www.sciencemag.org/cgi/content/full/science.aa00318/DC1

AVAAAS

Supplementary Material for

Diurnal transcriptome atlas of a primate across major neural and
peripheral tissues

Ludovic S. Mure, Hiep D. Le, Giorgia Benegiamo, Max W. Chang, Luis Rios, Ngalla
Jillani, Maina Ngotho, Thomas Kariuki, Ouria Dkhissi-Benyahya, Howard M. Cooper,*
Satchidananda Panda*

*Corresponding author. Email: howard.cooper@inserm.fr (H.M.C.); satchin@salk.edu (S.P.)

Published 8 February 2018 as Science First Release
DOI: 10.1126/science.aa00318

This PDF file includes:
Materials and Methods

Figs S1to S7
References

Other Supplementary Material for this manuscript includes the following:
(available at www.sciencemag.org/content/science.aao0318/DC1)

Tables S1 to S12 as a separate Excel file
Databases 1 and 2 as separate .zip files



Materials and Methods
Sample Collection and Processing.

Animal recordings and tissue collection was performed at the Institute of Primate
Research (IPR, National Museums of Kenya, Nairobi). The IPR is a WHO Collaborating
Center and is part of the EU Primate network EUPRIM.

The protocols and ethics were approved by the Kenya IACUC (Institute Animal
Care and Use Committee, Approval 160811) and (ISERC, (Institution Scientific and
Ethical Review Committee). The primate species used was the baboon, Papio anubis
hamadrya, listed by the IUCN as a species of Least Concern, stable to increasing
population in Kenya (http://www.iucnredlist.org/details/40647/0). Permits for export of
biological specimens were obtained from the KENYA WILDLIFE SERVICE (No. 93-
85129), CITES (No. 0380542), Import Permit to France from CITES (FR1306901234-1),
re-export permit to the United States from CITES (FR1406902037-R) and import permit
by the Department of Health and Human Services (2014-06-130). Although it is customary
to sample tissues from multiple animals (>3) per time point in every 2 hours for at least 48
hours, due to ethical considerations to minimize the number of animals, yet obtain enough
data across one full day, we decided to sample tissue from only one animal every 2 h over
24 h. Furthermore, to maximize the use of this tissue resource, we have set up two tissue
banks (one in INSERM, Lyon, and another at Salk Institute, La Jolla) to enable future
studies and access to remaining tissues and brain regions by our group and by any interested
academic researcher.

For one month before the experiment, twelve male baboons (age 5-6 yrs, 7-11 kg)
were maintained in a 12hr light-12 hr dark cycle (artificial fluorescent light, 300 lux).
Animals were fed twice aday at ZT 3 (9:00) and ZT 9 (15:00) with fruits and primate meal
pellets, with access to water ad libitum. Daily rest-activity rhythms were recorded using
infrared movement sensitive detectors installed above each cage (IPR Chronobiology
facility, CAMS activity system™) and body temperature recorded with temperature
loggers (i-button, Texas Inst) implanted between the scapula. The facility was not insulated
regarding temperature and sound.

Timed biosamples were collected every 2 hrs from ZTO to ZT22, one primate at
each sample time. The Institute veterinary services administered animals a lethal dose of
sodium pentobarbital, after which blood (centrifuged for plasma), urine and CSF samples
collected. Animals were perfused through the left ventricle with 4 liters of ice cold (2°C)
buffered, oxygenated Ame's solution. Collection of brain sections used standardized
procedures for NHPs (20). The brain and eyes were rapidly removed (less than 5 min) and
kept at 4°C on ice. Tissue collections were made simultaneously in three stations. In Station
1, the brain was cut into 4 mm thick serial sections using a specifically built baboon brain
matrix (J.A. Cooper). Sections were placed on individual 0.25 inch thick aluminium ice
cold plates, each section photographed and punches obtained from selected brain structures
(see Fig.1A and Table S1). The Primate Brain map (corrected with the Papio linear ratio
(21)) was used as the reference guide for brain tissue punches. Sections were packaged in
individual sterilized plastic pouches (Nasco™) then frozen in dry ice and stored at -80°C.
At the same time (Station 2), samples were taken from the eyes (retina, RPE, vitreous, lens,
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cornea, iris, optic nerve), divided into aliquots and frozen in dry ice. During the night-time
periods, the head and eyes were covered with opaque plastic prior to perfusion and
dissections of the eye and retina were performed in the dark using infrared viewers. Station
3 collected various body tissues and organs, listed in Fig.1A and Table S1. All tissues were
distributed into individual aliquots with certain larger tissues stored in bulk samples (liver,
muscle, etc.), frozen in dry ice, and then stored at -80°C. The whole procedure, from
collection to storage lasted no more than 120 min.

The INSERM-SALK NHP tissue bank collection consisted of 284 brain sections
(22 to 25 per animal), and 42 peripheral tissues divided into 1008 aliquots.

RNA extraction

Total RNA was extracted from samples using various methods optimized for the
type of tissue. For many samples, RNA was isolated and purified by QIAGEN's RNeasy
Mini kit according to the manufacturer's instructions. For fatty samples, Trizol (Thermo
Fisher) was used following manufacturer's instructions to obtain RNA. Proteinase K was
added to samples that contained high amounts of connective tissue. Homogenization
methods such as rotor/stator, bead-based, pestle and Qiagen's QlAshredder were used to
improve RNA extraction.

Tissue Method Tissue Method Method Description

ADC 1 OES 3 1 QlAshredder, RNeasy Mini

ADM 1 oLB 3 2 Rotor/stator homogenization, Proteinase K, RNeasy Mini
AMY 1 OMF 3 3 Rotor/stator homogenization, Trizol
ANT 3 ONH 3 4 Bead-based homogenization, Proteinase K, RNeasy Mini
AOR 3 PAN 3 5 Pestle Homogenization, Rneasy Mini
ARC 3 PIN 1

ASC 3 PIT 1

AXL 3 PON 3

BLA 3 PRA 5

BOM 3 PRC 3

CEC 3 PRO 3

CER 1 PUT 3

COR 4 PVN 5

DEC 3 RET 3

DMH 5 RPE 2

DUO 3 SCN 5

HAB 3 SKI 2

HEA 3 SMM 3

HIP 1 SON 3

ILE 3 SPL 1

IRI 2 STF 3

KIC 1 SUN 3

KIM 1 TES 3

LGP 3 THA 3

LH 3 THR 3

LIV 1 VIC 3

LUN 3 VMH 3

MEL 3 WAM 3

MGP 3 WAP 3

MMB 3 WAR 3

MUA 3 WAS 3

MUG 3 WAT 3



Libraries preparation and high-throughput sequencing

Libraries were prepared using [llumina’s TruSeq Stranded mRNA HT kit according
to manufacturer’s instructions. In brief, total RNA starting with 1ug was poly-A selected,
fragmented by metal-ion hydrolysis and then converted to cDNA using SuperScript 1. For
four tissues - habenula, lateral globus pallidus, medial globus pallidus, and substantia negra
only 400ng of total RNA was used for library production due to the limiting nature of the
source tissue. The cDNA was then end-repaired, adenylated and ligated with Illumina
sequencing adapters. Finally, the libraries were enriched by 15 cycles of PCR
amplification. Libraries were pooled and sequenced using an Illumina HiSeq 2500 with
50-bp single-read chemistry.

Read mapping and annotation

Sequencing reads were aligned to the olive baboon PapAnu2.0 genome using STAR
aligner (22). Gene-level read counts were obtained using featureCounts (23) with gene
annotation from Ensembl (http://www.ebi.ac.uk/ena/data/view/GCA_000264685.1).
DESeq2 (24) was used to generate normalized read counts and FPKM values.

Statistical analysis of rhythmic gene expression

Only genes with the average of FPKM values of the 12 time points >0.1 were
considered expressed (9).We then use meta2d, a function of the R package Metacycle, to
evaluate periodicity in the RNA seq data. Briefly, meta2d incorporates ARSER,
JTK_CYCLE and Lomb-Scargle and implements N-version programming concepts using
a suite of algorithms and integrating their results (p and q values, period, phase and
amplitude). Genes were considered to be rhythmically expressed when the integrated p
value was <0.05. Other analysis, comparisons and statistical tests were performed using
Matlab (The MathWorks, Inc) and Graph Pad Prism 5.

Gene ontology and pathway over-representation analysis (ORA)

For gene ontology and pathway ORA analysis Papio Anubis ensembl gene IDs were
converted to the orthologous human ensemble IDs and analysed using GO-Elite homo
sapiens databases (16). Each analyzed term was ranked according to a Z-score, calculated
with a normal approximation to the hypergeometric distribution along with a permutation
or a Fisher’s exact test P-value. False-discovery rate adjusted P-values are calculated using
a Benjamini—Hochberg correction. The ontology ORA results from this step were further
evaluated by a pruning method. Pruning occurs by importing the ORA statistics (Z-score,
P-values and gene counts), matching default filtering options and building all unique
branch paths of these results based on the ontology tree structure. Branch paths are pruned
to obtain the nodes with the largest Z-score relative to all corresponding child and parent
nodes, to report the most informative, highest scoring term for a network of related terms.
We used 2000 permutations, Z-score cut-off of 2, permuted p-value cut-off of 0.05.
Ontology terms were sorted by Z-score.



Phase Set Enrichment Analysis (PSEA)

To analyse rhythmicity of annotated groups of genes, we used Phase Set
Enrichment Analysis software (17). Files containing the list of cycling genes relative to a
given gene ontology annotation and their peak phases of expression were inputted in PSEA
software. PSEA evaluated each selected gene set for evidence of temporally coordinated
transcription and provided summary statistics.

Mouse data sets

For comparison between Baboon and mouse rhythmic gene expression, gene
expression data from twelve different mouse organs were obtained from recent studies (1,
18, 25). ADR, AOR, BST, CER, HEA, KID, LIV, LUN, MUS, WAT datasets are from
RNA seq experiments (1), PIT and SCN (18) from microarray experiments. Mouse ADR,
BST and KID were compared to baboon ADC, PON and KIC respectively.

The mouse data were re-analyzed using meta2d, a function of the R package
Metacycle. As described for the baboon data, genes were considered to be rhythmically
expressed when the integrated p value was <0.05.

Data availability

The data discussed in this study have been deposited in NCBI's Gene Expression Omnibus
and are accessible through GEO Series accession number: GSE98965. Rhythmicity
parameters and statistics calculated via metacycle are available in supplementary databases
S1 for the baboon and databases S2 for the mouse.
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Fig. S1: (A) Average locomotor activity and body temperature of the 12 animals over the
2 weeks immediately preceding the tissue collection (n=12). (B) Example of actogram of
locomotor activity of a baboon for two weeks before the experiment. Each horizontal line
represents one day of activity. Shaded portion represents nighttime. (C) mean onsets and
offsets of locomotor activity and active period (interval shown in orange bar) of the 12
baboons for two weeks preceding the experiment. (D) Average locomotor activity that
occurred daily during the light and dark phases respectively (average =/-SEM, n=12). (E)
Average times of minimum temperature (blue) and mid-maximum body temperatures
phase (red).
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Fig. S2: (A) Principal component analysis performed on the 12 time points of the 64 tissues
of the present study. (B) Dendrograms obtained from the clustering of the central nervous
system (above) and the peripheral organs (below) transcriptomes (log2(expressed genes-
UEGS)). (C) Principal component analysis performed on the 12 time points of 14 tissues
of the present study (above) and 13 corresponding tissues (below) from the NHPRTR
database (12) shows similar clustering of tissues groups based on gene expression profiles.
Data from the Pipes et al study are from an RNA seq experiment on one female Papio
anubis of 6 years 2 months. (D) Distribution of the genes as a function of the number of
tissues they are expressed in (genes are considered expressed if their average FPKM over
the 12 time points is >0.1).
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Fig. S3: (A) A tissue by tissue comparison showing the lack of correlation of the number
of genes expressed and the number of genes cycling in the same tissue. (B) Number of
genes cycling (meta2d, p value >0.05) in at least one tissue classified by gene type (C).
Relative distribution of genes found expressed (left) and cycling (right) in at least one of
the 64 tissues according to their gene types. (D) Distribution across 24h and all the tissues
sampled of the total number of genes phase of peak expression.
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Fig. S4: (A) Circular distribution of the peak phases of Ciart. (B) Clustering of 10 clock
genes expressed in 64 tissues based on their average level of expression over 24h. (C)
Average (green circle) and median (red arrow) distributions of the peak phases of core
clock components in the tissues where they are detected as cycling (grey circles). (D)
Distribution of the median peak phases of core clock components.
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FigureS5
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Fig. S5: (A) Heatmap of the GO-molecular functions terms enriched for genes cycling in
more than 10 tissues. In red are represented the pathways satisfying the criteria of over-
representation analysis (ORA, gene number>2, z-score>2 and permuted p<0.05). The color
intensity codes for the z-score. (B) Heatmap of the GO-biological processes terms enriched
for cycling genes in more than 10 tissues.
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Fig. S6: (A) Correlation between the numbers of genes expressed in mouse and baboon
tissues. (B) Fraction of genes cycling in the baboon also cycling in the mouse. (C)
histogram of the KEGG pathways enriched for genes found cycling in both mouse and
baboon (criteria of over-representation analysis: gene number>2, z-score>2 and permuted
p<0.05). (D) Phase differences of the genes cycling in both mouse and baboon in
cerebellum (CER) and heart (HEA).
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FigureS7
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Additional Data tables (separate file)

Table S1: Tissues nomenclature and number of expressed genes
Table S2: Mapping Statistics

Table S3: KEGG annotations of UEGs

Table S4: Lists of genes expressed at least in one tissue and in all tissues (UEGS)
Table S5: 100 Top expressed genes by tissue

Table S6: List of cycling genes in each tissue

Table S7: Expressed and cycling genes overlaps tissue by tissue
Table S8: List of all cycling genes

Table S9: List of non-cycling UEGs

Table S10: List of genes cycling in more than 20 tissues

Table S11: Phases of the Core Clock Genes across tissues
Table S12: List of FDA approved drug targets cycling

Additional Databases (separate file)

Database S1: Baboon meta2d statistics
Database S2: Mouse meta2d statistics
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