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Figure S1.  Enrichment of multiple transcription factor binding sites on the same TE sequence. (A) Venn diagram 

showing the number of TE copies containing binding sites of all combinations of the four transcription factors and 

a co-activating factor p300. (B) Relative proportion of the TE categories bound by all five factors shown in (A) 

compared with the proportion of all human TEs (genome). (C) Fold enrichment of binding sites located in the same 

TE sequence for all combinations of the two factors. (D–H) Violin plots representing the proportion of the binding 

events for the transcription factors shown below each graph under the condition of binding of ERα (D), FoxA1 (E), 

GATA3 (F), AP2γ (G), and p300 (H) within the same TE copy. The number of binding events was calculated 

separately for each TE superfamily/clade for the plots. For each combination, expected and observed proportions 

are shown on the left and right, respectively. All combinations showed a significant enrichment (χ2-test, ***P < 

10–10).  
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Figure S2.  Functional annotation of the MCF-7 genome. (A) Distribution of transition parameters among the eight 

states produced by ChromHMM (1). (B) Classification of the eight states shown in panel (A). The functions are 

estimated based on the emission probability matrix for the histone marks (H3K4me1, H3K4me3, and H3K27ac) and 

CTCF binding (left) as well as the enrichment in various genomic annotations (right) produced by ChromHMM. (C) 

Proportion of the estimated functional regions in the whole genome. (D) Proportion of the estimated function of the 

TE (top) and non-TE (bottom) binding sites for ERα, FoxA1, GATA3, and AP2γ. (E) Proportion of the estimated 

function of non-redundant TE copies bound by all four transcription factors as revealed in Figure S1A.  
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Figure S3.  Enrichment of the binding events of the four transcription factors within TE families. The heat map 

represents the Bonferroni-corrected –log p for the 536 families of TEs bound by ERα, FoxA1, GATA3, and AP2γ 

(colored for p < 0.001, two-sided binomial test, n = 2,144). 

  



6 
 

 



7 
 

Figure S4.  Non-uniform distribution of the transcription factor binding sites in TEs that show significant 

enrichment for binding events in Supplementary Figure S3. (A–D) Dot plots represent the binding sites of ERα 

(A), FoxA1 (B), GATA3 (C), and AP2γ (D) corresponding to the TE consensus sequence (x axis). Proportions 

of the number of binding events (10–5) among all TE copies in the human genome (i.e., normalized distribution 

of binding sites) are shown above the dot plots. Note that these TEs are significantly enriched among the 

binding sequences of the factors based on the two-sided binomial test (p < 0.001 with the Bonferroni correction; 

Supplementary Figure S3). Asterisks to the right of the TE names indicate significantly non-uniform 

distribution of the binding sites within the TE consensus sequences (two-tailed Fisher's exact test and χ2-test 

for n ≤ 100 and n > 100, respectively; *p < 0.05, **p < 10–5, ***p < 10–10). In the binding peak regions (red 

lines), binding motifs are found in the TE sequences (sequence logos on the right). Positions of the binding 

sites (c, reverse-complement) and significant presence of the motif in the TE consensus sequences are shown 

above the logos (*p < 0.05, **p < 10–5; FIMO analysis (2)). Horizontal lines in logos represent conserved 

nucleotides shared with the known JASPAR motifs (shown at top of panel).  
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Figure S5.  Non-uniform distribution of the transcription factor binding sites in TEs that do not show significant 

enrichment for binding events in Supplementary Figure S3. (A–D) Dot plots represent the binding sites of ERα (A), 

FoxA1 (B), GATA3 (C), and AP2γ (D) corresponding to the TE consensus sequence (x axis), although the TEs did 

not show a statistically significant enrichment by the binomial test (Supplementary Figure S3). Proportions of the 

number of binding events (10–5) among all TE copies in the human genome (i.e., normalized distribution of binding 

sites) are shown above the dot plots. Asterisks to the right of the TE names indicate significantly non-uniform 

distribution of the binding sites within the TE consensus sequences (two-tailed Fisher's exact test and χ2-test for n ≤ 

100 and n > 100, respectively; *p < 0.05, **p < 10–5, ***p < 10–10). In the binding peak regions (red lines), binding 

motifs are found in the TE sequences (sequence logos on the right). Positions of the binding sites (c, reverse-

complement) and significant presence of the motif in the TE consensus sequences are shown above the logos (*p < 

0.05, **p < 10–5; FIMO analysis (2)). Horizontal lines in logos represent conserved nucleotides shared with the 

known JASPAR motifs (shown at top of panel).  



10 
 

 



11 
 

Figure S6.  Gene ontology analysis for the neighboring genes of the TE-derived cis-elements. (A–E) Gene 

ontology analysis was conducted with GREAT (3) for the genes surrounding the TEs that are estimated to 

function active promoters or strong enhancers (Supplementary Figure S2) bound by ERα (A), FoxA1 (B), 

GATA3 (C), AP2γ (D), and p300 (E). Biological terms significantly enriched (>2-fold enrichment, p < 0.001, 

and false discovery rate of q < 0.05) are shown with the –log p. The terms related to mammary gland 

development and estrogen responses are highlighted in bold.   
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Figure S7.  Density of TEs bound by these four transcription factors in the human genome. (A, B) Density of TEs 

(copies per kilobase) bound by ERα, FoxA1, GATA3, or AP2γ were calculated in sliding 100-kb windows with 50- and 

10-kb steps for (A) the entire genome (hg19, excluding chromosome Y) and (B) chromosome 20. Red bars denote the 

region with the highest density. (C) RefSeq protein-coding genes and TEs in the 3.7-Mb region (chr20:45,820,001-

49,520,000, hg19) showing the highest TE density in (B). Known functions of the 10 genes involved in mammary gland 

development, ERα-related regulation, or breast cancer are listed in Supplementary Table S1.  
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Figure S8.  Estimated time of acquisition of the transcription factor binding sequences on TEs during 

mammalian evolution. The proportions of binding sites were represented separately for each TE category for 

all TE-derived binding sites (green) and those annotated as active cis-elements (active promoters or strong 

enhancers by ChromHMM) (blue). Proportion of the active cis-elements among all binding sites are shown in 

right (red).  
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Figure S9.  Schematic representation of representative ERα-binding TEs. (A–D) Positions of the transcription 

factor binding motifs were mapped on representative TEs shown in Figure 2A: (A) L2, (B) MIRb, (C) MER41B, 

and (D) MER49_4D. Red bars denote positions of transcription factor binding sites. Alignments of the binding 

sequences are shown in Supplementary Figure S10. APE, apurinic/apyrimidinic endonuclease domain; RT, 

reverse-transcriptase domain. In (B), A and B denote Box A and B of RNA pol III promoters, respectively, and 

CORE represents the central CORE domain shared among other SINEs in animals (4). Yellow bars in (B) and 

(C) represent the position of the ZNF768 and STAT1 binding motifs in MIR (5) and MER41B (6), respectively. 

In (D), note that MER49_4D is a hybrid LTR of MER49 and MER4D from their former and latter regions, 

respectively, and the ERα and AP2γ binding motifs are located within the intervening region.  
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Figure S10. Alignments of TE sequences bound by transcription factors. (A–E) ERα, (F–G) FoxA1, (H–J) GATA3, and
(K–N) AP2γ. Locations of these binding sites on the consensus sequence show the explicit peaks as in Fig. 2. Blue, light
blue, and grey backgrounds represent >90%, >75%, and >60% shared nucleotides among the sequences, respectively.
Conserved binding motifs are shown by red bars.
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Figure S11. Alignments of TE sequences with ER binding sites from Figures S4 and S5. Blue, light blue, and grey
backgrounds represent >90%, >75%, and >60% shared nucleotides among the sequences, respectively. Conserved binding
motifs are shown by red bars.
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Figure S12. Alignments of the TE sequences with FoxA1 binding sites from Figures S4 and S5. Blue, light blue, and grey
backgrounds represent >90%, >75%, and >60% shared nucleotides among the sequences, respectively. Conserved binding
motifs are shown by red bars.
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Figure S13. Alignments of TE sequences with GATA3 binding sites from Figures S4 and S5. Blue, light blue, and grey
backgrounds represent >90%, >75%, and >60% shared nucleotides among the sequences, respectively. Conserved binding
motifs are shown by red bars.
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Figure S14. Alignments of TE sequences with AP2 binding sites from Figures S4 and S5. Blue, light blue, and grey
backgrounds represent >90%, >75%, and >60% shared nucleotides among the sequences, respectively. Conserved binding
motifs are shown by red bars.
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Figure S15.  Enhancer function of an ERα-binding L2 element. (A) Location of the L2 locus (red) upstream 

of Igf1 in human chromosome 12. (B) ChIP-seq peaks for ERα and the three pioneer factors (7–9) (min=0, 

max=150) as well as phastCons evolutionary conservation (from the UCSC Genome Browser; min=0, 

max=1.0). (C) Conservation of the ERα binding motif (bold) among eutherians in the L2 sequence denoted by 

an arrowhead in (B). (D) Relative luciferase activity of the human, marmoset, and elephant L2 sequences in 

MCF-7 cells. Human_mut represents the human sequence with a mutation in the ERα binding site. Data are 

shown as the mean ± SD (n = 3). Two-tailed t-test: *p < 0.05, **p < 0.01, ***p < 0.001. NC, negative control. 



RLTR14_RN: 22–215 bp
ERα

Figure S16. TEs bound by ER in the mouse mammary gland tissue. (A) Percentage of TEs among the number of
ER-binding events. Proportions of TEs in the mouse genome (mm10, excluding chromosome Y) (Genome),
conserved non-coding elements (CNEs), and protein-coding sequences (CDSs) are shown. SINE, short interspersed
element; LINE, long interspersed element; LTR, long terminal repeat retrotransposon; DNA, DNA transposons. (B)
Alignment of mouse RLTR14_RN sequences bound by ERα in the mammary gland tissue. Blue, light blue, and grey
backgrounds represent >90%, >75%, and >60% shared nucleotides among the sequences, respectively. The conserved
ERα-binding motif (logo) is shown below.
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Figure S17. Representative TE-derived conserved regions bound by ER. Bars and arrowheads indicate TEs and the ER-
binding sites, respectively. PhyloP (blue) and phastCons (green) conservation data were retrieved from the UCSC Genome
Browser. The nearest gene and the distance are shown in parenthesis.



34

chr10:87372412-87373412 (AX746544, -31kb)

LFSINE_Vert

chr3:77980070-77981070 (ROBO2, +343kb) 

OldhAT1

chr11:15528837-15529837 (SnoMBII_202, -26kb) 

UCON19

chr5:173930418-173931418 (MSX2, -221kb) 

MamRTE1

chrX:136830657-136831657 (U6, -61kb) 

X2_LINE

chr1:48043322-48044322 (FOXD2, +142kb) 

AmnSINE1

chr6:1044342-1045342 (AX747250, -35kb) 

UCON76

chr2:183701218-183702218 (FRZB, +30kb) 

UCON8

chr14:68722137-68723137 (Metazoa_SRP, -19kb) 

Eulor5A

chr2:148569630-148570630 (ACVR2A, -32kb) 

L2-2_Mam

chr5:37668226-37669226 (GDNF, +166kb) 

X24_LINE

chr10:95766658-95767658 (PLCE1, +13kb) 

X9a_DNA

chr17:26851782-26852782 (FOXN1, +1kb) 

Tigger19b

chr16:27567431-27568431 (KIAA0556, +6kb) 

MamRep434

chr20:21508258-21509258 (NKX2-2, -14kb) 

X22_DNA

chr1:81632410-81633410 (LPHN2, -139kb) 

Tigger19a

chr5:60542008-60543008 (SMIM15, -84kb) 

X6b_DNA

chr5:44035437-44036437 (FGF10, +353kb) 

L1MEc_5end

chr8:81397263-81398263 (ZBTB10, -0kb) 

Eulor6D

chr7:19161317-19162317 (TWIST1, -5kb) 

L2

Figure S18. Representative TE-derived conserved regions bound by FoxA1. Bars and arrowheads indicate TEs and the
FoxA1-binding sites, respectively. PhyloP (blue) and phastCons (green) conservation data were retrieved from the UCSC
Genome Browser. The nearest gene and the distance are shown in parenthesis.
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Figure S19. Representative TE-derived conserved regions bound by GATA3. Bars and arrowheads indicate TEs and the
GATA3-binding sites, respectively. PhyloP (blue) and phastCons (green) conservation data were retrieved from the UCSC
Genome Browser. The nearest gene and the distance are shown in parenthesis.
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Figure S20. Representative TE-derived conserved regions bound by AP2. Bars and arrowheads indicate TEs and the
AP2-binding sites, respectively. PhyloP (blue) and phastCons (green) conservation data were retrieved from the UCSC
Genome Browser. The nearest gene and the distance are shown in parenthesis.
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Table S1.  Ten genes with known functions related to mammary gland development or breast cancer located 

within the region of highest TE density in human chromosome 20. 
 

Gene Location in human (hg19) Function related to mammary gland or breast cancer 

ZMYND8 chr20:45837858-45985633 ZMYND8 forms a complex with ERα and is involved in estrogen-induced 
transcriptional activation (10). 

NCOA3 chr20:46130600-46285621 Ncoa3, also known as Src-3, is required for female reproductive function 
and normal mammary gland development, as revealed from the knockout 
mouse analysis (11). Human Ncoa3 is associated with breast cancer risk 
(12).  

SULF2 chr20:46286149-46414808 Upregulated expression in mammary gland tumours (13).  

PREX1 chr20:47240792-47444420 High-frequency mutations are found in PREX1 from human breast cancers 
(14).  

STAU1 chr20:47729875-47804907 Nuclear interactome analysis suggests a possible preeminent role for 
STAU1 in the ERα network (15). 

ZNFX1 chr20:47862438-47894756 Zfas1, an antisense long non-coding RNA to Znfx1, plays an important role 
in alveolar development and epithelial cell differentiation in the mammary 
gland (16).  

SNAI1 chr20:48599512-48605420 Snai1, also known as Snail1, is involved in branching morphogenesis of 
mammary epithelial tissues (17). 

CEBPB chr20:48807119-48809227 Cebpb is essential for ductal morphogenesis and epithelial cell proliferation 
during mammary gland development (18–20).  

PTPN1 chr20:49126857-49201300 Ptpn1 is involved in the regulation of mammary alveologenesis and the 
expression of milk proteins (21), as well as mammary tumourigenesis (22). 

BCAS4 chr20:49411430-49493714 BCAS4 is overexpressed in breast cancers (23) and forms a fusion transcript 
with BCAS3 (24).  
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Table S2.  NCBI SRA accession numbers used in this study. 

Transcription factor ChIP Control (input) Ref. 

ERα SRR1635445, SRR1635446 SRR1635437, 
SRR1635438 

7 

FoxA1 SRR1635461, SRR1635462 SRR1635437, 
SRR1635438 

7 

GATA3 SRR540196, SRR540198, 
SRR540200, SRR540202, 
SRR540204 

SRR540220 8 

AP2γ SRR039385 SRR039386 9 

p300 SRR577809, SRR577810 SRR577916, 
SRR577917, 
SRR577918, 
SRR577919 

25 

H3K4me1 SRR1275469, SRR1275470 SRR1275475, 
SRR1275476 

26 

H3K4me3 SRR1275471, SRR1275472 SRR1275475, 
SRR1275476 

26 

H3K27ac SRR1275473, SRR1275474 SRR1275475, 
SRR1275476 

26 

CTCF SRR357511, SRR357512 SRR357466 27 

ERα (mouse) SRR647493 SRR647494 28 
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