
Cell Systems, Volume 8
Supplemental Information
Multi-omic Profiling Reveals Dynamics

of the Phased Progression of Pluripotency

Pengyi Yang, Sean J. Humphrey, Senthilkumar Cinghu, Rajneesh Pathania, Andrew J.
Oldfield, Dhirendra Kumar, Dinuka Perera, Jean Y.H. Yang, David E. James, Matthias
Mann, and Raja Jothi



 
 

 

 

Figure S1 (related to Figure 1). Epiblast-like Cell Induction from ESCs. 

(A) Morphology of ESCs grown in 2i medium (left-most column; 48h after plating). Other panels 
show the morphological changes at 6, 12, 24 and 48 hour time-points (after plating) during 
ESC to epiblast-like cell (EpiLC) transition. Representative images are shown. 

(B) RT-qPCR analysis of gene expression (mRNA) profiles for pluripotency-associated gene 
Nanog, ICM-associated genes Klf4 and Prdm14, and epiblast genes Fgf5, Otx2, and 
Pou3f1/Oct6 (Buecker et al., 2014; Hayashi et al., 2011) during ESC to EpiLC transition. Data, 
normalized to Actin, represents mean of n = 3 biological replicates. Error bars represent 
SEM. 



 
 

 

Figure S2 (related to Figure 1). Summary statistics of LC-MS/MS, RNA-Seq, and ChIP-Seq 
profiling of ESC to EpiLC transition. 

 (A, B) Number of peptides (A) and proteins (B) identified from single-runs and SCX fractionated 
runs at each profiled time point with/without ‘match between runs’ option in MaxQuant. 



 
 

The union of unique identifications from all time points is represented as total number of 
peptides/proteins (gray bar). 

(C) Number of phosphopeptides identified at each profiled time point with/without using 
‘match between runs’ option in MaxQuant. The union of unique identifications from all time 
points is represented as total number of phosphosites (gray bar). 

(D) Distributions of localization confidence for identified and quantified phosphosites. Classes 1, 
2, and 3 represent phosphosites with probability scores >0.75 (high confidence), 0.5-0.75 
(medium confidence), and 0.25-0.5 (low confidence) respectively, as quantified by 
MaxQuant (Tyanova et al., 2016). Phosphorylation types (i.e. pSer, pThr and pTyr) for 
quantified Class I phosphosites are shown on the right.  

(E, F) Number of mapped RNA-Seq (E) and ChIP-Seq (F) reads at each profiled time point. 

 

  



 
 

 

 

Figure S3 (related to Figure 2). Temporal dynamics of the proteome, phosphoproteome, 
transcriptome, and epigenome during ESC to EpiLC transition. 

(A) Principal component analysis (PCA) plot showing temporal dynamics of various histone 
modifications and RNAPII at gene promoters during ESC to EpiLC transition.  



 
 

(B) Heatmap representation of pairwise correlation between data (transcriptome, green; 
proteome, red; phosphoproteome, blue) from within (biological replicates) and across all 
time points. 

(C-E) Unsupervised hierarchical clustering of proteomic (C), phosphoproteomic (D), and 
transcriptomic (E) profiles from within (biological replicates) and across all time points. 
Biological replicates are denoted by suffix 1, 2, 3, or 4. Data from SCX fractionated runs are 
denoted by suffix “frac.”. 

(F) Unsupervised hierarchical clustering of pairwise correlation between various histone 
modifications and RNAPII at gene promoters (±2 Kb of TSS) across all time points. 

  



 
 

 

 

Figure S4 (related to Figure 2). Number and magnitude of differentially regulated 
phosphosites, genes, and proteins during ESC to EpiLC transition. 

(A-C) Violin and volcano plots (top and bottom panels, respectively) showing the distribution 
and magnitude of fold changes for phosphosites (A), mRNA (B), and proteins (C) at each time 



 
 

point in comparison to 0h (ESC) data. Number (and percentage) of 
phosphosites/mRNAs/proteins that are differentially regulated at each time point (in 
comparison to 0h), computed using a t-test, are shown (refer to Methods for details).  

  



 
 

 

Figure S5 (related to Figure 3). Substrate prediction and characterization  



 
 

(A) Estimation of the optimal number of clusters of phosphosites using CLUE (Yang et al., 2015). 
The number of clusters evaluated ranged from 2 to 30, and the optimal number of clusters, 
as determined by CLUE, was estimated to be 12 based on known kinase-substrate 
annotations in the PhosphoSitePlus database (Hornbeck et al., 2012).  

(B) Temporal profiles of standardized, average changes in phosphorylation levels of 
phosphosites (compared to 0h). Phosphosites are grouped into 12 clusters, as estimated by 
CLUE. Changes in the phosphorylation level of a given phosphosite were normalized to the 
changes in corresponding protein levels. Highlighted clusters are enriched for known 
substrates of AKT (purple), ERK and S6K/RSK (blue), mTOR (green), and p38a (orange). 

(C) Kinase perturbation plot (Yang et al., 2016b) showing inferred kinase activity (z-score; x- and 
y-axis) during early (5 and 15 min), intermediate (3 and 6 hours), and late stages (48 and 72 
hours) of ESC to EpiLC transition. Z-scores represent relative kinase activity (compared to 
0h).  

(D) Substrate predictions for ERK, S6K/RSK, AKT, mTOR, and p38a kinases. Kinase-substrate 
prediction using positive-unlabeled ensemble algorithm with multiclass classification (Yang 
et al., 2016a). Known and predicted substrates within transcriptional and chromatin 
regulators are shown in gray and black text (on the periphery). See Table S6 for the list of all 
predictions. Predictions are grouped into clusters based on multiclass prediction scores 
(refer to Methods for details). Inset: 3D scatter plots showing the ensemble prediction 
scores (probabilities; z-axis) for each profiled phosphosite with respect to a given kinase 
(ERK, S6K/RSK, AKT, mTOR, or p38a). X-axis denotes the motif score, representing the 
enrichment of sequence motif derived from known substrates. Y-axis denotes the 
dissimilarity (Euclidean distance) between the temporal profile of a given phosphosite and 
the average temporal profile of known substrates. Color gradient (red to purple) represents 
high to low ensemble prediction score. Known and select predicted substrates are 
highlighted in blue and green filled circles, respectively. 

  



 
 

 

 

Figure S6 (related to Figure 4). Comparative analysis of the proteome and transcriptome 
during ESC to EpiLC transition. 



 
 

(A) Scatter plot showing correlation between mRNA (x-axis) and protein (y-axis) levels at each 
time point.  

(B) Scatter plot showing correlation between fold-changes in protein (x-axis) and mRNA (y-axis) 
at each time point in comparison to 0h (ESCs) data. Only genes with both protein and mRNA 
levels quantified were used for this analysis. 

(C) Temporal dynamics of relative protein and mRNA levels (compared to 0h) of select genes. 
Error bars represent SEM. 

(D) Correlation between changes in mRNA or protein levels (primary and secondary y-axis, 
respectively) plotted against the relative rank-ordering of genes (x-axis) based on change in 
gene expression (72h vs. 0h), computed as the average rank of changes in protein and 
mRNA levels (see Experimental Procedures).  

(E) Western blot analysis of Prdm14 during ESC to EpiLC transition. Ran is used as loading 
control. 

  



 
 

 



 
 

Figure S7 (related to Figure 6). Substrate prediction and characterization  

(A) Heatmaps showing temporal profiles of relative protein levels (left) and mRNA expression 
(right) of cell surface markers during the ESC to EpiLC time-course. Data for 39 markers 
within the highlighted regions in Figure 6A are shown. Cell surface proteins are ordered 
based on unsupervised hierarchical clustering. 

(B) Histograms of flow cytometry analysis using fluorophore-conjugated antibodies against 
naïve ESC-specific surface markers showing the fluorescence signal tracking the phased 
progression of pluripotency over the ESC to EpiLC time-course. 

(C) Same as in (B) but using antibodies against surface markers enriched in EpiLCs compared to 
naïve ESCs.  

(D) Flow cytometry contour plots and dot plots of pairwise antibody combinations in ESCs and 
EpiLCs (first column) and over the ESC to EpiLC time-course (other columns). 

(E) Relative gene expression of “naïve” and primed hESC-specific cell surface proteins  (Collier 
et al., 2017) in mouse and human pluripotent cells based on RNA-Seq data from ESC to 
EpiLC time-course from this study (0h, 1h, 6h, 12h, 24h, 36h, 48h, and 72h), RNA-Seq data 
from mouse EpiSCs (Factor et al., 2014), and RNA-Seq data from conventional human ESCs 
(hESCs) and reset “naïve” hESCs (Takashima et al., 2014). To facilitate direct comparison, all 
datasets were processed similarly and quantile-normalized. Fold changes relative to 
expression in mouse EpiSCs are shown. 
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