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Figure 1.  Overview of longitudinal rat RNAseq studies.  (a) Animal experiment design.  Sprague-
Dawley rats are acclimated for 3 days at the contract research organization animal facilities before 
beginning daily blood draws (200 µL).  Blood draws were performed at a consistent time of the day 
(around 10am) to minimize the impact of Circadian rhythm on gene expression.  At least 2 daily blood 
draws were performed before dosing the animals with any drug molecules.  (b) Workflow for mRNA 
sequencing and expression analysis.  (c) Example longitudinal gene expression profiles for rats dosed 
with tetracycline just prior to Day 3 blood draw.  (d) Trajectory of rat RNAseq results for control rats 
(blue) and in response to tetracycline dosing (red) in principal component space. 
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Figure 2.  Control studies and impact of daily blood draws.  (a) Analysis of differentially expressed 
genes (DEGs) using DESeq2, comparing Day 2 vs. Day 1 for N=6 rats.  A total of 502 DEGs were 
identified, based on our filters (See Supp. Excel 1).  (b) Analysis of longitudinal RNAseq data, using 
Day 1 expression profile as a reference.  We identified significantly more DEGs in Days 5-9 and Days 
18-21 than Days 11-17, suggesting a potential biological effect with 2-week periodicity.  (c) Distribution 
of number of genes differentially expressed on multiple days vs. Day 1.  We identified 3779 genes with 
DEG frequency (DEGF) ≥ 3, based on comparisons to Day 1.  (d) False positive and false negative 
generated by DEG analysis considering only Day 2 and Day 1.  The Tra2a gene has statistically 
significant expression decrease over time, but is not flagged as a DEG due to the large variance of 
gene expression on Day 2.  In contrast, the Hsph1 gene shows high expression with low variance on 
Day 2, but overall appears to be relatively stable in expression, suggesting a potential false positive 
from DEG analysis considering only 2 timepoints.  (e) Our framework for identifying Temporally Varying 
Genes (TVGs) based on p-values of the pairwise DEG analyses.  The Klhl25 gene shown here is the 
gene with 300th highest TVG score, and the most marginal gene included as a TVG.  (f) Distribution of 
TVG scores.  The top 300 genes were selected as bleeding/baseline TVGs for downstream analysis.  
(g) Venn diagram comparing TVGs vs. genes identified as DEGs based on pairwise comparison.  (h) 
Example TVGs gene expression over time. 
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Figure 3.  Rat response to tetracycline and other drugs.  (a) Example up-regulated TVG, non-TVG, and 
down-regulated TVG for tetracycline.  Horizontal lines show +/- 2 standard deviations from mean log 
Expression.  (b) Summary of TVG scores for 200mg/kg tetracycline.  3206 TVGs were identified.  (c) 
Unsupervised clustering the tetracycline TVGs produces 3 clusters of genes with different temporal 
dynamics.  Genes with 0 expression or less than 0.5 Log2 fold change from mean were excluded from 
analysis.  (d) Pathways analysis of cluster 2 TVGs (up-regulated in Days 3-5) shows statistically 
significant association with cellular response to toxic substances.  (e) TVGs identified from 200mg/kg 
tetracycline had different dose responses.  Rps20-ps11 was upregulated even at the lowest dose of 
4mg/kg, while LOC100911177 was upregulated only for the highest 200mg/kg dose.  (f) We also 
performed TVG analysis on 3 other drugs (isoniazid, valproate, and CCl4).  Shown here is Lrp1, a TVG 
for all 4 drug molecules. 
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Figure 4.  Recovery trajectories in RNAseq principal component space.  (a) We performed principal 
component analysis (PCA) on 4,302 TVGs (the union of TVGs for all 4 drugs), using data from 482 
blood samples across a total of 30 rats.  In addition to the number of intersection TVGs shown, there 
were 134 TVGs for tetracycline and valproate only, and 55 TVGs for isoniazid and carbon tetrachloride.  
The remaining 358 blood samples were not used for PCA because they used lower doses of drugs or 
resulted in animal death.  (b) Trajectories of 3 individual rats dosed with 200mg/kg tetracycline and 6 
individual rats not dosed with any drug.  All 3 of tetracycline-dosed rats followed a predictable trajectory 
following dosing, returning to the pre-dosing parameter space after Day 6, indicating recovery.  (c) 
Weights of TVGs for principal components PC1 and PC2, shown in sorted descending order (weights 
are independently sorted for each PC).  (d) Linear separation of Day 4, 5, and 6 TVG expression 
profiles (colored dots) following high concentration drug dosing vs. control.  The perpendicular 
ToxScore metric indicates perturbation from liver health.  (e) Receiver operator characteristic (ROC) 
curve for each of the 4 drugs, based on varying the ToxScore threshold for calling a positive.  3 of the 4 
of the drugs showed area under the ROC (AUROC) values of over 80%, with only valproate at 70% 
AUROC.  Right panel shows that prediction performance is further improved by considering each drug 
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independently using 3 principal components to between 91% and 99%. (f) Recovery trajectories for the 
different drugs at highest dose.  (g) Temporal TVG expression in response to lower tetracycline doses 
in PC1/PC2 space.  (h) Comparison of ToxScore vs. the traditional liver biomarker aspartate 
transaminase (AST).  High AST values is almost always associated with high ToxScore, but the 
converse is not true.  This suggests that ToxScore may have higher sensitivity to liver damage and 
recovery than AST. 
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Figure 5.  Expansion study on individual outcome variability for rats dosed with 500 mg/kg valproate.  
(a) Experimental design and phenotypic outcomes.  (b) Animal experiments sorted by outcome 
phenotype into Fast Recovery, Slow Recovery, and Death groups.  (c) Expression trajectories on 
parameter space constructed via PCA on the 1,068 valproate TVGs.  Expression profiles of Slow 
Recovery rats deviated significantly farther on Days 9 and 10 from the lower healthy cluster than the 
Fast Recovery rats.  (d) Example TVG with larger response in the Slow Recovery group than the Fast 
Recovery group.  (e) DEGs identified based on Day 7 expression profiles comparing Slow Recovery to 
Fast Recovery group (left) and Death to Fast Recovery group (right).   
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