearson correlation coefficient [R] = -0.7,
false discovery rate [FDR] = 0.002), but is not correlated in kidney tumor samples (R =
0.056; FDR = 0.9; Figure S4C).

To more directly assess the effects of circadian rhythm on tumorigenesis, we reanalyzed data
from a study with eight time points after serum shock in MCF7, a breast cancer cell line, and
MCF10A, a non-tumorigenic breast epithelial cell line (Gutiérrez-Monreal et al., 2016). We
identified 478 genes with a clear circadian oscillation pattern in MCF10A by
MetaCycle::meta2d (JTK_CYCLE and meta2d adjust £< 0.05; Wu et al., 2016), while their
oscillation patterns were not observed in MCF7 (Figure 4B). Detailed comparisons showed
that the oscillation patterns of six clock genes in MCF10A, including PERI, ARNTL,
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NRIDZ, PARPI, GSK3Band CSEI1L, were disrupted in the MCF7 cell line (Figure 4C).
These results suggested circadian rhythm of normal tissue cell line could not be maintained
similarly in cancer cell line. In contrast, we also identified 552 genes with oscillation pattern
in MCF7, but not in MCF10A (Figure S4D). These genes were enriched in functions
including the TNF and WNT signaling pathways (Figure S4E). This suggests that disrupted
and reprogrammed circadian rhythm in cancer cells may contribute to cancer development.

Clinical Relevance of Clock Genes

Given the global alterations of clock genes in cancer, clock genes could provide important
insight for translational medicine. Here, we focused on clock genes that showed significant
associations with patient survival, clinical stage or tumor subtype. We identified 31 clock
genes that were associated with overall patient survival in at least one cancer type (Figure
5A). Several clock genes showed features of tumor suppressor. For example, patients with
low expression level of CRYZ2showed significantly worse survival in LIHC (log-rank test #2
=1.9 x 107, KIRP (P=4.5 x 107 and KIRC (P= 1.4 x 107°; Figures 5B and S5A). In
contrast, several other clock genes showed oncogenic feature, such as ARNTLZ, with
overexpression of ARNTL2being associated with worse survival in LGG (P= 1.7 x 1074)
and LUAD (P=0.0022; Figure 5B).

We further identified 23 clock genes that were differentially expressed among tumor stages
(Figure 5A). For example, CRYZshowed significantly decreased expression in stage IV
KIRP (FDR = 0.013; Figure S5B). In particular, we identified several clock genes that
showed upregulation or downregulation in late cancer stages. For example, HLF (FDR = 6.2
x 10711) and PRKAA2 (FDR = 3 x 1073) were upregulated in late stage BLCA, while PERI
(FDR =0.0012), CRY2(FDR =0.013), AHR (FDR = 0.0027), RORA (FDR = 0.0014), and
TNF (FDR = 7.5 x 107%) were downregulated in late stage KIRP. These results suggest the
potential involvement of clock genes in tumor progression.

Tumor subtype information often provides crucial insights to help stratify patients for
predicting prognosis and selecting effective treatments (Han et al., 2014). We identified 43
clock genes differentially expressed among different cancer subtypes. For example, CRYZ2is
differentially expressed in KIRC subtypes (FDR = 3.2 x 10738; Figure S5C). In BRCA,
triple-negative breast cancer (TNBC) does not have the receptors that are targets of current
treatment leading to poor prognosis. We identified alterations of core clock genes in TBNC
relative to other breast cancer subtypes: expression levels of ARNTL2 (FDR = 1.9 x 1077)
and NRPAS2 (FDR = 7.9 x 10718) are higher in TNBC (Figure S5D), while the expression
levels of CRY2(FDR = 1.1 x 1076), PER2(FDR = 2.4 x 10719), NR1D1 (FDR = 4 x 1079),
RORB (FDR = 0.0034) and RORC (FDR = 3.8 x 10729) are lower in TNBC (Figure S5E).
These results suggest potential roles of clock genes as markers for particular cancer
subtypes.

Interactions between Clinically Actionable Genes and Clock Genes

To further understand clinical implications of the clock timing, we examined correlations
between transcriptional expression of clock genes and 154 clinically actionable genes
(targets of FDA-approved drugs or their related marker genes), including 135 genes for
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targeted therapy (Van Allen et al., 2014) and 19 target genes for immunotherapy (Mak et al.,
2016) across all cancer types. CREBBP, which acts as a clock transcriptional co-activator
that enhances the activity of clock transcriptional activators, is also a clinically actionable
gene targeted by anti-cancer drugs, such as the small molecule inhibitor C646 (Oike et al.,
2014). We observed that 145 of 154 (94.2%) clinically actionable genes have significant
correlations with at least one clock gene in more than five cancer types (Figures 6A and
S6A). The number of clinically actionable genes correlated with clock genes ranged from 71
in LUSC to 151 in testicular germ cell tumors (TGCT; Figure S6B). The clock gene and
clinically actionable gene correlation pairs ranged from 133 pairs in LUSC to 2847 pairs in
thymoma (THYM; Figure S6C). For example, CRYZ2 shows significantly positive correlation
with 31 clinically actionable genes enriched in key signaling pathways, such as PI3K/AKT,
RAS and FOXO signaling pathways. CRYZ2also shows significantly negative correlation
with 15 clinically actionable genes (Figure 6A). Among these, CRYZ negatively correlated
to CD276 and CD4, while positively correlated to 7AVFSF4, which are targeted genes for
immunotherapy. ARNTL2is significantly correlated to 16 of 19 (84.2%) genes targeted for
immunotherapy (Figure S6A), suggesting that ARNTLZ2may have an effect on cancer
immunotherapy. Our results suggest that clinically actionable genes are regulated by clock
genes, and highlight the significance of clock timing in the cancer treatment, including both
targeted therapy and immunotherapy.

To further investigate the interactions between clock genes and clinically actionable genes,
we reanalyzed data from a time series expression study on a CRYZknockdown in MEF cells
(Huber et al., 2016). There were decreased expression levels of clinically actionable genes
that are positively correlated to CRY?2, such as AK73, EPHA3and PIK3R1, as well as
increased expression levels of clinically actionable genes that are negatively correlated to
CRY?Z, such as JAK3, BRCA1 and CDK4, across the majority of time points in the CRYZ2
knockdown versus control (Figure 6B). We further used protein-protein interaction (PPI)
data from the Human Protein Reference Database (Peri et al., 2004) and BioGRID (Chatr-
Aryamontri et al., 2015) to identify experimentally validated protein-protein interactions
between products of clock genes and clinically actionable genes (Figures 6A and S6C). For
example, the clinically actionable gene £ZHZ2encodes a histone methyltransferase and
interacts with CRYZ21to regulate the expression of clock genes (Figures 6A) (Wallach et al.,
2013). We further investigated the interaction between clinically actionable genes and clock
genes by reanalyzing ChlP-seq data (Cho et al., 2012; Koike et al., 2012; Wu et al., 2017)
(Figure 6A). Our results suggest diverse effects of clock genes on clinically actionable
genes. Therefore, the significant interactions between clinically actionable genes and clock
genes may affect drug responses, and the circadian timing should be necessarily considered
in cancer therapy.

Potential Therapeutic Effects of Clock Genes

Many clinically actionable genes are targeted by anti-cancer drugs, as identified in the
Cancer Therapeutics Response Portal (CTRP) and the Genomics of Drug Sensitivity in
Cancer (GDSC) project. For example, EGFR, which is targeted by 15 anti-cancer drugs and
correlated with 187 anti-cancer drugs (Figure 6A, upper panel), correlates with 21 clock
genes, five of which showed validated protein-protein interactions (Figures 6A). Thus,
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following circadian timing for drug administration may largely improve the efficacy of a
drug and reduce its toxicity (Levi et al., 2010). To further evaluate the potential effects of
clock genes on drug response, we analyzed the correlation between drug sensitivity of 265
anti-cancer drugs and transcriptional expression of 51 clock genes across 1080 cancer cell
lines from GDSC using the Z-score as previously described (Figure 7A) (Rees et al., 2015).
We identified 2059 significant correlation pairs between drug sensitivity and transcriptional
expression of clock genes (Figure S7B). Among these, sensitivity to 82 anti-cancer drugs
significantly correlated with at least ten clock genes (Figure 7A). Previous studies showed
that several drugs have utility in chronotherapy (Levi et al., 2010), such as 5-fluorouracil
(Wood et al., 2006), methotrexate (Ohdo et al., 1997) and docetaxel (Tampellini et al., 1998).
We confirmed these observations in our analysis, which showed that 5-flurouracil sensitivity
(negative correlation) is associated with transcriptional expression of CRYZ2, PERZ, PER],
RORB and ten other clock genes, and resistance (positive correlation) is associated with
transcriptional expression of NPAS2, CLOCK, NR1DZ2, AHR and seven other clock genes.
Furthermore, we revealed the possibility that other drugs may also be used in chronotherapy.
For example, we showed that phenformin, which targets metabolism, is highly correlated
with CRY2 (z-score = 4.5; P=8 x 1078), PER2 (z-score = -5.99; P=2.3 x 1079), CSNK1D
(z-score = 6.04; P=1.7 x 1079) and 15 other clock genes. In response to anti-cancer drugs,
clock genes are highly correlated with drugs which targeted important pathways, such as
metabolism (100% of drugs tested), chromatin histone acetylation (70.0%), WNT signaling
pathway (50.0%), cell cycle (45.5%), PI3K signaling (45.0%), DNA replication (35.7%) and
p53 pathway (33.3%). Our data show two groups of clock genes with similar associations
with response to drugs. One group includes CRYZ2and PERZ (Figure 7A, left panel of
heatmap), which are associated with sensitivity to a majority of the drugs, while another
group includes CLOCK and ARNTLZ (Figure 7A, right panel of heatmap), which are
associated with resistance to the majority of drugs. These two groups largely depend on high
correlation among clock genes across cancer cell lines (Figure S7C).

For drugs with known targeted genes, we further estimated the correlations between targeted
genes and clock genes (Figure 7B). For example, ATM, the target of CP466722, is
negatively correlated with clock genes, including PPARG (R =-0.29) and CRYZ (R =
-0.28), and positively correlated with CREBI (R = 0.28). This result suggests a potential
CP466772 strategy that involves high expression levels of PPARG/CRY1 and/or low
expression levels of CREBI for optimal drug effects. Several targeted genes such as
HDAC6, ERBBZ, EGFR, SYR, ATM, KIT, JAK3, MTOR and JAKZ are CAGs, which are
highly correlated to clock genes in cancer cell lines (Figure 7B). This further supports the
concept that circadian timing could contribute to response to drug therapy.

To further investigate the potential effects of clock genes on drug sensitivity, we examined
the correlation between transcriptional expression of clock genes in the Cancer Cell Line
Encyclopedia (CCLE) dataset (Barretina et al., 2012) and drug sensitivity in the CTRP
dataset. Among 481 compounds, we identified 329 compounds that have at least one
significant correlation with clock genes, with 3577 significant correlation pairs (Figure
S7D). We found 163 compounds that showed significant correlation with at least ten clock
genes (Figure S7E), and 76 drugs are shared between the GDSC and CTRP databases.
Among them, 53 drugs in both CRTP and GDSC have at least one pair that significantly
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correlates with clock genes. These results show the consistency of circadian effects on drug
response.

DISCUSSION

Cancer chronotherapy has been applied to optimize clock-controlled drug metabolism,
detoxification, pharmacokinetics and drug efficacy (Levi et al., 2010). However, there are
limited studies in large number of patient samples showing that circadian timing can
strongly improve the efficacy of a drug and reduce its toxicity. In this study, we utilized
multi-dimensional omics data and clinical data across 32 cancer types from TCGA, and
pharmacogenomic data from CTRP and GDSC. The schematic of the overall analysis was
outlined in Figure S1. We revealed global alterations of clock genes at transcriptional,
genetic and epigenetic levels. Our results suggested several clock genes may function as
oncogene, such as ARNTLZ, NR1D1, and NPASZ, while several other clock genes may
function as tumor suppressors, such as PERs, CRYs, RORs. We revealed disruption of
circadian rhythms across patient samples by showing significantly reduced number of genes
correlated to clock genes. We further showed that transcriptional dysregulation of clock
genes is strongly associated with patient survival, tumor stage and subtype. Then, we
identified global interactions between clock genes and CAGs through co-expression,
protein-protein interaction, and ChlP-seq data. This was further supported by the large-scale
pharmacogenomic data from CTRP and GDSC that clock genes could largely affect anti-
cancer drug sensitivity in cancer cell lines. Our study provides a comprehensive analysis of
the circadian clock across different cancer types and highlights potential clinical utility of
cancer chronotherapy.

Supporting the development of cancer chronotherapy, we revealed pervasive transcriptional
dysregulation of clock genes across different cancer types, including changes in clock genes
that are not well-characterized, such as RORB. We observed cancer-specific patterns for
several genes across different cancer types, consistent with previous finding that genetic
elements may play different roles in different tumor environments (Han et al., 2015).
Furthermore, the expression changes in clock genes are highly associated with the activity of
oncogenic pathways. We observed that paralog clock genes could play synergistic or
different roles to alter oncogenic pathways, further suggesting a complex regulation of clock
transcriptional loops. Despite the relatively low mutation frequency of clock genes,
combinations of mutations in multiple colck genes may provide prognostic value. For
example, higher frequency mutation rate of core clock genes, especially PER1/2/3, will lead
to worse survival in BRCA. Our comprehensive analysis of clock genes at transcriptional,
genetic and epigenetic level is the crucial step to understand the functional roles of clock
genes across different cancer types.

Circadian rhythm disruption has been linked to tumorigenesis, and circadian timing is highly
associated with efficacy and toxicity of cancer treatment (Fu and Lee, 2003; Kiessling and
Cermakian, 2017; Levi et al., 2010; Zhang et al., 2017). Our study showed a global
disruption of circadian rhythms in both patient samples and cancer cell lines. In cancer
patients, number of genes correlated to clock genes is largely reduced, suggesting the
disruption of circadian rhythm. Genes with circadian oscillation pattern in the cancer cell
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line (MCF7) are disrupted in the noncancerous cell line (MCF10A). We also showed genes
that specifically established circadian rhythm in the MCF7 compare to MCF10A. Therefore,
there is an urgent need to consider the disruption and/or reprogramming of circadian rhythm
in cancer treatment. The present study represents a comprehensive analysis of the global
alterations of circadian rhythms across a broad range of cancer types.

Furthermore, we identified clock genes that have potential clinical relevance based on
associations between the expression levels of clock genes and survival times, tumor stage or
subtype. Multiple clock genes are associated with patient survival and differentially
expressed among tumor stages, suggesting potential alterations of clock genes during tumor
progression. Furthermore, clock genes showed significant difference for distinct patient
subtypes within a cancer type, and may serve as promising biomarkers. Our results highlight
the possible clinical utility of clock genes in human cancer.

Finally, we showed that the majority of clinically actionable genes strongly correlate and
interact with clock genes, suggesting that the circadian timing should be considered in
cancer therapy. We observed the positive correlation between clinically actionable genes and
several core clock genes, including PERZ, CRYZ2and NR1DZ2, which are known to be
transcription suppressors in the clock transcriptional-translational loops. These core clock
genes could also act as transcriptional activators. For example, NR1DZ2 can trans-activate the
expression of Srebp-1 ¢ (Ramakrishnan et al., 2009), and PER1/2 positively prolong the
period of rhythmic gene expression by suppressing CRY activity (Akashi et al., 2014).
Previous studies showed that both transcription activator and suppressor could bind to the
same gene (Bugge et al., 2012; Koike et al., 2012). Furthermore, our analysis showed the
expression of NR1DZis positively correlated with CLOCK, the well-known transcriptional
activator, across 24 cancer types (Figure S6D). Taken together, our results suggest the
complicated regulation of transcription factors and the clock transcriptional-translational
loops. Consistent with this finding, we showed that clock genes are highly correlated with
sensitivity to a majority of anti-cancer drugs, as well as drug-targeted genes across cancer
cell lines. A previous study demonstrated 42 anti-cancer drugs involved in chronotoxicity/
chronoefficacy (Levi et al., 2010). Among these, ten drugs are also listed in GDSC. All of
them are significantly correlated with the expression of at least one clock gene, while three
are significantly correlated with the expression of at least ten clock genes, including 5-
fluorouracil, methotrexate and docetaxel. Taken together, our results provided strong
evidence that further efforts should be made to personalize or optimize cancer chronotherapy
by delivering the drug at the optimal timing.

There are several limitations in our study. For example, the time points for obtaining
biospecimens from cancer patients are not available. As numerous cancer patients keep
circadian rhythms, the omics data may largely vary over the 24 hour period. Therefore,
large-scale patient samples at different time points are necessary to further understand the
critical roles of clock genes in cancer. Furthermore, drug response in cancer cell lines is not
always consistent with patient survival, thus the drug response data in patient samples is
necessary to further optimize cancer chronotherapy.
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STAR*Methods

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact Leng Han (leng.han@uth.tmc.edu).

Quantification and Statistical Analysis

MRNA Expression, Protein Expression and Signaling Pathways—Normalized
gene expression data based on expectation maximization (RSEM) (Li and Dewey, 2011) was
downloaded from TCGA data portal (http://gdac.broadinstitute.org/). Genes were considered
differential expression between tumor and normal paired samples if the fold-change > 1.5
and t-test FDR < 0.05. The normal sample was extracted from the same adjacent non-
tumorigenic tissue in the same patient (Davis et al., 2014; The Cancer Genome Atlas
Network et al., 2013).

Protein expression based on reverse phase protein array (RPPA) from The Cancer Proteome
Atlas (http://tcpaportal.org/tcpa/download.html) (Li et al., 2013a). RPPA data were median-
centered and normalized by standard deviation across all tumor samples for each component
to access normalized protein expression data. The pathway score of ten key signaling
pathways based on protein expression was calculated for each tumor sample as the sum of
the relative protein levels of all positive regulatory components minus the equivalent sum for
the negative regulatory components (Akbani et al., 2014). Antibodies targeting different
phosphorylated forms for the same protein with Pearson correlation coefficient larger than
0.85 were averaged. Based on median expression of each clock gene in each cancer type,
tumor samples are classified as high expression and low expression groups. For interactive
effects of clock paralog genes, tumor samples were divided into two groups with low
expression or high expression of all paralog genes. Then we used a Studentt test to assess
statistical differences in pathway score between these two groups with p value < 0.05. Under
statistical significance, the expression of individual or paralog clock genes positively
correlated with the pathway score indicates their association with activation of the pathway,
while the negative correlation indicates the association with inhibition of the pathway.

Disruption of Circadian Rhythm in Cancer—To evaluate the disruption of clock
genes in tumor, we used the number of genes correlated with clock genes in tumor minus the
number of genes correlated with clock genes in normal samples. Correlation between the
transcriptional expression of clock genes and other genes was calculated based on Pearson’s
correlation, and considered significant if |R| > 0.5 and FDR < 0.05. The correlation in tumor
samples is corrected by tumor purity (http://cistrome.org/TIMER/download.html) (Li et al.,
2016).

Mutation and DNA Methylation Analysis—We obtained the mutation data (MAF files)
and DNA methylation 450K data from the TCGA data portal (http://
gdac.broadinstitute.org/). We filtered out the samples with more than 1000 mutations in the
exome to eliminate the potential bias induced by ultra-mutation samples (Yuan et al., 2016).
The number and frequency of non-silent somatic mutations across all samples calculated per
gene in each cancer type. To assess the effect of promoter DNA methylation on clock gene
expression, we kept the methylation probes involved in —=1,500 bp to +500 bp around TSS
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(Amabile et al., 2015), and generated a one-to-one gene-methylation probe mapped by
retaining the maximal Beta value change between normal samples and tumor samples. We
defined the Beta value of DNA methylation as a change greater than 0.2 between normal and
tumor pairs, and FDR < 0.05 in the promoter as dysregulated promoter DNA methylation
(Bibikova et al., 2011). We performed Spearman’s correlation analysis for the promoter
DNA methylation and clock gene expression and retained the minimum Spearman
correlation coefficient.

Interactions and Correlations between Clock Genes and Clinically Actionable
Genes—To obtain a list of clinically actionable genes (CAGS), we first obtained 135 genes
from a previous study (http://archive.broadinstitute.org/cancer/cga/target) (Van Allen et al.,
2014). We also obtained 19 targeted genes for immunotherapy from a previous study (Mak
et al., 2016). For correlation between transcriptional expression of clock genes and clinically
actionable genes in tumor samples, we used Pearson’s correlation and considered |[R| > 0.3
and FDR < 0.05 as significant correlation.

Protein-protein interaction (PPI) data downloaded from the Human Protein Reference
Database (HPRD; http://www.hprd.org/) and BioGRID (https://thebiogrid.org/). ChIP-seq
data for clock genes were downloaded from Gene Expression Omnibus (GEO, https://
www.ncbi.nlm.nih.gov/geo/; GSE39860, GSE69100 and GSE34019) (Cho et al., 2012;
Koike et al., 2012b; Wu et al., 2017). The ChlIP-seq data was analyzed by HOMER (http://
homer.salk.edu/homer/) (Heinz et al., 2010).

Identification of Clinically Relevant Clock Genes—Clinical information for cancer
patients, including patients’ overall survival, disease stages, and tumor subtypes, were
obtained from TCGA data portal (http://gdac.broadinstitute.org/). A log-rank test was
performed to assess the association between transcript expression of clock genes and overall
survival. Transcript expression levels were dichotomized by the median level, and FDR <
0.05 was considered as statistical significance. We used Kruskal-Wallis nonparametric
analysis of variance (ANOVA) to detect clock genes with differential expression among
different tumor subtypes and disease stages, and considered FDR < 0.05 and fold-change of
maximal differential expression > 1.5 to be a significant difference.

Time Series Expression Analysis for Cancerous and Non-cancerous Cell
Lines—We downloaded time series cDNA microarray data of MCF7 and MCF10A from
GSE76370 (Gutiérrez-Monreal et al., 2016). Oscillation patterns of genes were predicted by
MetaCycle::meta2d (JTK_CYCLE and meta2d adjust £< 0.05; Wu et al., 2016). We also
downloaded time series CRYZknockdown RNA-seq data for the MEF cell line from GEO
(GSE89018) (Huber et al., 2016).

Analysis of Drug Sensitivity and Gene Expression—Normalized gene expression
profiles for ~1,000 cancer cell lines and drug response measurements as area under the
curves (AUCs) were downloaded from GDSC (http://www.cancerrxgene.org/downloads).
Gene-centric RMA-normalized mRNA expression data measured on the Affymetrix
GeneChip Human Genome U133 Plus 2.0 Array were downloaded from the CCLE (https://
portals.broadinstitute.org/ccle/data). Drug response (AUCSs) for 481 small molecules across
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cancer cell lines was downloaded from CTRP (https://ocg.cancer.gov/programs/ctd2/data-
portal). To evaluate the correlation between small-molecule sensitivity and basal gene
expression levels, we performed an analysis as previously described (Rees et al., 2015).
Briefly, the Pearson correlation coefficients of transcript levels and AUCs were normalized
using Fisher’s Z transformation. A Bonferroni-corrected, two-tailed distribution with family-
wise error rate less than 0.025 in each tail for z-scored Pearson correlation coefficients of
annotated drug-target pairs (242 pairs in GDSC; 662 pairs in CTRP) were compared to the
same number of correlation pairs generated by randomly sampling correlations (Figure
S7A). We determined the threshold as |z| > 3.89 and |z| > 4.13 for drug sensitivity from
GDSC and CTRP, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Transcription dysregulation and clinical relevance of clock genes in cancer.
Disruption and reprogramming of circadian rhythms in cancer.
Strong interactions between clock genes and clinically actionable genes.

Potential therapeutic effects of clock genes in cancer chronotherapy.
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Figure 1. The transcriptional dysregulation of clock genes in cancer
(A) Upregulation (red) and downregulation (blue) patterns of clock genes across different
cancer types ('Y-axis) compared to paired normal samples (FC > 1.5; t-test corrected p <
0.05). X-axis indicates 14 core clock genes (red) and 37 clock-associated genes (black). The
color intensity indicates the fold-change, the point size indicates the significance of p. Upper
bars show the frequency of cancer types, with upregulation (red) and downregulation (blue)
for each clock gene. (B) Dysregulation of core clock genes in clock transcriptional loops
(red, upregulation; blue, downregulation).
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Figure 2. Functional effects of clock genes in oncogenic pathways
(A) The proportion of cancer types with core clock genes significantly associated to

activation (red) or inhibition (blue) of the ten key signaling pathways in 31 cancer types. (B)
The total number of activation (red) or inhibition (blue) pathways in ten key signaling
pathways across 31 cancer types, which are associated with individual or paralog clock
genes. See also Figure S2.
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Figure 3. Mutational landscape of clock genes in cancer

Survival in days

(A) Heatmap shows the number of mutations (humber in cell) and frequency of mutations
(color-scale) for each clock gene in each cancer type. X-axis and Y-axis labels ordered by
the sum of clock gene mutations in each cancer type and the sum of mutations in all cancer
types across clock genes, respectively. Core clock genes are marked in red. (B) Box plot
shows the number of mutations of core clock genes across cancer types, with outliers shown
as dots. (C) Kaplan-Meier curves show overall survival between samples with (red) or
without (blue) mutations in core clock genes in BRCA. (D) Kaplan-Meier curves of BRCA

stratified by PER1/2/3 mutation. See also Figure S3.
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Figure 4. Disruption of circadian rhythms in cancer
(A) The number of genes which negatively correlated to clock genes (R <-0.5 and FDR <

0.05, number in cell) decreased (blue) or increased (red) in tumor samples compared to
paired normal samples for each clock gene in each cancer type. Pearson correlation is
corrected by tumor purity in cancer samples. Core clock genes are marked in red. (B)
Circadian oscillating genes as determined by JTK_CYCLE and MetaCycle::meta2d (P <
0.05) in MCF10A (left), and disrupted oscillation of these genes in MCF7 (right). Red, high
expression; blue, low expression. X-axis displayed time points after serum shock. (C) Time-
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dependent relative expression of clock genes ARNTL, CSE1L, GSK3B, NR1D2, PARP1
and PERI in MCF10A (blue) and MCF7 (red). See also Figure S4.
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Figure 5. Clinical relevance of clock genes across cancer types
(A) Clinically relevant clock genes across different cancer types. The red and blue boxes

indicate high and low expression in tumors associated with worse overall survival times
(log-rank test FDR < 0.05), respectively. The green box shows clock genes with significantly
differential expression among tumor stages (FC > 1.5; ANOVA FDR < 0.05). The arrows
represent the upregulation or downregulation of clock genes in later stages (fold change of
transcriptional expression between stage I11/1V and stage I/11 larger than 1.5). The gold box
indicates significant differential expression of clock genes among tumor subtypes (FC > 1.5;
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ANOVA FDR < 0.05). (B) Kaplan-Meier curves of multiple cancer types stratified by
median expression levels of clock genes. See also Figure S5.
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Figure 6. The expression of many clock genes and clinically actionable genes is associated with
each other in cancer cells

(A) Correlation of transcriptional expression between clock genes and clinically actionable
genes. Pearson correlation coefficients |R| > 0.3; FDR < 0.05; blue: negative correlation; red:
positive correlation; color scale: number of cancer types with negative or positive correlation
between clock genes and clinically actionable genes. X-axis (clinically actionable genes) is
ordered by the number of positively correlated clock genes minus the number of negatively
correlated clock genes. Y-axis (clock genes) is ordered by the total number of correlated
clinically actionable genes. If the number of cancer types is less than five, the fill color of
cell is white. Triangles highlight genes discussed in the main text. Bold boxes highlight the
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protein-protein interactions of actionable genes and clock genes based on the experimental
evidence from BioGRID and HPRD. X marks ChlP-seq evidence for interaction between
clinically actionable genes and clock genes. Upper blue and red bars indicate the number of
drugs that directly target (blue bars) or correlate with (red bars) actionable genes. (B)
Transcript levels of clinically actionable genes (CAGSs) in primary wild-type (WT) and
CRYZknock-down (CRYZ2-/-) MEFs at different time points. Upper top 10 genes are
positively correlated with CRYZin cancer, while the bottom 10 genes are negatively
correlated. Error bar indicates standard deviation (SD) for three biological replicates. See
also Figure S6.
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Figure 7. Drug effects of clock genes in chronotherapy
(A) Correlation between drug sensitivity (AUCs) and gene expression of clock genes in at

least 10 clock genes (green: negative correlation; magenta: positive correlation; size: p-
value). Black triangles indicate compound verified in chronotherapy. Color bars in Y-axis
indicate drugs (right) and their targeted pathways (left). (B) Correlation between clock genes
and known drugs that target the genes (green: negative correlation; magenta: positive
correlation), which corresponds to significant correlation between drug sensitivity and clock
genes. See also Figure S7.
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Key Resource Table
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REAGENT or RESOURCE | SOURCE IDENTIFIER
Deposited Data
TCGA mRNA expression, The Cancer | http://gdac.broadinstitute.org/
mutation, DNA methylation Genome
450K and clinical data Atlas
Research
Network,
2013
TCGA protein expression Lietal., http://tcpaportal.org/tcpa/download.html
data 2013
Tumor purity data Lietal., http://cistrome.org/TIMER/download.html
2016
ChlIP-seq data of core clock Choetal., GSE39860, GSE69100, GSE34019
genes 2012;
Koike et
al., 2012;
Wuetal,,
2017
Time points RNAseq data of | Gutiérrez- GSE76370
MCF7 & MCF10A Monreal et
al., 2016
Time points RNAseq data of Huber et GSE89018
CRY2 knockdown or WT in al., 2016
MEF cells
GDSC cancer cell lines gene Yang etal., | http://www.cancerrxgene.org/gdsc1000//Data/preprocessed/Cell_line_RMA_proc_basalExp.txt.zip.
expression 2013
CCLE cancer cell lines gene Barretina https://data.broadinstitute.org/ccle_legacy_da ta/mRNA_expression/CCLE_Expression_Entrez_2012-09-29.gct
expression etal., 2012
GDSC cancer cell lines drug Yang etal., | ftp:/ftp.sanger.ac.uk/pub/project/cancerrxgene/releases/release-6.0/v17_fitted_dose_response.xIsx
response 2013
CTRP cancer cell lines drug Rees et al., https://ocg.cancer.gov/programs/ctd2/data-portal
response 2015
Clinically actionable genes Van Allen http://archive.broadinstitute.org/cancer/cga/target
etal., 2014
Software and Algorithms
MetaCycle Wuetal,, https://CRAN.R-project.org/package=MetaCycle
2016
Homer Heinz et http://homer.salk.edu/homer
al., 2010
Other
BioGRID Chatr- https://thebiogrid.org/; RRID:SCR_007393
Aryamontri
etal., 2015
HPRD Peri etal., http://www.hprd.org/; RRID:SCR_007027
2004
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