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Circadian regulation

of chemotherapy-induced
peripheral neuropathic pain

and the underlying transcriptomic
landscape

Hee Kee Kim8, Sun-Yeul Lee?*8, Nobuya Koike*, Eunju Kim?, Marvin Wirianto?,
Mark J. Burish®, Kazuhiro Yagita*, Hyun Kyoung Lee®, Zheng Chen?, Jin Mo Chung’,
Salahadin Abdi* & Seung-Hee Yoo?**

Growing evidence demonstrates circadian rhythms of pain hypersensitivity in various chronic
disorders. In chemotherapy-induced peripheral neuropathy (CIPN), agents such as paclitaxel are
known to elicit chronic neuropathic pain in cancer patients and seriously compromise their quality of
life. Here, we report that the mechanical threshold for allodynia in paclitaxel-treated rats exhibited a
robust circadian oscillation, reaching the nadir during the daytime (inactive phase). Using Per2::LucSV
circadian reporter mice expressing a PER2::LUC fusion protein, we isolated dorsal root ganglia (DRG),
the primary sensory cell body for peripheral nerve injury generated hypersensitivity, and monitored
ex vivo reporter bioluminescence. We observed strong circadian reporter rhythms in DRG neurons
which are highly entrainable by external cues. Paclitaxel treatment significantly lengthened DRG
circadian periods, with little effects on the amplitude of oscillation. We further observed the core
protein BMAL1 and PER2 in DRG neurons and satellite cells. Using DRG and dorsal horn (DH; another
key structure for CIPN pain response) tissues from vehicle and paclitaxel treated rats, we performed
RNA-sequencing and identified diurnal expression of core clock genes as well as clock-controlled
genes in both sites. Interestingly, 20.1% and 30.4% of diurnal differentially expressed genes (DEGs)
overlapped with paclitaxel-induced DEGs in the DRG and the DH respectively. In contrast, paclitaxel-
induced DEGs displayed only a modest overlap between daytime and nighttime (Zeitgeber Time 8
and 20). Furthermore, paclitaxel treatment induced de novo diurnal DEGs, suggesting reciprocal
interaction of circadian rhythms and chemotherapy. Our study therefore demonstrates a circadian
oscillation of CIPN and its underlying transcriptomic landscape.

Numerous vital processes in our body display time-of-day dependent oscillation. Such daily rhythms of tissue-
specific and systemic functions are driven by the endogenous circadian clock where cellular oscillators, con-
taining interlocked transcriptional-translational loops composed of positive (CLOCK/NPAS2, BMALI1, RORs)
and negative (PERIOD1/2 (PER1/2) and CRYPTOCHROME1/2 (CRY1/2)) factors!, are orchestrated by the
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central pacemaker in the suprachiasmatic nuclei (SCN) in the hypothalamus. Pain is a fundamental challenge in
disease and intervention, and increasing evidence has illustrated the prevalence of circadian oscillation in pain
response. For example, episodic pain attacks in cluster headache display pronounced circadian patterns, where
82% of patients have a 15-180 min headache at the same time each day*®. Diseases with continuous pain also
exhibit circadian patterns. Neuropathic pain can be triggered by various insults to both the central and periph-
eral nervous systems, and recent studies have shown circadian rhythms of neuropathic pain intensity under
several conditions*. In a pioneering study using mice with sciatic nerve injury, diurnal rhythms of mechanical
allodynia were found to be mediated by induction of extracellular ATP release from spinal astrocytes by the
circadian hormone glucocorticoid®.

Chemotherapy-induced peripheral neuropathy (CIPN) is a dose-limiting adverse effect that can take place
at any time during the course of treatment or even after its termination’. CIPN affects up to 80% of cancer
patients treated with chemotherapy agents®-'° leading to significant decline in the overall quality of life in can-
cer patients'"'2. As a severe adverse effect of their cytostatic pharmacotherapy, the dorsal root ganglia (DRG)
of sensory neurons and the dorsal horn (DH) of spinal cords in the pain processing circuitry suffer neurotoxic
damage, which can lead to sensory ataxia, paresthesia, dysesthesia, mechanical allodynia, cold allodynia’®, and
ultimately peripheral pain in the distal extremities in a symmetrical glove and stocking distribution'.

Despite severe adverse effects of CIPN on the quality of life, the underlying pathophysiology remains
elusive!*!®. The taxane class of antineoplastic drugs, including paclitaxel, docetaxel and cabazitaxel, inhibit
normal cycles of microtubule depolymerization and repolymerization, and are known to cause high incidence
rates of CIPN, especially paclitaxel'. As a result, paclitaxel-induced CIPN is a widely used laboratory model of
neuropathic pain observed in CIPN patients. Recent studies have shown a molecular link of paclitaxel-induced
CIPN with the circadian clock. For example, the core clock gene Bmall was found to serve as a tumor suppres-
sor for tongue squamous cell carcinoma, and tumor cells with increased Bmall expression showed increased
sensitivity to paclitaxel'”. Additionally, paclitaxel altered mRNA expression of several circadian genes (Period 3,
Decl, and Dec2) in several cancer cell lines'®'®. However, circadian regulation of paclitaxel-induced CIPN has
not been well studied, and the underlying molecular pathways are poorly understood.

In the current study, a rat model of CIPN was found to demonstrate circadian oscillations of mechanical
pain hypersensitivity, and RNA-sequencing discovered a large overlap of circadian and pain response genes in
both the DRG and the DH.

Results

Paclitaxel-induced neuropathic pain behavior in rats. To investigate a functional link between cir-
cadian rhythms and CIPN, we employed a well-established peripheral nerve injury model, namely paclitaxel-
treated rats, as previously described?. Rats were housed in the normal 12:12 h light:dark condition and injected
with paclitaxel (2 mg/kg on days 0, 2, 4, and 6, total 8 mg/kg) or vehicle (dimethyl sulfoxide and Tween 80 in
saline, same volumes and intervals as in paclitaxel-injected rats). By von Frey assays performed in the morning,
we found that paclitaxel significantly decreased mechanical thresholds from 18 g on day 0 to 1.1 g on day 20,
whereas the vehicle did not change the mechanical threshold (18 g) during the experimental duration (Fig. 1A).
Next we examined the circadian pattern of CIPN on day 20. Specifically, we performed von Frey behavioral test-
ing at Zeitgeber time (ZT) 2, 8 and 26 under normal light and ZT'14 and ZT20 under red light (ZT 0 corresponds
to light-on during the 12:12 light:dark cycle). In rats treated with paclitaxel, pain response showed a significant
circadian oscillation. The mechanical threshold was increased from 0.8 g at ZT8 to 3.5 g at ZT20, suggesting
lowest (trough) and highest (peak) pain tolerance at ZT8 (daytime) and ZT20 (nighttime) respectively (Fig. 1B).
In contrast, vehicle treated rats did not show significant mechanical threshold changes. These results indicate a
circadian rhythm of neuropathic pain hypersensitivity in a chemotherapy-induced rat model.

Real-time circadian bioluminescence rhythms in ex vivo DRG cultures from Per2::LucSV cir-
cadian reporter mice. We previously produced Per2:Luc and Per2::LucSV reporter mice that express
PER2:LUC fusion proteins under the endogenous mouse Per2 promoter?*%, and these mice have been widely
used to monitor circadian dynamics with high temporal resolution in different tissues and revealed tissue-
specific clocks with distinct phases and periods??2. Compared with Per2::Luc, Per2::LucSV mice demonstrate
enhanced bioluminescence oscillation and are thus ideally suited for detecting oscillations in small tissues or cell
populations??~2%. Here, we used Per2::LucSV mice to derive ex vivo DRG cultures for circadian bioluminescence
monitoring. Lumbar DRG cultures from L1 to L5 showed robust circadian oscillations of PER2::LUC biolumi-
nescence with an average period of 24.2 h (Fig. 2A). Previously we observed dampening of PER2::LUC biolumi-
nescence oscillation as a result of desynchronization of individual oscillators especially in peripheral tissues, and
media change was able to re-synchronize oscillators and recover robust circadian oscillation?. Interestingly, after
the initial 6-day circadian bioluminescence oscillation, media change on day 7 led to a persistent, self-sustained
PER2:LUC rhythm with a circadian amplitude (the difference between peak and trough values) significantly
greater than that before the synchronization (Fig. 2B). These results indicate robust circadian oscillations in
DRG neurons which are sensitive to entraining signals.

Paclitaxel effects on ex vivo DRG culture circadian rhythms. Next we examined effects of paclitaxel
on circadian reporter rhythms from ex vivo DRG cultures. DRGs were isolated from Per2::LucSV mice and cul-
tured with DMSO- or paclitaxel-containing recording media. Individual DRG cultures (L1-L5) showed periods
in the circadian range (~ 24 h) (Fig. 3A,B), and paclitaxel treatment led to varying degrees of period lengthening
compared to DMSO controls, with statistically significant effects observed for L1-L5 (p <0.05) (Fig. 3B). The
neurotoxic effect of paclitaxel did not appear to adversely impact circadian oscillatory amplitude, namely the
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Figure 1. Effects of circadian rhythms in paclitaxel-induced neuropathic pain in rats. (A) Paclitaxel (PAC,

2 mg/kg, n=8) or vehicle (4% dimethyl sulfoxide and 4% Tween 80 in saline, 1 ml/kg, n=8) was injected
intraperitoneally on four alternate days (days 0, 2, 4, and 6), and the mechanical threshold was measured. The
asterisks indicate values that are significantly different (P <0.05) from the corresponding values for the saline
group as determined by a two-way repeated-measures analysis of variance with one repeated factor (time)
followed by the Tukey post hoc test. (B) On day 20 after the first paclitaxel (n=8) or vehicle (n=8) injection,
the mechanical threshold was measured at 2, 8, 14, 20, and 2 h after light-on. The asterisks indicate values that
are significantly different (p <0.05) from the 8 h after light-on paclitaxel group as determined by a one-way
repeated-measures analysis of variance with one repeated factor (time) followed by the Tukey post hoc test. The
data are presented as means with error bars represent SEM (n=8).

difference between peak and trough (Fig. 3C). These results suggest that acute paclitaxel treatment affects the
period, but not the amplitude, of the molecular oscillator.

Expression of core clock components BMAL1 and PER2 in the DRG. Next, we examined the
expression of the core clock proteins BMAL1 and PER2 in the mouse DRG by immunostaining. First, we dou-
ble-stained DRG tissue sections collected at ZT20 with antibodies against BMALLI, the neuronal marker NeuN
and the glial marker GFAP. The results revealed BMALLI expression in the nuclei of neurons with large or small
diameters and satellite glial cells where it co-localized with NeuN and GFAP staining signals respectively, sug-
gesting that BMALLI is expressed in both neurons and satellite cells (Fig. 4A). Next, we used PER2 antibody to
detect PER2 expression in the DRG. Consistent with BMALI staining results, PER2 expression was also detected
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Figure 2. Real-time analysis of circadian expression of PER2::LUC in ex vivo DRG cultures. (A) Representative
records of bioluminescence (LumiCycle Analysis, v. 3.0002, Actimetrics) showing circadian profiles of
PER2::LUC expression from DRGI to DRGS5 isolated from Per2::LucSV mice (n=48, 8-9 each for DRG L1-L5).
DRGs were explanted before light off. (B) Circadian oscillation of DRG explants persist rhythmicity after media
change. After day 7 of culture, media were replaced and circadian oscillation was reinitiated in L4 DRG explants
(n=3).

in both neurons and satellite glial cells, with stronger expression found in the latter (Fig. 4B). We next examined
mRNA and protein expression of Bmall and Per2 using DRG tissues isolated from Per2::LucSV mice at ZT8
and ZT20. Real-time qPCR and immunoblotting analyses revealed diurnal expression of Bmall and Per2 at the
transcript (Fig. 4C) and protein (Fig. 4D) levels in mouse DRG. Taken together, these results reveal oscillatory
clock protein expressions in the DRG.

Diurnal transcriptome profiling of CIPN.  To survey the global diurnal transcriptome landscape in both
the DH and the DRG in response to CIPN, we performed RNA-seq using RNA samples from tissues isolated
from vehicle and paclitaxel treated rats at ZT8 and ZT20 (daytime and nighttime, respectively). We found diur-
nal expression of a number of core clock genes in both tissues (Fig. S1, Tables S1 and S2), including Perl, Cryl,
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Figure 3. Effect of paclitaxel on circadian rhythms of DRG ex vivo cultures. Real-time circadian
bioluminescence was measured from paclitaxel and vehicle treated DRG1-DRGS5 ex vivo cultures. (A)
Representative records of bioluminescence showing circadian rhythm of PER2::LUC expression from vehicle
and paclitaxel treated DRG (n="7-8). Blue and red traces represent PER2::LUC reporter rhythms from vehicle
and paclitaxel (20 uM) groups respectively. (B) DRG period comparisons are shown. Period was calculated by
the LM fit (damped sin) method (LumiCycle analysis v.3.0002, Actimetrics). L1-L5 DMSO group vs. Paclitaxel
group t test: L1 and L5 DMSO vs. paclitaxel t-test: *p <0.05. (C) Relative fold amplitudes of vehicle and paclitaxel
treated tissues were calculated by the LM fit (damped sin) method. Error bars represent SEM (n=7-8).
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Figure 4. Expression of core clock proteins PERIOD2 and BMALLI in DRG neurons and satellite cells. (A)
Representative images of BMALI1 expression in the DRG of WT mice at ZT20. BMALLI (green), GFAP (red),
NeuN (red) and DAPI (blue). (B) Representative images of PER2 expression in DRG of WT mice at ZT20. PER2
(green), GFAP (red) and NeuN (red) and DAPI (blue) (N =3). Closed triangle: neuron, open triangle: satellite
cell. (C) Real-time qPCR analysis of Bmall and Per2 expression in the DRG. Error bars represent SEM (n=3)
*p<0.05, **p <0.01, unpaired t-test. (D) Western blotting was performed using total DRG protein extracts with
indicated antibodies. Error bars represent SEM (n=3), *p <0.05, **p <0.01, unpaired ¢-test.
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Nrldl, Nr1d2 and Dbp. Note that clock genes are expressed with different phases and examination of additional
time points is likely required to identify additional clock genes with differential expression. Gene expression
comparison between the two time points from vehicle treated animals revealed 522 and 832 diurnal DEGs
(differential expressed genes) in the DH and the DRG respectively (Fig. 5A). Functional enrichment analysis of
gene clusters by Metascape? showed strong enrichment of angiogenesis and glomerulus development pathways
in the DH and muscle contraction, blood vessel morphogenesis and cell-cell adhesion pathways in the DRG
(Fig. 5B). Interestingly, we found diurnal DEGs shared between the DRG and the DH, including the membrane
transporter solute carrier (Slc) superfamily (primarily involved small molecules uptake into cells) and the ATP-
dependent efflux ABC transporters® (Tables S1 and S2). Ion channels, including voltage-gated sodium channels
(Nav), voltage-gated potassium channels (Kv), and transient receptor potential channels (TRP), are well-known
contributors to the development of CIPN*~%°. Genes encoding Nav, Kv, and TRP were found to display diurnal
expression pattern in both tissues (Tables S1 and S2).

Next, to identify CIPN-related gene expression changes as a function of circadian time, we compared DEGs
from vehicle- and paclitaxel-treated tissues at ZT8 and ZT20. DH and DRG showed distinct sets of DEGs at ZT8
and ZT20 with very modest numbers of shared genes between the two time points, indicating strong time-of-day
effects on CIPN transcriptomes (Fig. 5A, Tables S3 and S4). Functional enrichment analysis revealed enrich-
ment of distinct pathways at ZT8 and ZT20. In the DH, genes involved in lipid biosynthesis and endothelial cell
differentiation were enriched at ZT8, and those related to associative learning and neuronal synaptic plasticity
were enriched at ZT20. In the DRG, genes for peripheral nervous system development and inhibition of neuronal
projection development were enriched at ZT8, and those for extracellular matrix organization and ECM-receptor
interaction were enriched at ZT20 (Fig. 5C). Among the diurnal DEGs, approximately 20% (53 +2 + 50) and 30%
(188+23 +42) genes are shared with CIPN DEGs in the DH and the DRG respectively (Fig. 5D, Tables S5 and
S6). This result indicates broad circadian regulation of CIPN DEGs, suggesting a cellular basis for the observed
circadian pain behavior. Functional enrichment analysis showed strong enrichment of angiogenesis and lipid
biosynthesis genes in the DH, and genes for ossification regulation and Schwann cell differentiation in the DRG
(Fig. 5E).

To further evaluate the effect of paclitaxel on the circadian transcriptome, we identified paclitaxel-induced
diurnal DEGs (Fig. 5F, blue circles) similarly as for vehicle-dependent diurnal DEGs in Fig. 5A (red circles), and
compared these two sets of diurnal DEGs (vehicle vs. paclitaxel). We identified sizable de novo diurnal DEGs
generated by paclitaxel treatment in both the DH (547) and the DRG (1,055). The overlaps of diurnal DEGs
between vehicle and paclitaxel treatments are small (145 and 136 for DH and DRG respectively; Fig. 5F) and
core clock genes including Bmall, Cryl, Nrldl, Nr1d2, and Dbp retained diurnal oscillation following paclitaxel
treatment as well as genes encoding Kv and Nav channels (Fig. 5F). Furthermore, OprmI (mu-opioid-receptor)
and Oprdl (opioid receptor delta 1) in the DRG, and Adora2a and IGFI in both the DH and the DRG showed
diurnal expression following paclitaxel treatment, suggesting that paclitaxel treatment can reciprocally repro-
gram the circadian transcriptome (Tables S7 and S8). Functional analysis showed enrichment of heart and
endoderm development genes in the DH and eukaryotic translation initiation and synapse organization in the
DRG (Fig. S2). Next we compared DEGs of all four groups, namely diurnal, CIPN (ZT8 and ZT20), and paclitaxel
induced diurnal DEGs in both tissues (Fig. 5G, Fig. S3). CIPN and paclitaxel-induced de novo diurnal DEGs
showed modest overlap (Fig. 5G), suggesting paclitaxel treatment generates distinct transcriptome signatures
independent from diurnal and CIPN transcriptomes.

DRG gene regulation plays pivotal roles in neuropathic pain genesis**~*?, and RNA sequencing studies have
elucidated the molecular signature underlying neuropathic pain induced by nerve injury**-*°. We compared our
CIPN induced DRG DEGs with results from nerve injury induced neuropathic pain®*!. To our surprise, the
two different pain models showed a small number of shared DEGs (Fig. $4, Table S9), suggesting pain-specific
transcriptomic remodeling.

We further compared our data to pain-related gene sets based on previous studies**~** and databases (https
://painresearchforum.org/resources/pain-gene-resource, humanpaingenetics.org/hpgdb/). Depending on circa-
dian time and treatment, this analysis identified a group of overlapping genes functioning in pain and circadian
rhythms (Table S10). Many core clock genes were found, including Cry1, Dbp, Nr1d1, Nr1d2, Perl, Per2, Per3, and
Rora. Several well-known pain genes were also identified, including Oprm1 (encoding the mu 1 opioid receptor)
and P2rx7 (encoding the purinergic receptor P2X 7). Other opioid receptor genes were observed, namely Oprd1
and Oprk1 (encoding the delta 1 and kappa 1 opioid receptors respectively). Finally our analysis also revealed
Trpv3, but not the Trpvl, Trpv2, or Trpv4 genes, and two genes involved in migraine, namely Atpla2 and Scnla
(mutations of which are responsible for familial hemiplegic migraine types 2 and 3 respectively)*. These results
are consistent with an extensive crosstalk between circadian and pain pathways.

30-32

Discussion

In the current study, we demonstrated a robust circadian rhythm of CIPN using paclitaxel-treated rats. Of note,
we observed a low pain tolerance in rats during the day (inactive phase), which correlates with the clinical
observation of low mechanical thresholds at night in humans with neuropathic pain***’. We then performed
ex vivo cultures of the peripheral ganglion DRG from Per2::LucSV reporter mice and showed cell-autonomous
circadian oscillation. Paclitaxel treatment of ex vivo DRG cultures showed period lengthening effects without
altering amplitude, indicating a surprisingly resilient circadian oscillation against the cytotoxicity of paclitaxel.
DRG neurons and satellite cells both expressed the core clock proteins BMALI and PER2. From DH and DRG
RNA-sequencing, we showed that both tissues have robust diurnal oscillations in key gene clusters including
the membrane transporter solute carrier (Slc) superfamily, ATP-dependent efflux ABC transporters, and ion
channels (Nav, Kv, TRP). Analysis of CIPN DEGs showed distinct gene sets at two circadian time points which
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«Figure 5. Circadian transcriptomic landscape in the DRG and the DH. The differentially expressed genes
were determined by using DESeq2 with thresholds of p <0.05 and fold change >1.2. (A) Venn diagrams
of differentially expressed genes in vehicle and paclitaxel treated DH (left panel) and DRG (right panel).
“ZT8DH.V vs. ZT20DH.V” (522) and “ZT8DRG.V vs. ZT20DRG.V” (832): Red circles indicate differentially
expressed genes (DEGs) at two circadian time points (ZT8 and ZT20) in DH and DRG respectively. “ZT8DH.V
vs. ZT8DH.P” (205) indicates paclitaxel-induced DEGs at ZT8 (green circle) and “ZT20DH.V vs. ZT20DH.P”
(349) indicates paclitaxel-induced DEGs at ZT20 (blue circle) in the DH (left panel). “ZT8DRG.V vs.
ZT8DRG.P” (551) indicates paclitaxel induced DEGs at ZT8 (green circle) and “ZT20DRG.V vs. ZT20DRG.P”
(265) indicates paclitaxel induced DEGs at ZT20 in DRG (blue circle). (B) Heat map showing the top
enrichment clusters by Metascape analysis (https://metascape.org/) using diurnal DEGs in the DH and the
DRG. (C) Heat map showing the top enrichment clusters by Metascape analysis using paclitaxel-induced CIPN
DEGs in the DH and the DRG at two circadian time points (ZT8 and ZT20). (D) Heat map view of DEGs at the
intersection of diurnal genes and CIPN DEGs in the DH and the DRG. Each gene is represented as a horizontal
line ordered vertically by log2 fold change in expression level at ZT20 with vehicle treatment relative to ZT8.
(E) Heat map showing the top enrichment clusters by Metascape analysis using the overlapped genes between
diurnal DEGs and paclitaxel-induced CIPN DEGs. Discrete color scale represents statistical significance, while
gray color indicates a lack of significance. (F) Venn diagrams of diurnal DEGs in vehicle and paclitaxel-induced
DEGs in DH (upper panel) and DRG (lower panel). Red circle: diurnal DEGs, blue circle: paclitaxel induced
diurnal DEGs. (G) Chow-Ruskey diagrams showing the four-way overlap of diurnal DEGs, CIPN DEGs (ZT8
and ZT20) and paclitaxel-induced DEGs in both tissues. The boundaries for each DEGs are color-coded: diurnal
DEGs (red), CIPN DEGs at ZT8 (green) and ZT20 (purple) and paclitaxel-induced DEGs (blue). The domain
areas are proportional to the number of DEGs. The Venn diagrams, heat maps for gene expression and Chow-
Ruskey diagrams were prepared with R version 3.6.3 (https://github.com/js229/Vennerable, https://CRAN.R-
project.org/package=pheatmap).

strongly overlap with clock-controlled genes. Together, our study demonstrates robust circadian regulation of
paclitaxel CIPN and the underlying gene expression network.

CIPN is a common side effect in both older and newer chemotherapeutic agents, and there is an urgent need
to improve both prevention and treatment of CIPN*. Paclitaxel is a widely used first-line drug for breast cancer.
While it cannot penetrate the blood-brain barrier and thus does not accumulate in the central nervous system,
unfortunately it can damage the peripheral nervous system including the DRG, leading to pain development*-'.
In the current study, we show a clear circadian pattern of paclitaxel CIPN, suggesting the clock as a neurophysi-
ological mechanism regulating this pain response. This result is consistent with previous findings of circadian
pain responses in various other peripheral neuropathies®.

Compared with qPCR analysis, circadian reporter bioluminescence monitoring in ex vivo cultures has supe-
rior temporal resolution and is also well suited for studies of drug effects on cellular oscillators. Extending
previous studies of clock gene expression in the DRG*>*?, we performed DRG ex vivo cultures and revealed that
L1-L5 DRG populations showed robust circadian reporter rhythms where rhythmic amplitude can be strongly
induced by media change, a simple synchronizing cue. Extending the circadian reporter results, we further
provide evidence for diurnal expression of the endogenous clock proteins BMAL1 and PER2 in both neuron
and satellite cells in the DRG. Furthermore, paclitaxel was found to lengthen the circadian period to varying
degrees, with the most significant effects in L1 and L5. These observations demonstrate that paclitaxel directly
modulates cellular oscillators at the DRG, and that the DRG clocks are both amenable to entrainment and their
robustness is resilient to the cytotoxic effects of paclitaxel.

Circadian oscillators drive tissue-specific transcriptomic expression®>’. The observation that paclitaxel can
modulate circadian oscillators in the DRG prompted us to investigate its transcriptomic landscape. Paclitaxel
induces several events in the DRG including: 1. Accumulation of immune cells such as macrophage and poly-
morphonuclear cells; 2. An increase in calcium channel subunits in the DRG**-%; 3. An increase in the expression
of phospholipase A2, chemokine ligand 21b, complement components 1 and 3, and matrix metalloproteinase
3% and 4. An increase of inflammatory cytokines such as TNF-a, IL-1, and IL-6°2. These events may be respon-
sible for changes in pain behavior. From our RNA-seq analysis, CIPN DEGs in the DH and the DRG largely
overlap with these pathways as revealed by Metascape pathway analysis (Figs. S5 and S6). We also included DH
tissues for transcriptomic profiling due to its pivotal role, in conjunction with the DRG, in the pain response.
The results indicate a broad diurnal transcriptome in the DH, consistent with a fundamental role of circadian
rhythms in CIPN.

A close examination of the transcriptomic landscape revealed further crosstalk among circadian rhythms,
CIPN and other pain pathways. In addition to expression changes of canonical circadian genes, we identified
broad circadian alteration of pain-related genes in both sites. On the other hand, paclitaxel treatment led to de
novo diurnal expression of 547 and 1,055 transcripts in the DH and the DRG respectively (Fig. 5F). These results
together highlight a strong reciprocal regulation between the circadian machinery and pain pathways. Of note,
we found several families with strong circadian expression in the DRG and/or DH known to modulate pain
response. The membrane transporter solute carrier (Slc) superfamily, ATP-dependent efflux ABC transporters
and Jon channels (Kv, Nav, TRP) were identified as DEGs as a function of both circadian time and paclitaxel treat-
ment, suggesting that these genes may form the physiological basis underlying the circadian oscillation of CIPN.

Chronotherapy, or the temporally-selective administration of treatments, has been shown to enhance the
therapeutic index (efficacy vs. toxicity)®*%. Previously, in a clinical trial of oxaliplatin, fluorouracil, and folinic
acid in colorectal cancer, chronotherapy had a significantly lower rate of peripheral neuropathy compared to
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constant-rate infusion (15% vs 31%, p <0.01)%°. Docetaxel therapeutic index was examined by administering
docetaxel at 6 circadian time points and night time treatment showed better outcomes in antitumor efficacy and
drug tolerance®. In a recent study, we demonstrated that sensitivity to multiple chemotherapy drugs is associ-
ated with expression of core clock genes®. Paclitaxel doses may be decreased by 20% to ameliorate a potential
severe neuropathy, thus limiting its chemotherapeutic effects. Our current discovery of the circadian rhythm of
paclitaxel-induced CIPN suggests a potential application of chronotherapy.

In conclusion, our study demonstrates a circadian regulation of CINP. The DRG harbors functional circadian
oscillators with strong resilience against the cytotoxicity of paclitaxel. Global transcriptome profiling reveals a
strong diurnal regulation of paclitaxel-induced transcriptomic landscape. Future mechanistic studies will inves-
tigate the crosstalk between circadian rhythms and the gene pathways identified, and its role in the temporal
regulation of neuropathic pain.

Methods
Experimental animals. For CIPN studies, male adult Sprague-Dawley rats (200-350 g; Harlan Sprague
Dawley Company, Houston, TX) were used as previously described”. They had free access to food and water
and were housed in a room with a normal light-dark cycle (light cycle: 7:00 a.m. to 7:00 p.m.). All animals were
habituated for 1 week before the experiments. The experimental protocol was approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of the University of Texas MD Anderson Cancer Center.

For circadian bioluminescence and gene expression studies, the reporter mice or C57BL6/J wild-type mice
were maintained and treated under IACUC guidelines, and the procedures were conducted as described in animal
protocols approved by the IACUC of the University of Texas Health Science Center at Houston (UTHSC-H).

Paclitaxel-induced neuropathic pain. Paclitaxel (GenDepot, Katy, TX) was dissolved in a vehicle solu-
tion (4% dimethyl sulfoxide and 4% Tween 80 in sterile saline) and was injected intraperitoneally in the morning
(9 am-12 pm) at a dose of 2 mg/kg on days 0, 2, 4, and 6°¢°. Control group rats were injected with the same
volume of the vehicle without paclitaxel.

Measurement of mechanical allodynia. To measure mechanical allodynia, we used the manual von
Frey behavior test that has been described previously”. Briefly, rats were placed in a plastic chamber on top of
a mesh screen, and the mechanical threshold of the left hind paw was determined by the up-down method”
using monofilaments (0.45-14.45 g). A filament was applied to the most sensitive parts of the paw’s plantar sur-
face—the center of the paw or the base of the third or fourth toes—for 3-4 s. A sudden withdrawal of the foot
during stimulation or immediately after removal of the filament was considered to be a positive response. The
50% threshold value was calculated from the pattern using the formula: 50% threshold = 10%+9/10¢, where X is
the value of the final von Frey filament used in log units, k is the tabular value for the pattern of positive/negative
responses, and d (0.22) is the mean difference between stimuli in log units’. After calculation, the threshold was
expressed as Log value.

The investigator who conducted the behavioral tests was blinded to the vehicle or treatment status of the rats.

Bioluminescence measurement from ex vivo DRG cultures. Mouse lumbar (L1-L5) DRG tissues
were dissected with fine spring scissors and kept in chilled Hanks™ buffered salt solution (Invitrogen). Circa-
dian bioluminescence measurement was performed as previously described?!. Briefly, all dissected tissues were
cultured on Millicell culture membranes (PICMORG50, Millipore) and were placed in 35 mm tissue culture
dishes containing 2 mL DMEM media (Invitrogen) supplemented with 352.5 ug/ml sodium bicarbonate, 10 mM
HEPES (Invitrogen), 2 mM L-Glutamine, 2% B-27 Serum-free supplement (Invitrogen), 25 units/ml penicillin,
25 pg/ml streptomycin (Invitrogen), and 0.1 mM luciferin potassium salt (L-8240, Biosynth AG). Sealed dishes
were placed in a LumiCycle luminometer (Actimetrics, Wilmette, IL) and bioluminescence was recorded con-
tinuously. For the paclitaxel treatment group, 20 uM final concentration paclitaxel recording media or vehicle
recording media were used to culture DRG. For data analysis, we used the LumiCycle data analysis program to
calculate circadian period and amplitude (Actimetrics, Wilmette, IL).

Immunohistochemistry of DRG. Freshly frozen DRG sections were briefly fixed with methanol for
10 min at — 20 °C then washed with PBS and Triton X-100 (PBS-t) three times. Sections were blocked in 10%
normal goat serum for 60 min in PBS at room temperature and incubated with primary antibody diluted in 1%
goat serum in PBS overnight at 4 °C. Slides were washed in PBS-t three times, then incubated with the secondary
antibody for 60 min at room temperature, followed by three times of washes in PBS-t. Slides were stained with
DAPI for 5 min, washed with PBS-t twice. Primary antibodies: BMAL1-GP"2, 1:500 dilution; PER2-Rb7, 1:500
dilution; GFAP-Rb (Agilent Dako), 1:500 dilution; NeuN-Mouse (Millipore), 1:500 dilution. Secondary antibod-
ies: anti-GP, anti-Rb AlexaFluor conjugates (ThermoFisher).

Real-time qPCR and western blotting. RT-qPCR analysis was conducted as previously described’*”.
Total RNA was extracted from frozen DRG by applying TRizol method (Invitrogen). One pg of extracted RNA
were used for cDNA synthesis. Gene expression was analyzed by using QuantStudio 7 Flex Real-Time PCR.
Immunoblotting was performed as described previously’* . Original, full-length immunoblots are presented in
Fig. S7.
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Tissue preparation. Tissue was obtained at either Zeitgeber Time (ZT) ZT8 or ZT20 on day 27 after the
first injection of paclitaxel or vehicle, with ZT0 corresponding to “light-on” during the 12:12 light:dark cycle. At
either ZT8 (n=3) or ZT20 (n=3), the rats were anaesthetized deeply with 4% isoflurane for induction for 5 min
and then 3% for maintenance. Under anesthesia, rat hair was removed over the thoracic region, and thoracotomy
was performed, and the rat was perfused with cold saline. The L1-6 DRG and DH were removed, frozen in
liquid nitrogen, and stored at — 80 °C. Total RNA was extracted from frozen DRG and DH tissues with TRIzol
(Invitrogen).

RNA sequencing analysis. Two micrograms of extracted RNA samples from three rats were used for
library construction and RNA sequencing analysis (Novogene). PolyA enriched non-stranded RNA sequenc-
ing was carried out by Novogene (US) on Illumina HiSeq 2500 with 150-bp paired-end reads. After adaptor
sequences were trimmed using Trimmomatic’, the sequence reads were mapped to the rat genome (RGSC
6.0/rn6) using STAR”. To obtain reliable alignments, the reads with a mapping quality of less than 10 were
removed by SAM tools”®. Ensemble annotation (41,078 transcripts) was used for gene annotation, and the frag-
ments mapped to the exons were quantified using Homer”®. We assumed that a gene was expressed if there
were more than 20 fragments mapped in the exons of the gene on average of samples in DH or DRG. For dif-
ferentially expressed gene analysis, the longest transcript of each gene was selected and the low-expression genes
were filtered out with a cut-off of 0.5 Fragments Per Kilobase of exon per Million mapped fragments (FPKM).
The differentially expressed genes, with thresholds of p <0.05 and fold change > 1.2, were determined by using
DESeq2%. Functional enrichment analysis was carried out using Metascape?®.

Statistical analyses. Data were summarized as means with standard errors of the means for the behavioral
testing. The data were analyzed in the GraphPad Prism 6 by one-way or two-way ANOVA, followed by the Tukey
Post-hoc test for behavioral testing and the Mann-Whitney U test for RNA sequencing. In all cases, p <0.05 was
considered statistically significant.

Data availability
All raw data associated with this article are available upon reasonable request.

Received: 12 January 2020; Accepted: 27 July 2020
Published online: 14 August 2020

References
1. Takahashi, J. S. Transcriptional architecture of the mammalian circadian clock. Nat. Rev. Genet. 18, 164-179 (2017).
2. Rozen, T. D. & Fishman, R. S. Cluster headache in the United States of America: demographics, clinical characteristics, triggers,
suicidality, and personal burden. Headache 52, 99-113 (2012).
3. Burish, M. J., Chen, Z. & Yoo, S. H. Cluster headache is in part a disorder of the circadian system. JAMA Neurol. 75, 783-784
(2018).
4. Gilron, I. & Ghasemlou, N. Chronobiology of chronic pain: focus on diurnal rhythmicity of neuropathic pain. Curr. Opin. Support.
Palliat. Care 8, 429-436 (2014).
5. Koyanagi, S. et al. Glucocorticoid regulation of ATP release from spinal astrocytes underlies diurnal exacerbation of neuropathic
mechanical allodynia. Nat. Commun. 7, 13102 (2016).
6. Burish, M. J., Chen, Z. & Yoo, S. H. Emerging relevance of circadian rhythms in headaches and neuropathic pain. Acta Physiol.
225, e13161 (2019).
7. Windebank, A. J. & Grisold, W. Chemotherapy-induced neuropathy. JPNS 13, 27-46 (2008).
8. Sisignano, M., Baron, R., Scholich, K. & Geisslinger, G. Mechanism-based treatment for chemotherapy-induced peripheral neu-
ropathic pain. Nat. Rev. Neurol. 10, 694-707 (2014).
9. Carozzi, V. A,, Canta, A. & Chiorazzi, A. Chemotherapy-induced peripheral neuropathy: What do we know about mechanisms?.
Neurosci. Lett. 596, 90-107 (2015).
10. Massey, R. L., Kim, H. K. & Abdi, S. Brief review: chemotherapy-induced painful peripheral neuropathy (CIPPN): current status
and future directions. Can. J. Anaesth. 61, 754-762 (2014).
11. Mols, E, Beijers, T., Vreugdenhil, G. & van de Poll-Franse, L. Chemotherapy-induced peripheral neuropathy and its association
with quality of life: a systematic review. Support Care Cancer 22, 2261-2269 (2014).
12. Rivera, E. & Cianfrocca, M. Overview of neuropathy associated with taxanes for the treatment of metastatic breast cancer. Cancer
Chemother Pharmacol 75, 659-670 (2015).
13. Yazdani, S. & Abdi, S. Brief review: pain management for cancer survivors: challenges and opportunities. Can J. Anaesth. 61,
745-753 (2014).
14. Hershman, D. L. et al. Prevention and management of chemotherapy-induced peripheral neuropathy in survivors of adult cancers:
American Society of Clinical Oncology clinical practice guideline. J. Clin. Oncol. 32, 1941-1967 (2014).
15. Park, S. B. et al. Chemotherapy-induced peripheral neurotoxicity: a critical analysis. CA Cancer J. Clin. 63, 419-437 (2013).
16. Scripture, C. D., Figg, W. D. & Sparreboom, A. Peripheral neuropathy induced by paclitaxel: recent insights and future perspectives.
Curr. Neuropharmacol. 4, 165-172 (2006).
17. Tang, Q. et al. Circadian clock gene Bmall inhibits tumorigenesis and increases paclitaxel sensitivity in tongue squamous cell
carcinoma. Can. Res. 77, 532-544 (2017).
18. Cai, D. W. et al. Overexpression of PER3 reverses paclitaxel resistance of prostate cancer cells by inhibiting the Notch pathway.
Eur. Rev. Med. Pharmacol. Sci. 22, 2572-2579 (2018).
19. Wu, Y. et al. Basic helix-loop-helix transcription factors DEC1 and DEC2 regulate the paclitaxel-induced apoptotic pathway of
MCF-7 human breast cancer cells. Int. J. Mol. Med. 27, 491-495 (2011).
20. Kim, H. K., Hwang, S. H. & Abdji, S. Tempol ameliorates and prevents mechanical hyperalgesia in a rat model of chemotherapy-
induced neuropathic pain. Front Pharmacol. 7, 532 (2016).
21. Yoo, S. H. et al. PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals persistent circadian oscillations in
mouse peripheral tissues. Proc. Natl. Acad. Sci. USA 101, 5339-5346 (2004).
22. Yoo, S. H. et al. Period2 3’-UTR and microRNA-24 regulate circadian rhythms by repressing PERIOD2 protein accumulation.
Proc. Natl. Acad. Sci. USA 114, E8855-E8864 (2017).

SCIENTIFIC REPORTS |

(2020) 10:13844 | https://doi.org/10.1038/s41598-020-70757-w



www.nature.com/scientificreports/

23.
24.
25.
26.

27.
. Busserolles, J., Tsantoulas, C., Eschalier, A. & Lopez Garcia, J. A. Potassium channels in neuropathic pain: advances, challenges,

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42,
43,
. Zorina-Lichtenwalter, K., Parisien, M. & Diatchenko, L. Genetic studies of human neuropathic pain conditions: a review. Pain
45.
46.
47.
48.
49.

50.

51.
52.
53.

54.
55.

56.

57.
58.

59.
60.
61.
62.

63.
64.

65.

Welsh, D. K., Takahashi, J. S. & Kay, S. A. Suprachiasmatic nucleus: cell autonomy and network properties. Annu. Rev. Physiol. 72,
551-577 (2010).

He, B. et al. The small molecule nobiletin targets the molecular oscillator to enhance circadian rhythms and protect against meta-
bolic syndrome. Cell Metab. 23, 610-621 (2016).

Zhou, Y. et al. Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 10, 1523
(2019).

Lin, L., Yee, S. W,, Kim, R. B. & Giacomini, K. M. SLC transporters as therapeutic targets: emerging opportunities. Nat. Rev. Drug
Discov. 14, 543-560 (2015).

Ciotu, C. I. et al. Noncanonical ion channel behaviour in pain. Int ] Mol Sci 20, 1 (2019).

and emerging ideas. Pain 157(Suppl 1), S7-14 (2016).

Staaf, S., Oerther, S., Lucas, G., Mattsson, J. P. & Ernfors, P. Differential regulation of TRP channels in a rat model of neuropathic
pain. Pain 144, 187-199 (2009).

Ji RR, Strichartz G. Cell signaling and the genesis of neuropathic pain. Science’s STKE: signal transduction knowledge environment
2004, reE14 (2004).

Kanat, O., Ertas, H. & Caner, B. Platinum-induced neurotoxicity: a review of possible mechanisms. World J. Clin. Oncol. 8, 329-335
(2017).

Berta, T., Qadri, Y., Tan, P. H. & Ji, R. R. Targeting dorsal root ganglia and primary sensory neurons for the treatment of chronic
pain. Expert Opin. Ther. Targets 21, 695-703 (2017).

Gong, L. et al. Global analysis of transcriptome in dorsal root ganglia following peripheral nerve injury in rats. Biochem. Biophys.
Res. Commun. 478, 206-212 (2016).

Hu, G. et al. Single-cell RNA-seq reveals distinct injury responses in different types of DRG sensory neurons. Sci. Rep. 6, 31851
(2016).

Sapio, M. R, Goswami, S. C., Gross, J. R., Mannes, A. J. & Iadarola, M. ]. Transcriptomic analyses of genes and tissues in inherited
sensory neuropathies. Exp. Neurol. 283, 375-395 (2016).

Lisi, V. et al. Enhanced neuronal regeneration in the CAST/Ei mouse strain is linked to expression of differentiation markers after
injury. Cell Rep. 20, 1136-1147 (2017).

Ray, P. et al. Comparative transcriptome profiling of the human and mouse dorsal root ganglia: an RNA-seq-based resource for
pain and sensory neuroscience research. Pain 159, 1325-1345 (2018).

Hammer, P. et al. nRNA-seq with agnostic splice site discovery for nervous system transcriptomics tested in chronic pain. Genome
Res. 20, 847-860 (2010).

Costigan, M. et al. Replicate high-density rat genome oligonucleotide microarrays reveal hundreds of regulated genes in the dorsal
root ganglion after peripheral nerve injury. BMC Neurosci. 3, 16 (2002).

Perkins, J. R. et al. A comparison of RNA-seq and exon arrays for whole genome transcription profiling of the L5 spinal nerve
transection model of neuropathic pain in the rat. Mol. Pain 10, 7 (2014).

Kim, S. H. & Chung, J. M. An experimental model for peripheral neuropathy produced by segmental spinal nerve ligation in the
rat. Pain 50, 355-363 (1992).

Foulkes, T. & Wood, J. N. Pain genes. PLoS Genet. 4, e1000086 (2008).

James, S. Human pain and genetics: some basics. Br. J. Pain 7, 171-178 (2013).

159, 583-594 (2018).

Headache Classification Committee of the International Headache Society (IHS). The international classification of headache
disorders, 3rd edition. Cephalalgia Int. ]. Headache 38, 1-211 (2018).

Odrcich, M., Bailey, J. M., Cahill, C. M. & Gilron, I. Chronobiological characteristics of painful diabetic neuropathy and posther-
petic neuralgia: diurnal pain variation and effects of analgesic therapy. Pain 120, 207-212 (2006).

Gilron, I, Bailey, . M. & Vandenkerkhof, E. G. Chronobiological characteristics of neuropathic pain: clinical predictors of diurnal
pain rhythmicity. Clin. J. Pain 29, 755-759 (2013).

Wolf, S., Barton, D., Kottschade, L., Grothey, A. & Loprinzi, C. Chemotherapy-induced peripheral neuropathy: prevention and
treatment strategies. Eur. J. Cancer 44, 1507-1515 (2008).

Dougherty, P. M., Cata, J. P,, Cordella, J. V., Burton, A. & Weng, H. R. Taxol-induced sensory disturbance is characterized by
preferential impairment of myelinated fiber function in cancer patients. Pain 109, 132-142 (2004).

Peters, C. M., Jimenez-Andrade, J. M., Kuskowski, M. A., Ghilardi, J. R. & Mantyh, P. W. An evolving cellular pathology occurs
in dorsal root ganglia, peripheral nerve and spinal cord following intravenous administration of paclitaxel in the rat. Brain Res.
1168, 46-59 (2007).

Cavaletti, G. et al. Distribution of paclitaxel within the nervous system of the rat after repeated intravenous administration. Neu-
rotoxicology 21, 389-393 (2000).

Zhang, J. et al. Regulation of peripheral clock to oscillation of substance P contributes to circadian inflammatory pain. Anesthesiol-
ogy 117, 149-160 (2012).

Das, V. et al. Pharmacological targeting of the mammalian clock reveals a novel analgesic for osteoarthritis-induced pain. Gene
655, 1-12 (2018).

Mure, L. S. et al. Diurnal transcriptome atlas of a primate across major neural and peripheral tissues. Science 359, 1 (2018).
Koike, N. et al. Transcriptional architecture and chromatin landscape of the core circadian clock in mammals. Science 338, 349-354
(2012).

McCarthy, J. J. et al. Identification of the circadian transcriptome in adult mouse skeletal muscle. Physiol. Genomics 31, 86-95
(2007).

Tognini, P. et al. Distinct circadian signatures in liver and gut clocks revealed by ketogenic diet. Cell Metab. 26, 523-538 (2017).
Xiao, W., Boroujerdi, A., Bennett, G. J. & Luo, Z. D. Chemotherapy-evoked painful peripheral neuropathy: analgesic effects of
gabapentin and effects on expression of the alpha-2-delta type-1 calcium channel subunit. Neuroscience 144, 714-720 (2007).
Matsumoto, M., Inoue, M., Hald, A., Xie, W. & Ueda, H. Inhibition of paclitaxel-induced A-fiber hypersensitization by gabapentin.
J. Pharmacol. Exp. Ther. 318, 735-740 (2006).

Peters, C. M. et al. Intravenous paclitaxel administration in the rat induces a peripheral sensory neuropathy characterized by
macrophage infiltration and injury to sensory neurons and their supporting cells. Exp. Neurol. 203, 42-54 (2007).

Nishida, K. et al. Up-regulation of matrix metalloproteinase-3 in the dorsal root ganglion of rats with paclitaxel-induced neuropa-
thy. Cancer Sci. 99, 1618-1625 (2008).

Ledeboer, A. et al. Intrathecal interleukin-10 gene therapy attenuates paclitaxel-induced mechanical allodynia and proinflamma-
tory cytokine expression in dorsal root ganglia in rats. Brain Behav. Immun. 21, 686-698 (2007).

Cederroth, C. R. et al. Medicine in the fourth dimension. Cell Metab. 30, 238-250 (2019).

Antoch, M. P. & Kondratov, R. V. Pharmacological modulators of the circadian clock as potential therapeutic drugs: focus on
genotoxic/anticancer therapy. Handb. Exp. Pharmacol. 1, 289-309 (2013).

Levi, E, Zidani, R. & Misset, J. L. Randomised multicentre trial of chronotherapy with oxaliplatin, fluorouracil, and folinic acid in
metastatic colorectal cancer International Organization for Cancer Chronotherapy. Lancet 350, 681-686 (1997).

SCIENTIFIC REPORTS |

(2020) 10:13844 | https://doi.org/10.1038/s41598-020-70757-w



www.nature.com/scientificreports/

66. Tampellini, M. et al. Docetaxel chronopharmacology in mice. Can. Res. 58, 3896-3904 (1998).

67. Ye, Y. et al. The genomic landscape and pharmacogenomic interactions of clock genes in cancer chronotherapy. Cell Syst. 6, 314-328
(2018).

68. Polomano, R. C., Mannes, A. ], Clark, U. S. & Bennett, G. J. A painful peripheral neuropathy in the rat produced by the chemo-
therapeutic drug, paclitaxel. Pain 94, 293-304 (2001).

69. Kim, H. K, Zhang, Y. P, Gwak, Y. S. & Abdi, S. Phenyl N-tert-butylnitrone, a free radical scavenger, reduces mechanical allodynia
in chemotherapy-induced neuropathic pain in rats. Anesthesiology 112, 432-439 (2010).

70. Chaplan, S. R, Bach, E. W,, Pogrel, ]. W, Chung, J. M. & Yaksh, T. L. Quantitative assessment of tactile allodynia in the rat paw. J.
Neurosci. Methods 53, 55-63 (1994).

71. Dixon, W. J. Efficient analysis of experimental observations. Annu. Rev. Pharmacol. Toxicol. 20, 441-462 (1980).

72. Jeong, K. et al. Dual attenuation of proteasomal and autophagic BMALI degradation in Clock Deltal9/+ mice contributes to
improved glucose homeostasis. Sci. Rep. 5, 12801 (2015).

73. Miki, T., Matsumoto, T., Zhao, Z. & Lee, C. C. p53 regulates Period2 expression and the circadian clock. Nat. Commun. 4, 2444
(2013).

74. Yoo, S. H. et al. Competing E3 ubiquitin ligases govern circadian periodicity by degradation of CRY in nucleus and cytoplasm.
Cell 152, 1091-1105 (2013).

75. Nohara, K. et al. Cardiolipin synthesis in skeletal muscle is rhythmic and modifiable by age and diet. Oxidat. Med. Cell. Long. 2020,
5304768 (2020).

76. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120
(2014).

77. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

78. Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079 (2009).

79. Heinz, S. et al. Simple combinations of lineage-determining transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Mol. Cell 38, 576-589 (2010).

80. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

Acknowledgements

We thank D. Ferster for helpful advice on bioluminescence data analysis. This study was supported by the
Welch Foundation (AU-1971-20180324) and NIH/NIGMS (R01GM114424) to S.-H.Y., The Welch Founda-
tion (AU-1731-20190330) and NIH/NIA (R01AG045828, RF1AG061901, R56AG063746 and RO1AG065984)
to Z.C., NIH/NIDA (RO1DA050530) to J.M.C., The NMSS Foundation (RG 1907-34551) and NIH/NINDS
(ROINS110859-01) to H.K.L., the Helen Buchanan and Stanley Joseph Seeger Endowment at The University of
Texas MD Anderson Cancer Center to S.A., and the Will Erwin Headache Research Foundation to M.].B., and
Korean NRF-2017R1A1A1A05001310 to S.Y.L.

Author contributions

S.-H.Y. designed the project; S.-H.Y., S.A., JM.C,, Z.C., H.K.L., and K.Y. supervised research; HK.K., S.-Y.L.,
N.K, EK, MW, M.J.B,, HK.L,, and S.-H.Y. conducted research; all authors contributed to experimental design
and data analysis; S.-H.Y., Z.C., HK.K,, and M.].B. prepared the manuscript draft; all authors provided informa-
tion and/or critical comments during manuscript preparation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-70757-w.

Correspondence and requests for materials should be addressed to S.-H.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13844 | https://doi.org/10.1038/s41598-020-70757-w


https://doi.org/10.1038/s41598-020-70757-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Circadian regulation of chemotherapy-induced peripheral neuropathic pain and the underlying transcriptomic landscape
	Anchor 2
	Anchor 3
	Results
	Paclitaxel-induced neuropathic pain behavior in rats. 
	Real-time circadian bioluminescence rhythms in ex vivo DRG cultures from Per2::LucSV circadian reporter mice. 
	Paclitaxel effects on ex vivo DRG culture circadian rhythms. 
	Expression of core clock components BMAL1 and PER2 in the DRG. 
	Diurnal transcriptome profiling of CIPN. 

	Discussion
	Methods
	Experimental animals. 
	Paclitaxel-induced neuropathic pain. 
	Measurement of mechanical allodynia. 
	Bioluminescence measurement from ex vivo DRG cultures. 
	Immunohistochemistry of DRG. 
	Real-time qPCR and western blotting. 
	Tissue preparation. 
	RNA sequencing analysis. 
	Statistical analyses. 

	References
	Acknowledgements


