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Fig. S1. Comparison of circadian genes identified from longitudinal dermis and epidermis samples. (A) Number of circadian genes at a series of p-value cut-offs were shown in dermis and epidermis. (B) Phase distribution of circadian genes (P < 0.05) identified in epidermis and dermis. (C and D) Significant enriched time-dependent pathways of circadian genes identified in dermis and epidermis. A less significant cut-off (P < 0.1) was used to select circadian genes for performing PSEA analysis (q < 0.05). (E) MetaCycle predicted phases of ARNTL and NR1D2 in epidermis and dermis in 19 participants (excluding participant 115). (F) The individual rAMP of six clock genes were shown for dermis and epidermis. The boxes indicate data between the 25th and 75th percentiles with central horizontal lines representing the median values, respectively. The whiskers of boxes show the 5th and 95th percentiles.
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Fig. S2.  MetaCycle predicted phases of ARNTL, melatonin and cortisol in epidermis and dermis for 20 participants. There are not enough data points for predicting melatonin and cortisol phase for participants 101, 102, 103 and 104, and for predicting ARNTL phase for participant 115. Total 15 participants have predicted ARNTL, melatonin and cortisol phases. The box-plots indicate the phase difference between ARNTL and melatonin/cortisol for these 15 participants in epidermis and dermis. 
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Fig. S3. Evaluation of circadian clock robustness in epidermis and dermis across different body sites. The heatmaps of Spearman’s rho correlation values for clock and clock-associated genes were drawn for epidermis (A, C, E) and dermis (B, D, F) in forearm, buttock and cheek for 154 participants. Red and blue indicate positive and negative Spearman’s rho values, respectively.
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Fig. S4. Phase order of identified clock and clock-associated genes from epidermis and dermis. Conserved phase relationships are shown for clock and clock-associated genes (internal circle, mouse; external circle, human) in human epidermis (A) and dermis (B). The phase of ARNTL/Arntl is set as 0.






[image: ]
Fig. S5. The relative phase to ARNTL matches relative phase to melatonin or cortisol for time-stamped samples in epidermis and dermis. Samples collected at different time points are indicated with different point shapes. 
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Fig. S6. The pipeline of identifying and testing dermal candidate biomarkers using ZeitZeiger. The training dataset includes 472 longitudinal and population-based dermis samples. Using this training dataset, a set of 21 candidate biomarker genes were selected by ZeitZeiger. The prediction accuracy of candidate biomarkers was further tested using 36 dermis samples collected from 9 male participants in the U.S., and each participant donated one sample at each of four time points (6 AM, 12 PM, 6 PM and 12 AM). 
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Fig. S7. Candidate biomarkers for predicting molecular clock phase of a single dermal sample. (A) 21 candidate biomarker genes were selected by ZeitZeiger. (B) Validation of candidate biomarkers using dermis samples from 9 participants that were excluded from the training set. The dermis samples were collected every 6 h over a circadian day. Average predicted phases of samples collected at 12 AM, 6 AM, 12 PM and 6 PM are indicated with red, orange, cyan and purple dashed lines, respectively.
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Fig. S8. Prediction accuracy of candidate biomarkers from epidermis and dermis. Absolute errors of phase prediction using selected candidate biomarker genes are plotted for nine participants at six time windows for epidermis (A) and dermis (B). Absolute errors of phase prediction using candidate biomarker genes from epidermis are plotted for 18 participants at three time windows (C) using data from Sporl et al. study (Table S1). The boxes indicate data between the 25th and 75th percentiles with central horizontal lines representing the median values, respectively. The whiskers of boxes show the 5th and 95th percentiles.
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Fig. S9. Three steps of running SkinPhaser. The SkinPhaser app is in GitHub (https://github.com/gangwug/SkinPhaser). 












Table S1. The list of skin datasets used in this study
	Datasets
	Reference
	Platform
	Site
	#Samples
	Experimental design

	1. Mouse telogen
(longitudinal)
	[bookmark: _GoBack]Geyfman M., et al., 2012, PNAS. GSE38622
	MoGene-1_0-st
	telogen
	13
	C57BL/6CR mice were housed under 12 h:12 h LD cycles with food and water ad libitum. Whole skin was collected at 4-h intervals for 48 h. Telogen samples were collected from P46 mice. Equal amounts of RNA from the three mice for each time point were pooled.

	2. Epidermal
skin from Caucasian in Germany
(longitudinal)
	Sporl F, et al., 2012, PNAS. GSE35635
	Agilent- 014850
	NA
	54
	Suction blisters for 10 male and 10 female volunteers aged 28.35 ± 4.36 y (mean ± SD) were harvested at 9.30 am, 2.30 pm and 7.30 pm. Those 18 participants with 3 samples were selected in this study.

	3. Epidermal
skin from Caucasian in the U.S.
(longitudinal)
	Wu G., et al., 2018, PNAS.
GSE112660
	HG-219 array
	forearm
	79
	Four forearm skin samples were collected at 12am, 6am, 6pm, 12pm for each of 20 male participants, except one missing sample from participant 115. The ages of these 20 participants are between 21 and 49 years old. LCM was performed to separate dermis from epidermis.

	4. Dermal
skin from Caucasian in the U.S.
(longitudinal)
	This study.
GSE139300
	HG-219 array
	forearm
	79
	As described above for dataset 3.

	5. Epidermal skin from Caucasian  in the U.S. (population)
	Kimball A. B., et al., 2018, J Am Acad Dermatol.
GSE139305
	HG-219 array
	forearm,
cheek and buttock
	454
	One skin sample from forearm, cheek and buttock was taken from each of 154 female participants, aged between 20 and 74 years old. Samples were designed to collect during the working hours, between 9am to 5pm. LCM was performed to separate dermis from epidermis. There are 17 participants with one missing sample and one participant with two missing samples.

	6. Dermal skin from Caucasian  in the U.S. (population)
	Kimball A. B., et al., 2018, J Am Acad Dermatol.
GSE139305
	HG-219 array
	forearm,
cheek and buttock
	452
	As described above for dataset 5.








Table S2. The list of software packages used in this study
	Software package
	Version
	Link

	affy 
	1.62.0
	https://bioconductor.org/packages/release/bioc/html/affy.html

	ape
	5.3
	https://cran.r-project.org/web/packages/ape/index.html

	CircStats
	0.2-6
	https://cran.r-project.org/web/packages/CircStats/index.html

	CYCLOPS
	v3.0.2.1
	https://github.com/gangwug/CYCLOPSv3.0.2.1

	julia
	0.3.12
	https://julialang.org/downloads/oldreleases.html

	limma
	3.40.2
	https://bioconductor.org/packages/3.9/bioc/src/contrib/Archive/limma/

	MetaCycle
	1.2.0
	https://cran.r-project.org/web/packages/MetaCycle/index.html

	Oscope
	1.14.0
	http://bioconductor.org/packages/release/bioc/html/Oscope.html

	PSEA
	1.1
	https://github.com/ranafi/PSEA

	R
	3.6.1
	https://www.r-project.org/

	sva
	3.32.1
	https://bioconductor.org/packages/release/bioc/html/sva.html

	zeitzeiger
	2.0.1
	https://github.com/hugheylab/zeitzeiger
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Welcome to SkinPhaser

Starting point: File format

The input file contains expression values of measured marker genes and internal control
genes from each test human epidermal sample. At least 6 test samples were required. The
file format should be like below:

Step 1:
1) Upload the
‘example.csv’ from

Choose datafile  File style
Browse. Ocsv

Upload complete €3

geneSym  samplel sample2 sample3 sample4 sample5 sample6

————

SkinPhaser folder; 2) T D ARNTL 562020 421557 465366 273658 312063  3633.00
select the 'File style’ meestired lepidennalsamples? PER2 555367 340242 506322 10981.62  7311.67 566325
© all 12 marker genes NRIDI 380905 207452 371128 823320 3095630 936664

as ‘csVv’; 3) type the
internal control
genes.

7 marker genes (ARNTL, NR1D1,

CIART, PER1/2/3, DBP) or more GPKOW 3187.47 4063.09 3483.91 3341.07 4250.37 3943.27

Internal control genes used for Step1: Upload

normalization

Please take a look at the input file selected on the left:

GPKOW, BMS1, ANKFY1 geneSym GSM872267 GSM872266 GSM872299 GSM872251 GSM872256

Step 2:

PERT 5124.44 703047 487323 2825128 15128.39
Click ‘Run’ and will PER3 664.95 939.02 488.05 931.75 1118.59
see the below table. FAM117A 3255.88 3950.82 3928.26 358.58 2418.62
samplelD phase NR1D2 543.92 746.21 578.27 857.90 941.84
CIART 944.95 1587.76 817.82 4818.59 2454.14
GSM872267 5.05 NR1D1 2233.35 4061.36 554494 1749445 8773.02
GSM872266 4.94
Step2: Run
GSM872299 5.45 P
If the input file is shown as expected, please set parameters on the left and click Run
button.

Step3: Download

Step 3:
p You could download the output results by clicking Download button on the left if you see
Click ‘Download’. the first six samples shown below.

The predicted molecular clock phase is between 0 and 2pi, with 0 indicating ARNTL phase.
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