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Read alignment and data normalization 

We observed approximately 96.8% average overall alignment rates across our RNA-

Seq datasets. Among these aligned reads, 87.7-89.1% are uniquely mapped reads, 

indicating good quality of our RNA-Seq data (Supplementary Table 1). For Ribo-Seq 

dataset, the average alignment rate is 89.8%, which is slightly lower than the alignment 

rate in RNA-Seq, probably due to the shorter Ribo-Seq reads. However, this mapping 

rate is acceptable for downstream analyses (Supplementary Table 2).  

To examine whether systematic variations between samples were eliminated before 

downstream analysis, two boxplot graphs displayed together illustrate that in RNA-Seq 

and Ribo-Seq, respectively, each of medians across samples after normalization 

generally positioned at the same level, suggesting that the normalization worked well 

and these samples are comparable (Supplementary Figure 1 & 2). 

 

Supplementary Table 1. Read-Mapping statistics in RNA-Seq. “E2-”: Control samples; 

“E2+”: Estrogen treatment. 

Sample 
Overall alignment rate 

(%) 

Uniquely aligned reads 

(%) 

Multi-mapped reads 

(%) 

E2-_rep1 96.96 88.81 5.52 

E2-_rep2 96.99 87.74 6.64 

E2+_rep1 96.53 88.5 4.94 

E2+_rep2 96.74 89.18 4.63 

 

Supplementary Table 2. Read-Mapping statistics in Ribo-Seq. “E2-”: Control samples; 

“E2+”: Estrogen treatment. 

Sample 
Overall alignment rate 

(%) 

Uniquely aligned reads 

(%) 

Multi-mapped reads 

(%) 

E2-_rep1 86.49 39.71 46.77 

E2-_rep2 92.39 27 65.39 

E2-_rep3 92.44 27.27 65.18 

E2+_rep1 89.16 34.6 54.56 

E2+_rep2 88.91 36.32 52.6 

E2+_rep3 89.68 34.28 55.39 

 



Supplementary Figure 1. Distribution of read counts in RNA-Seq. The y-axis corresponds 

to the relative log expression of the genes expressed in the corresponding sample. “E2-”: 

Control samples; “E2+”: Estrogen treatment. 

 

Supplementary Figure 2. Distribution of read counts in Ribo-Seq. The y-axis corresponds 

to the relative log expression of the genes expressed in the corresponding sample. “E2-”: 

Control samples; “E2+”: Estrogen treatment. 

 

Supplementary Table 5. List of differentially expressed pseudogenes in RNA-Seq. 

 



Gene Name log2 (Fold Change) Padj Value Biotypes 

RP11-564A8.4 4.74 1.47E-204 processed_pseudogene 

RP11-64B16.2 2.23 4.17E-52 processed_pseudogene 

RP11-673C5.1 1.18 1.04E-50 processed_pseudogene 

AC005336.4 3.86 1.02E-47 processed_pseudogene 

RP11-424C20.2 1.27 1.37E-21 processed_pseudogene 

RP11-95I19.3 1.08 0.00 processed_pseudogene 

RP11-564A8.8 4.14 0.00 processed_pseudogene 

AC015849.15 1.12 0.01 processed_pseudogene 

RP11-15J10.1 1.40 0.01 unprocessed_pseudogene 

RP11-816B4.2 1.30 0.02 processed_pseudogene 

RP11-381E24.1 1.12 0.03 processed_pseudogene 

RP11-96C23.12 3.56 0.03 processed_pseudogene 

RP3-407E4.4 5.07 0.03 unprocessed_pseudogene 

U70984.1 1.90 0.03 processed_pseudogene 

HNRPCP 1.14 0.04 processed_pseudogene 

RP1-90G24.5 -2.05 0.00 processed_pseudogene 

NBPF13P -3.41 0.00 unprocessed_pseudogene 

RP11-72P19.2 -2.38 0.00 processed_pseudogene 

RP11-554D14.4 -1.76 0.00 unprocessed_pseudogene 

MST1P2 -1.22 0.00 unprocessed_pseudogene 

RP11-554D14.2 -1.38 0.00 processed_pseudogene 

LOC440461 -1.45 0.00 processed_pseudogene 

KB-1269D1.8 -2.29 0.00 unprocessed_pseudogene 

RP11-333E13.2 -1.28 0.00 processed_pseudogene 

RP11-267D19.2 -2.47 0.00 processed_pseudogene 

AP001065.6 -3.68 0.01 processed_pseudogene 

RP1-85D24.5 -2.63 0.01 processed_pseudogene 

AC069213.1 -1.95 0.01 unprocessed_pseudogene 

RP11-358L22.2 -4.92 0.01 processed_pseudogene 

AC010733.8 -1.35 0.01 processed_pseudogene 

RPS10L -1.61 0.02 processed_pseudogene 

RP11-473O3.1 -3.64 0.02 processed_pseudogene 

AC025226.2 -1.78 0.02 processed_pseudogene 

RP13-128O4.3 -1.46 0.02 processed_pseudogene 

RP11-5K16.2 -1.44 0.03 processed_pseudogene 

AC072052.7 -3.20 0.03 processed_pseudogene 

bP-2171C21.4 -2.18 0.03 processed_pseudogene 

 

Supplementary Table 6. List of differentially expressed pseudogenes in Ribo-Seq. 

Gene_Name log2(Fold Change) Padj Value Biotypes 

RP11-564A8.4 4.29 3.99E-24 processed_pseudogene 

RP11-83J16.3 1.96 2.37E-05 processed_pseudogene 

AC002069.5 1.65 4.01E-05 processed_pseudogene 

CTD-2184D3.1 1.74 0.00 processed_pseudogene 



RP11-417L14.1 1.21 0.00 processed_pseudogene 

RP5-1025A1.2 -4.65 0.00 processed_pseudogene 

RP1-172N19.3 1.13 0.00 processed_pseudogene 

RP11-123C5.5 3.15 0.00 processed_pseudogene 

RP1-40G4P.1 1.07 0.00 processed_pseudogene 

CTD-2571E19.3 1.21 0.00 processed_pseudogene 

RP11-424C20.2 1.03 0.00 processed_pseudogene 

RP3-359N14.1 2.79 0.00 processed_pseudogene 

AC005174.2 1.37 0.00 processed_pseudogene 

NBPF13P -3.64 0.00 unprocessed_pseudogene 

RP11-175M2.2 1.07 0.01 processed_pseudogene 

RP11-336N8.4 1.15 0.01 processed_pseudogene 

KARSP3 1.07 0.01 unprocessed_pseudogene 

AC097711.1 1.53 0.01 processed_pseudogene 

RP11-1H8.3 2.61 0.01 processed_pseudogene 

RP11-505J9.4 2.23 0.01 processed_pseudogene 

AC005820.1 1.33 0.02 processed_pseudogene 

DDX18P1 1.44 0.02 processed_pseudogene 

RP11-18B3.2 1.17 0.02 processed_pseudogene 

MST1P2 -2.45 0.02 unprocessed_pseudogene 

RP11-46D6.5 1.55 0.02 processed_pseudogene 

AC096664.2 1.14 0.03 processed_pseudogene 

AC096663.1 1.29 0.03 processed_pseudogene 

RP11-456J20.1 3.63 0.03 processed_pseudogene 

RP11-112J1.1 1.32 0.03 processed_pseudogene 

RP11-543E8.2 1.42 0.03 processed_pseudogene 

RP11-386G11.11 2.69 0.04 processed_pseudogene 

RP11-109N23.6 -1.85 0.04 processed_pseudogene 

RP11-458F8.2 -2.21 0.04 unprocessed_pseudogene 

AC012087.1 1.18 0.04 processed_pseudogene 

AF015726.1 1.21 0.04 processed_pseudogene 

HMGB1L11 1.19 0.05 processed_pseudogene 

 

 

Supplementary Table 7. Overlapped differentially expressed pseudogenes in RNA-Seq 

and Ribo-Seq. “Log2FC1” refers to the Log2(FC in RNA-Seq) and “Log2FC2” refers to the 

Log2(FC in Ribo-Seq). 

Gene Symbol 
Type of 

Pseudogene 
log2FC1 Padj Value 

Parental 

Gene 

Log2F

C2 
Padj Value 

A. Over-

expressed 
      

RP11-564A8.4 processed 4.74  1.5×10-204 RPL13A 4.29 4.0×10-24 

RP11-424C20.2 processed_ 1.27 1.4×10-21 UHRF1 1.03 3.8×10-3 

       

B. Under-

expressed 
      

NBPF13P unprocessed_ -3.41  9.3×10-19 NBPF10 -3.64 4.5×10-3 



MST1P2 unprocessed_ -1.22  4.6×10-7 MST1 -2.45 2.2×10-2 

 

 

Functional and KEGG Enrichment Analysis 

To understand the functional correlates of the estrogen response, we analysed the 

differentially up-regulated and down-regulated protein-coding genes by gene ontology 

and KEGG pathway enrichment analysis. (lncRNA genes remain mostly absent from 

gene-ontology and pathway databases.) As anticipated, estrogen-induced genes were 

significantly enriched in biological processes directly relevant to cancer: cell division, 

cell cycle phase transition, microtubule cytoskeleton organization, regulation of cell 

adhesion, DNA replication (Supplementary Figure 3A). Estrogen-repressed genes 

were significantly enriched in lipid biosynthesis, anion transport, tissue morphogenesis, 

and extracellular matrix (ECM) organization (Supplementary Figure 3B). Lipid 

metabolism is deregulated in proliferating cancer cells and inhibition of fatty acid 

desaturation is detrimental to breast cancer cell survival (Peck et al., 2016), suggesting 

that estrogen-downregulated genes that harness the lipid biosynthetic process are 

functionally associated with breast cancer progression. 

 



Supplementary Figure 3. Functional enrichment analysis of differentially expressed genes 

in RNA-Seq. The x-axis describes the percentage of all of the up or down-regulated genes that 

are found in the given ontology term. 

 

Similarly, KEGG revealed that up-regulated genes mainly participated in cell cycle, 

DNA replication (Supplementary Figure 4A). The most enriched KEGG pathway, 

pathways in cancer, support the evidence that the progression of breast cancer is 

induced by estrogen treatment further as well. Down-regulated genes mainly involved 

in cAMP signaling pathway and ECM receptor interaction (Supplementary Figure 

4B). The cyclic AMP pathway, have been demonstrated to be an essential channel by 

which stimulatory and inhibitory actions can be responded cooperating with specific 

down-stream effectors (i.e. PKA) in varieties of cancer cell lines (Fajardo et al., 2014). 

Extracellular matrix attachment is also important in metastasis and invasion. All these 

pathways match expectations in terms of functional categories of estrogen-responsive 

genes, and they therefore confirm that our estrogen treatment experiment was 

fundamentally sound. 

 

 



Supplementary Figure 4. KEGG pathway enrichment analysis of differentially 

expressed genes in RNA-Seq. The x-axis describes the percentage of all of the up or down-

regulated genes that are found in the given ontology term. 

 

Differential Transcript Expression Analysis 

To examine the hypothesis that, for certain genes, only certain transcript isoforms, but 

not all transcripts, are estrogen responsive. We used the Gencode ENSG => ENST 

hierarchy: one gene (ENSG#) includes one or more transcript/s (ENST#/s). We were 

interested in whether alternative promoter usage and/or alternative splicing of specific 

known transcript isoforms is affected by estrogen, as opposed to general estrogen 

effects on the entire gene. We performed differential transcript expression analysis and 

identified 1064 estrogen-up-regulated and 1087 down-regulated transcripts in RNA-

Seq, as well as 318 up-regulated and 392 down-regulated transcripts in Ribo-Seq. 

Furthermore, we posited that rare cases of discordant expression might exist: even if a 

gene is up-regulated (based on the sum of expression results across all isoforms), one 

of its isoforms might be down-regulated (based on its own transcript expression level). 

This might be biologically interesting since it would point to opposite regulation of 

different isoforms by estrogen, or to different transcripts of the same gene having 

different (e.g. cell proliferation for some, apoptosis for others) functions; in fact, 

alternative splicing can yield mRNAs and proteins with drastically different functions 

from the same gene. To examine whether this class of events occurs during estrogen 

exposure of human MCF7 cancer cells, we also searched for genes such that some 

specific transcript isoforms showed increased expression, while other transcripts of the 

same gene were downregulated, upon estrogen treatment, and vice versa. In 

transcriptome data, we found 11 such genes with directionally-discordant individual 

transcript isoform responses to estrogen, all of them protein-coding (Supplementary 

Table 8), whereas there were none in ribosome profiling data. 

Supplementary Table 8. A summary of discordant DETs in RNA-Seq. “ETs”=Expressed 

transcripts; “DETs”=Differentially expressed transcripts. 

Gene Symbol 
Number of 

ETs 

Number of 

DETs 
DETs Regulation 

B2M 9 2 ENST00000544417.5_1 up 
   ENST00000559220.1_1 down 

CFLAR 6 2 ENST00000309955.7_1 down 
   ENST00000341222.10_1 up 



CHD9 6 2 ENST00000219084.10_1 up 
   ENST00000398510.7_3 down 

DEF8 15 2 ENST00000570182.5_2 down 
   ENST00000610455.4_1 up 

MAPK13 3 2 ENST00000211287.8_1 up 
   ENST00000373766.9_1 down 

NT5C3A 10 2 ENST00000456458.5_1 down 
   ENST00000610140.6_2 up 

PSME2 14 2 ENST00000216802.9_1 down 
   ENST00000560410.5_1 up 

RALGAPA1 7 2 ENST00000307138.10_2 down 
   ENST00000389698.7_1 up 

RBM39 28 2 ENST00000361162.10_1 up 
   ENST00000463004.5_1 down 

RDX 4 2 ENST00000343115.9_2 down 
   ENST00000645495.1_1 up 

UNG 3 2 ENST00000242576.6_2 up 

      ENST00000336865.6_2 down 

 

This analysis can reveal estrogen-responsive alternative splicing and estrogen-

regulating alternative promoter usage that affects specific transcripts but not all 

transcripts of a gene, a biological effect of estrogen that has heretofore not been studied 

at a genome-wide level. Some of these examples are genes B2M (Beta-2-

Microglobulin), UNG, RBM39 and PSME2 (Supplementary Figure 5). For instance, 

the B2M gene has one transcript up-regulated, whereas another transcript of it was 

down-regulated in estrogen response. We infer that these different transcript isoforms 

of the same gene respond to estrogen in opposite directions, possibly driving opposing 

biological programs. B2M is a growth factor and signalling molecule in cancer cells 

and it is associated with apoptosis regulation in breast cancer (Li et.al., 2014), although 

isoform-specific phenotypes have not been reported. 

 



 

Supplementary Figure 5. Expression level on DETs in four examples of genes. The y-axis 

corresponds to the FPKM and x-axis corresponds to sample name within which “E2-” refers 

to the Control group and “E2+” refers to the Estrogen treatment. 

 

 


