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Abstract

Background—Recent studies suggested that crosstalk between ERα and EGFR/HER2 pathways 

plays a critical role in mediating endocrine therapy resistance. Several inhibitors targeting EGFR/

HER2 signaling, including FDA-approved lapatinib and gefitinib as well as a novel dual tyrosine 

kinase inhibitor (TKI) sapitinib, showed greater therapeutic efficacies. However, how 3D 

chromatin landscape responds to the inhibition of EGFR/HER2 pathway remains to be elucidated.

Methods—In this study, we conducted in situ Hi-C and RNA-seq in two ERα+ breast cancer cell 

systems, 1) parental MCF7 cells and its associated tamoxifen-resistant MCF7TR cells; and 2) 

parental T47D cells and its associated tamoxifen-resistant T47DTR cells, before and after the 

treatment of sapitinib.

Results—We identified differential responses in topologically associated domains (TADs), 

looping genes and expressed genes. Interestingly, we found that many differential TADs and 

looping genes are reversible after sapitinib treatment, indicating that EGFR/HER2 signaling may 

play a role in reshaping and rewiring the high order genome organization. We further examined 

and recapitulated the reversible looping genes in 3D spheroids of breast cancer cells, 

demonstrating that 3D cell culture spheroid of breast cancer cells could be a potential preclinical 

breast cancer model for studying 3D chromatin regulation.

Conclusions—Our study has provided significant insights into our understanding of 3D 

genomic landscape changes in response to EGFR/HER2 Inhibition in endocrine-resistant breast 

cancer cells. Our data provides a rich resource for further evaluating chromatin structural 

responses to EGFR/HER2 targeted therapies in endocrine-resistant breast cancer cells. Our 

analyses suggest that these alterations of chromatin structures and transcriptional programs may 

provide new avenues for intervention or designing of patient selection for targeted endocrine 

treatment.

Keywords

Altered domains; reversible gene looping; EGFR/HER2 inhibitor; tamoxifen resistant breast 
cancer
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Introduction

The regulatory mechanisms in breast cancer cells are complex, as reflected by differential 

responses to adjuvant endocrine therapy including relapse. ~50% of ERα-positive (ERα+) 

breast cancer patients treated with anti-estrogens such as tamoxifen (Tam) subsequently 

exhibit intrinsic or develop acquired resistance to this hormonal therapy [1,2]. Many studies 

including ours have demonstrated that estrogen (E2)-induced transcriptional program is 

rewired or altered in Tam-resistant breast cancer cells [3–8]. In a recent study, we used the 

Hi-C technique to investigate dynamic changes of three-dimensional (3D) chromatin 

architectures in Tam-sensitive (TS) and Tam-resistant (TR) breast cancer cells and found that 

E2-induced highly dynamic domains in TS cells are predominantly associated with active 

open chromatin, enhanced ERα but decreased CTCF binding, and significantly altered in TR 

cells [9]. We further revealed that ERα-bound promoter-enhancer looping genes enclosed 

within altered domains are enriched with genes with functions and pathways associated with 

cancer aggressiveness, glycolysis and metabolism, and focal adhesion. Our results suggested 

that these ERα-associated, dynamically reorganized active domains in regulating gene 

looping events may result in higher susceptibility to alterations in TR cells. This prompted 

us to speculate that these genome domains and looping genes may be responsible for driving 

acquired tamoxifen resistance.

Although molecular mechanisms underlying acquired tamoxifen resistance are not fully 

understood, several mechanisms have been proposed. For instance, loss of ERα expression 

and ERα mutations may lead to the transcriptional repression of the ERα gene and 

overpopulation of ERα-cells from heterogeneous ERα+ tumors [10–12]; differential 

metabolic activation of tamoxifen may affect the therapeutic outcomes [13,14]; the presence 

of ERα-cancer stem cells has the potential to differentiate to luminal cancer cells and thus to 

seed relapses and metastasis [15–17]; and gene amplification or alteration of certain 

transcription factors or regulators could also contribute to endocrine resistance by altering 

the ERα-dependent transcriptome [18–22]. Recent studies suggested that other signaling 

pathways such as EGFR/HER2, IGF-IR, and AKT/PTEN could play critical roles in 

mediating endocrine therapy resistance through modulating ERα activity [23–27]. Our 

previous study has further demonstrated that targeting EGFR/HER2 signaling pathway by a 

dual tyrosine kinase inhibitor (TKI), sapitinib (Sap), significantly inhibits TR cell growth in 

vitro and delays TR tumor growth in vivo. It also showed a greater inhibitory efficacy than 

other FDA approved anti-EGFR drugs such as lapatinib and gefitinib, indicating a 

therapeutic potential of this inhibitor [28]. However, how high order chromatin landscape 

responds to inhibition of EGFR/HER2 pathways in endocrine-resistant breast cancer cells 

remains to be elucidated.

In this study, we set out to conduct genome-wide 3D genomic and transcriptomic profiling 

of differential responses to EGFR/HER2 inhibition in tamoxifen-sensitive vs -resistant 

breast cancer cells. We performed in situ Hi-C and RNA-seq in two ERα+ breast cancer cell 

systems, 1) parental MCF7 cells and its associated tamoxifen-resistant MCF7TR cells; and 

2) parental T47D cells and its associated tamoxifen-resistant T47DTR cells, before and after 

the treatment of AZD8931 (Sap), a dual TKI of EGFR/HER2. We identified differential 

responses of topologically associating domains (TADs), looping genes as well as expressed 
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genes in TR cells upon the treatment of Sap. We further examined selected differential 

looping genes in 3D cell culture spheroids. Our data provides a rich resource for further 

evaluating chromatin structural responses to anti-EGFR/HER2 therapies in endocrine-

resistant breast cancer.

Results

Identification of differential topologically associating domains

We have conducted in situ Hi-C in two ERα+ breast cancer cell systems, MCF7 and 

MCF7TR as well as T47D and T47DTR, before and after Sap treatment, each with 

biological replicates (Supplementary Table S1). We first evaluated the reproducibility of two 

biological replicates (Supplementary Figure S1) and then used TopDom [29] to identify 

TADs for the combined replicates for each condition and found a majority of sizes of TADs 

are less than 2Mb whose distribution of the number of different sizes of TADs is very similar 

among all six conditions (Supplementary Figure S2). We then compared the changes of 

TADs between MCF7 and MCF7TR, T47D and T47DTR, MCF7TR and MCF7TR+Sap, 

and T47DTR and T47DTR+Sap, respectively. We were able to define eight types of TAD 

changes: a) No-change; b) Conserve-expand; c) Conserve-shrink; d) Shift; e) Split; f) Fuse; 

g) Neo (from a border boundary or GAP to a new TAD); h) Del (from a TAD to GAP or 

border boundary), where types a-c are relatively conserved (RC) and types d-h are 

drastically changed (DC) (Figure 1A,B and Supplementary Figure S3). Interestingly, we 

observed that the percentages of the numbers of RC and DC TADs are very similar in two 

cell systems for all of the comparisons, 61% RC vs 39% DC between MCF7 and MCF7TR, 

70% RC vs 30% DC between MCF7TR and MCF7TR+Sap, 58% RC vs 42% DC between 

T47D and T47DTR, and 66% RC vs 34% DC between T47DTR and T47DTR+Sap, 

respectively. When closely examining the four types of DC TADs, we found that a 

significant number of TAD changes were reversible upon Sap treatment. In other words, 

32% or 23% of Neo-, Del-, Split- or Fuse-TADs in MCF7TR vs MCF7, or T47DTR vs 

T47D respectively, were reversed to the original TADs, i.e., Del-, Neo-, Fuse- or Split-TADs 

in MCF7 or T47D, upon Sap treatment of TR cells, respectively (Figure 1C, Supplementary 

Files S1–4). Interestingly, the number of reversible DC TADs is quite similar between 

MCF7 and T47D cell lines, except for the Neo-Del switch, which is more in MCF7 cell 

system than in T47D cell system. We further compared the reversible DC TADs between the 

two cell systems and found that there are only 2% common reversible DC TADs, suggesting 

that chromatin structural responses to EGFR/HER2 inhibition may be in a cell-type-specific 

manner (Figure 1D). Screenshots of two examples of reversible DC TADs in MCF7 cell 

system, Del-Neo and Split-Fuse, are shown in Figure 1E.

Identification of differential significant Hi-C interactions

To link Hi-C interactions to looping genes, we first used HOMER [30] to identify significant 

interacting fragments (SIFs) from Hi-C data and then associated each end of SIFs to either a 

promoter (P) or a distal region (D). We thus obtained a total number of 153,875, 154,223, 

291,737, 128,960, 112,981, and 201,895 SIFs for MCF7, MCF7TR, MCF7TR+Sap, T47D, 

T47DTR, and T47DTR+Sap, respectively (Figure 2A,B). Consequently, we found that a 

significant number of SIFs could be assigned to a promoter-distal (PD) looping gene either 
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as P1D1 (if both P and D are associated with the same gene), or P1D2 (if associated with 

two different genes) (Figure 2A,B), where SIFs were annotated based on the definition used 

in our previous studies [9,31]. We further compared the SIFs and P1D1/2 looping genes 

between MCF7 and MCF7TR, MCF7TR and MCF7TR+Sap, T47D and T47DTR, T47DTR 

and T47DTR+Sap, and identified a significant number of differential SIFs and P1D1/2 

looping genes (DLGs) such as gained loops (Gain) in MCF7TR/T47DTR, MCF7TR+Sap/

T47DTR+Sap, or lost loops (Loss) in MCF7/T47D, MCF7TR/T47DTR (Figure 2C,D, 

Upper panel). Our results showed that there were much more Gain than Loss DLGs in both 

MCF7 and T47D cell systems. Interestingly, we found that many P1D1 DLGs were 

reversible such that genes with gained loops in TR cells were lost again or genes with lost 

loops were regained after Sap treatment (Figure 2C,D, Lower panel), indicating that EGFR/

HER2 signaling may play a role in reshaping and rewiring the high order genome 

organization. Surprisingly, we identified very few common reversible looping genes (Gain 

then Loss or Loss then Gain) between two breast cancer cell systems (Figure 2E), suggesting 

looping-mediated response to the inhibition of EGFR/HER2 signaling might be tightly 

dependent on the expression levels of EGFR and HER2 genes in TS and TR cells.

Pathway enrichment and gene ontology analyses on reversible differential looping genes.

We used DAVID [32] to perform pathway enrichment and gene ontology (GO) analyses on 

four sets of significant reversible P1D1 DLGs (rDLGs) with a Fisher’s exact test. Sets A and 

B include 576 genes with Loss in MCF7 vs MCF7TR then Gain in MCF7TR vs MCF7TR

+Sap, and 527 genes with Gain in MCF7 vs MCF7TR then Loss in MCF7TR vs MCF7TR

+Sap at P < 3e-308 (Supplementary File S5). Sets C and D include 560 genes with Loss in 

T47D vs T47DTR then Gain in T47DTR vs T47DTR+Sap, and 192 genes with Gain in 

T47D vs T47DTR then Loss in T47DTR vs T47DTR+Sap at P < 9e-185 (Supplementary 

File S6). We identified common and distinct top ten enriched biological pathways and 

molecular functions among four sets of rDLGs (p-values <= 0.05 and Fold enrichments >= 

1) (Figure 3). For example, metabolic processes were enriched in both Sets A and C, 

indicating metabolic alterations in TR breast cancer cells may be tightly associated with 

EGFR/HER2 signaling pathway that is positively regulated through looping events. The 

calcium signaling pathway was only enriched in MCF7 cell system, suggesting that looping-

mediated calcium signaling alterations may be dependent more on HER2-expression than 

EGFR-expression, since HER2 is expressed at low level in parental T47D cells [27]. VEGF 

signaling pathway and regulation of actin cytoskeleton were enriched in Set D, suggesting 

that these two altered pathways responded positively to inhibition of EGFR/HER2 pathways 

through the reversible gene looping since both parental T47D and T47DTR are sensitive to 

both EGFR and HER2 expression.

Identification of differentially expressed looping genes

To examine gene expression levels for those DLGs, we conducted RNA-seq in MCF7 and 

T47D cells as well as MCF7TR and T47DTR cells, before and after Sap treatment, each 

with three biological replicates (Supplementary Table S2). We used DESeq2 [33] to identify 

differential expressed genes (DEGs) with p-adj <= 0.05 and Fold Change (FC) >= 1.5 or <=

−1.5 between MCF7 and MCF7TR, between T47D and T47DTR, between MCF7TR and 

MCF7TR+Sap, and between T47DTR and T47DTR+Sap, respectively (Figure 4A,B, 
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Supplementary Files S7–10). Interestingly, we found that a significant number of up- (Up) 

or down-regulated (Down) genes in both TR cells were reversed after Sap treatment (Figure 

4C,D). We also identified a small proportion of up/down-regulated genes that showed even 

higher/lower expressed after Sap treatment respectively, suggesting that this group of genes 

may escape EGFR/HER2 signaling in response to other crosstalk pathways. When 

correlating reversible DEGs (rDEGs) with rDLGs, we identified only 46 reversible 

differentially expressed looping genes (rDELGs) between 821 rDEGs and 1,103 rDLGs in 

MCF7 cell system, including 11 genes Loss & Down in MCF7 vs MCF7TR then Gain & Up 

in MCF7TR vs MCF7TR+Sap, 14 genes Loss & Up in MCF7 vs MCF7TR then Gain & 

Down in MCF7TR vs MCF7TR+Sap, 5 genes Gain & Down in MCF7 vs MCF7TR then 

Loss & Up in MCF7TR vs MCF7TR+Sap, and 16 genes Gain & Up in MCF7 vs MCF7TR 

then Loss & Down in MCF7TR vs MCF7TR+Sap (Figure 4E). We also identified 48 

rDELGs between 1,678 rDEGs and 752 rDLGs in T47D cell system, including 11 genes 

Loss & Down in T47D vs T47DTR then Gain & Up in T47DTR vs T47DTR+Sap, 22 genes 

Loss & Up in T47D vs T47DTR then Gain & Down in T47DTR vs T47DTR+Sap, 3 genes 

Gain & Down in T47D vs T47DTR then Loss & Up in T47DTR vs T47DTR+Sap, and 12 

genes Gain & Up in T47D vs T47DTR then Loss & Down in T47DTR vs T47DTR+Sap 

(Figure 4F).

Examination of differentially expressed looping genes in 3D cell culture spheroids

3D cell culture spheroid has lately been used to investigate how cancerous cells interact with 

other cells due to its higher degree of clinical and biological relevance. To examine if 

differential looping and expressed genes identified in 2D monolayer cells could be 

recapitulated in 3D spheroid of cells, we first grew 3D cell culture spheroids of MCF7 and 

MCF7TR with IHC evaluated ERα expression in spheroids (Figure 5A). We then tested the 

effect of Sap inhibition on spheroids growth by treating MCF7 and MCF7TR 3D spheroids 

with 10uM Sap for 6 days. As expected, although Sap inhibited the growth of both MCF7 

and MCFTR spheroids, Sap was much more effective in inhibition of MCFTR spheroid 

growth (Figure 5B). We further performed 3C-qPCR on randomly selected two rDLGs and 

RT-qPCR on randomly selected three rDEGs. 3C-qPCR validations confirmed the 

differential looping intensity of four randomly selected pairs between MCF7 MCFTR and 

Sap treated spheroids. We observed significantly higher interactions of FOXN2 and SOLE in 

MCF7TR spheroids in comparison to MCF7, but lower interactions in MCF7TR spheroids 

upon Sap treatment (Figure 5C). We further confirmed the trend of the reversible expression 

of CDK14, FOXN2, and ARSJ between MCF7 vs MCF7TR spheroids and between 

MCF7TR and Sap-treated MCF7TR spheroids (Figure 5D). Despite of highly variability of 

spheroids, we were able to get a significant p-value of 0.01, 0.05 or 0.1 for all 3C-qPCR and 

RT-qPCR replicates between the comparisons. Taken together, our results demonstrate that 

3D cell culture spheroid of breast cancer cells can not only recapitulate differential 

expressed looping genes identified in 2D cells but also could be a potential preclinical breast 

cancer model for studying 3D chromatin regulation.
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Discussion

Studies have shown that crosstalk between ERα and EGFR/HER2 pathways functionally 

contributes to acquired endocrine-resistant breast cancer [25,34]. Several EGFR/HER2 

signaling inhibitors showed greater inhibitory efficacies in tamoxifen-resistant settings than 

in a naive setting [28,35]. To explore the relationship between 3D chromatin structure and 

crosstalk of these two pathways, we have investigated 3D chromatin landscapes of 

differential responses to the perturbation of EGFR/HER2 signaling in two ERα+ tamoxifen 

resistant breast cancer cell lines. To the best of our knowledge, our study is the first to 

examine how 3D chromatin organization responds to drug inhibition of EGFR/HER2 

signaling pathway. We identified thousands of differential TADs, differential looping genes 

and differential expressed genes between TS and TR cells, before and after Sap-treated TR 

cells. Furthermore, we found that many differential TADs and differential looping genes are 

reversible upon Sap treatment, indicating that EGFR/HER2 signaling may play a role in 

reshaping and rewiring the high order genome organization (Figures 1,2).

Interestingly, our pathway enrichment analyses reveal both common and distinct biological 

pathways or molecular functions among four groups of reversible differential looping genes. 

Although metabolic alterations in breast cancer and endocrine-resistance have been 

previously reported [13,14], our study further identifies a link between metabolic processes 

and the downregulation of EGFR/HER2 signaling that alters gene activities through 

dynamic, reversible loop formations associated with TR metabolic processes. Further 

functional or mechanistic experiments will be needed to substantiate our initial finding. For 

example, metabolism assays could be used to confirm if the levels of metabolites and 

cellular energy intakes are affected in TR cells treated with Sap. In addition, metabolism-

associated cellular functions that confer phenotypical reprogramming upon inhibition to 

EGFR/HER2 pathway could be examined. Results from these approaches could potentially 

elucidate the role of metabolism and EGFR/HER2 crosstalk in re-sensitizing tamoxifen 

resistant cells. It has been shown that VEGF signaling pathway and regulation of actin 

cytoskeleton were altered in TR breast cancer cells [36,37]. Our study suggests that these 

two altered pathways are more specifically associated with resistant cells expressing higher 

level of both EGFR and HER2, and a reversible gene looping may be a possible mechanism 

for driving this crosstalk.

Remarkably, we were able to demonstrate that differential looping and expressed genes 

identified in 2D monolayer cells were recapitulated in 3D spheroids of breast cancer cells. 

This result is very significant due to spheroids’ bio-similarity to in vivo morphology, cell 

connectivity, polarity, and tissue architecture, and more physiologically relevant. However, 

we recognize several limitations in this validation. For example, we only tested a few 

selected genes and thus need to expand to a larger list of genes particularly associated with 

relevant biological signaling pathways. Using 3D organoid of patient tissues may be a better 

strategy for further translational studies including drug screening, cancer modeling, and 

toxicity testing, since it serves as a better in vitro model as compared to 2D or 3D co-culture 

systems. In addition, it is necessary to establish an in vivo model of TS and TR xenografts to 

re-examine the role of altered looping genes in this crosstalk [38,39].
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In summary, our study has provided significant insights into our understanding of 3D 

genomic landscape changes in response to EGFR/HER2 Inhibition in endocrine-resistant 

breast cancer cells. The high quality and large 3D chromatin data will provide a rich 

resource for further evaluating chromatin structural responses to anti-EGFR/HER2 therapies 

in endocrine-resistant breast cancer. Our analyses suggest that these alterations of chromatin 

structures and transcriptional programs may provide new avenues for intervention or 

designing of patient selection for targeted endocrine treatment.

Material and Methods

Cell lines and reagents

Human breast carcinoma cell lines MCF7 and T47D and their tamoxifen resistant (TR) cell 

lines were originated from Osborne et al [40]. MCF7 or T47D cells were cultured in 

RPMI-1640 supplemented with 10% fetal bovine serum, 1% penicillin and streptomycin 

(pen/strep) until 90% confluent. MCF7TR or T47DTR cells were cultured in phenol red free 

RPMI-1640 containing 10% charcoal-stripped FBS, 1% pen/strep and 100nM Tamoxifen 

(Sigma-Aldrich). Tamoxifen was replaced every 48 hours. Cells were kept in a cell culture 

incubator with 37 °C and 5% CO2 until they reach 90% confluence. The cells were treated 

with Sapitinib (AZD8931) at the concentrations at 0uM to 30uM, the gradient concentration 

is 5uM. Cell absorbance was recorded at day 1 and day 7.

In situ Hi-C

In situ Hi-C experiments were performed as described previously [9,41]. The breast cancer 

cells were crosslinked with 1% formaldehyde and lysed with ice cold lysis buffer (10mM 

Tris-Hcl pH 8.0, 10mM NaCl, 0.2 % NP-40, 1mM DTT) to collect nuclei. The pelleted 

nuclei were digested with 200 units of HindIII (NEB, R3104L) at 37°C for overnight. The 

HindIII digested fragment overhangs were filled with biotin-labelled dATP (Life 

Technologies,19524-016) in a Klenow end-filling reaction. Four hundred units of T4 DNA 

Ligase (NEB, M0202) was added for ligation and samples were incubated for 4 h at room 

temperature with slow rotation. The ligation products were purified, and the chromatin was 

sheared to a size of 300-500bp using Covaris sonicator (Covaris Woburn, MA). Dynabeads 

MyOne Streptavidin T1 beads (Life technologies, 65601) were used to pull down the Biotin-

labelled DNA. The end repair, dA tailing was performed and ligated with Illumina TruSeq 

adapters to form final Hi-C ligation products. Each Hi-C library was amplified with 12 

cycles of PCR using Illumina primers. The Hi-C library was purified and then sequenced 

with lllumina HiSeq3000.

RNA-seq

Total RNA was extracted by ZYMO Research Quick-RNA MiniPrep kit from lysed 10 

million of breast cancer cells in RNA Lysis Buffer, then removed most of gDNA with Spin-

Away Filter. After that, the mixture of RNA was transferred with ethanol to Zymo-Spin 

IIICG column to remove trace DNA by DNase I on the column, then washed twice with 

RNA wash buffer followed by elution with 50 μl DNase/RNase-free water. RNA-seq library 

was prepared with NEBNext® Poly(A) mRNA Magnetic Isolation Module (NEB #E7490). 

The Oligo dT Beads were washed with RNA binding buffer and incubated with total 1ug 

Yang et al. Page 8

Biochim Biophys Acta Gene Regul Mech. Author manuscript; available in PMC 2020 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RNA to purify mRNA, followed with more washing by beads washing buffer. Then mRNA 

was eluted with elution buffer and reverse transcribed. After that, the first and the second 

strand cDNA were synthesized. After purification of Double-stranded DNA, adaptor was 

added. Adaptor-ligated DNA was enriched by PCR followed by purification, then the DNA 

library was sequenced with Illumina HiSeq3000.

3D spheroid formation

3D spheroids were generated as described in [42]. Spheroids formed by MCF7, MCF7TR 

were grown on Matrigel. Briefly, each well on a six-well plate was coated with 300ul of 

Matrigel (Corning) and the plate was kept in a 37 °C incubator for 30 min for gel formation. 

The Matrigel was overlaid with 2ml of cell culture medium containing 5 X 104 cells per well 

using MCF7 or MCF7TR cells. For Sap treatment of MCFTR cells, spheroids were treated 

with 100nM Sap to each well, and isolated after for 48 hours.

Cell growth assay

For Sap treatment, 96-well plate was precoated with 35 ul Matrigel and then placed in a 37 

°C incubator to solidify. MCF7 and MCF7TR 2D cells cultured in the RPMI 1640 medium 

were mixed with 5% Matrigel (4,000 cells per well) and the cells were transferred to a 

precoated 96 well plate. Sap with different concentrations ranging from 0uM to 30uM was 

tested, the gradient concentration is 10uM. Growth of the 3D spheroids was quantified at 

day 1 and day 6 by BioTek™ ELx800™ Absorbance Microplate Reader. The assay was 

carried out with six replicates for each experiment. The experiments were repeated and 

analyzed three times separately.

Immunohistochemistry staining

Immunohistochemistry (IHC) staining was performed to detect ERα in MCF7 and MCFTR, 

with MCF10A as a negative control. The arrays were sectioned in 3 μm thickness and placed 

on a poly-lysine coated slides to dry. The sections were dewaxed by baking the slides at 60 

°C for 30 min followed by two washes of xylene, 5 min each at room temperature. Antigen 

retrieval was performed for 24 min with 10Mm sodium citrate solution [pH 6.0], kept 

boiling in microwave and 30 min cooling to room temperature. Sections were subject to 

endogenous peroxidase activity blocking with 3% hydrogen peroxidase for 20 min and 

rinsed with PBS for 9 min, blocked with 10% normal goat serum for 1 h at room 

temperature, and then incubated with Estrogen receptor alpha (ERα) antibody for overnight 

in cold room. Spheroids were then washed with PBS three times and incubated with Goat 

anti-rabbit Poly-HRP for 30-45 minutes. Diaminobenzidine (DAB)-based detection was 

performed to detect antibody binding and slides were counterstained with hematoxylin. 

Appropriate controls were used for all conditions.

3C-qPCR

3C-qPCR was performed as previously described [43]. MCF7, MCF7TR, and Sap-treated 

MCF7TR spheroids were cross-linked with 37% formaldehyde for 10 min at room 

temperature. The reaction was quenched by the addition of 1M glycine for 5 min at room 

temperature. The spheroids were lysed with 500 μL of cold lysis buffer (10 Mm Tris–HCl Ph 
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8.0, 10 Mm NaCI, 0.2% Igepal CA630) with protease inhibitors for at least 15 min on ice. 

After lysis, the cell nuclei were pelleted and the chromatin was digested using 200 units of 

Hindlll (NEB) at 37 °C overnight and then the digestion was stopped at 65 °C for 20 min. 

Digested DNA fragments were ligated using T4 DNA ligase (NEB) for 4 h at 16 °C. 

Samples were reverse cross-linked with Proteinase K at 65 °C overnight. 3C samples were 

then purified using phenol–chloroform extraction. The 3C template was dissolved in 10mM 

Tris-HCI and DNA concentrations were measured using Nanodrop. For 3C several primers 

are designed for a restriction fragment of interest. All 3C primers were designed by “Primer 

3”. Firstly, we designed 4 different primers for each gene to detect the specific interaction 

frequency between genes and the regulatory elements. All pairs of primers will amplify 

ligation products that are the result of head-to-head ligation of the corresponding restriction 

fragments. We isolated DNA and quantified using nanodrop in order to take equal 

concentration for all the groups. The primer mix was done for all the primers with the 

anchor sequence of specific gene. Primers used are listed in Supplementary Table S3 

Interactions were measured using a 3C-qPCR assay for ligation products between each 

anchor Hindlll fragment and each target Hindlll fragment. Results are presented as relative 

interaction frequencies compared with those GAPDH as an internal control [43]. The 

frequency of ligation events was estimated by measuring the intensity of a PCR product after 

gel electrophoresis.

RT-qPCR

The spheroids were treated and harvested with Cell Recovery Solution (Corning 

Incorporated, Corning, NY, USA) to remove the Matrigel. Total RNA was extracted from 

MCF7, MCF7TR, Sap-treated MCF7TR spheroids using Quick -RNATM Mini Prep (Zymo 

Research, USA) according to the manufacturer’s instructions. Each 10 μL reaction consists 

of Superscript III RT/Platinum Taq mix, 5ul of 2X SYBR green reaction mix, 1 ul of test 

primer, 300ng RNA and distilled water. Quantitative Real-time PCR was performed on Light 

Cycler® 480 Instrument II real-time PCR system (Roche Diagnostics, Penzberg, Germany) 

and Ct values were outputted for quantification. Initial enzyme activation was performed at 

95C for 15 min, followed by 70 cycles of denaturation at 95C for 15 s and primer annealing/

extension at 60C for 70 s. Melting curve analysis was performed at 95C for 5 s, 65C for 60 

s, and 45C for 30 s. Primers used are listed in Supplementary Table S4. The expression 

levels of target genes were normalized against endogenous control ACTB. Data analysis was 

done using 2-ΔΔCt method. Each PCR reaction was performed in triplicate, and the data 

presented were the average of three independent experiment results for all PCR reactions.

Hi-C interaction matrices and significant interactions

All raw reads were mapped to HG19 reference genome by using HiCUP [45] and the 

biological replicates were merged together. HOMER [30] was used to obtain Hi-C 

interaction matrices with default parameters and 40Kb tiling window size. The significant 

interactions or SIFs of each data set were called by HOMER in 40Kb resolution with default 

parameter (P<=0.001), except for MCF7TR and T47D (P<=0.05) since the numbers of 

uniquely mapped reads were relatively low. SIFs were further mapped to promoter (P, from 

+5Kb to −1Kb of 5’TSS) and distal regions (D, +/−500Kb to 10Kb relative to 5’TSS) based 

on UCSC RefSeq HG19 where the mapping definition was used in our previous studies 
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[9,29]. In the case of a 40Kb bin mapped to multiple genes, all genes are considered. SIFs 

and P1D1/2 looping genes were compared by using an in-house python code to obtain DLGs

Topologically associating domains (TAD)

TopDom [29] was used to identify TAD, boundary, and gap for intra-chromosomal 

interactions. All interaction matrices (40Kb resolution) were normalized by Hi-Corrector 

[46] before using TopDom. TADs were compared by using the in-house Python program to 

obtain the differential TADs (or TAD changes) between MCF7/T47D vs MCF7/T47DTR, 

and between MCF7/T47DTR vs MCF7/T47DTR+Sap, respectively. Eight types of TAD 

changes were defined as the following: a) No-change: no changed TAD size and length 

between two conditions, A and B; b) Conserve-expand: a TAD identified in both conditions 

A and B, with the length of the TAD increasing by at most 300 Kb in condition B; c) 

Conserve-shrink: a TAD identified in both conditions A and B, with the length of the TAD 

decreasing by at most 300 Kb in condition B; d) Shift: a TAD identified in condition B that 

overlaps with a TAD in condition A, with the position shifting by more than 300 Kb; e) 

Split: a TAD in condition A becoming multiple TADs in condition B; f) Fuse: multiple 

TADs in condition A becoming one TAD in condition B; g) Neo: a border boundary or GAP 

in condition A becoming a TAD in condition B; h) Del: a TAD in condition A becoming a 

GAP or border boundary in condition B. Types a-c) are relatively conserved (RC) and types 

d-h) are drastically changed (DC). The definition of TAD changes was similar to our 

previous studies [9,31].

A more detailed procedure of classifying these eight types is described in the following five 

steps. 1) If a TAD position remains the same between the two conditions then it is defined as 

no-change TAD. 2) Then the program tries to find Fuse TAD in which multiple TADs from 

one condition are merged into the same TAD in the other condition. Here, the maximum 

allowed TAD position difference is 100Kb between the first condition and the second one. 3) 

Subsequently, the rest of TAD change types are detected, where the maximum allowed TAD 

position difference is 300Kb for conserve-Shrink and conserve-Expand, respectively. If the 

maximum TAD position difference is greater than 300Kb between the two conditions, then it 

is defined as Shift TAD. 4) If a TAD in condition one is split to multiple TADs in the second 

condition, then it is called Split TAD. Here the maximum allowed TAD position difference 

is 100Kb between a TAD in condition one and all split TADs in the second condition. 5) If a 

gap/boundary element in condition one becomes TAD in the second condition, then it is 

called Neo-TAD. On the other hand, if a TAD of condition one becomes gap/boundary 

element in the other condition, then it is called del-TAD.

In order to evaluate the statistical significance of each type of TAD change, we calculate an 

expected P-value by a random sampling method. For example, we randomly select a TAD to 

evaluate its TAD change between two conditions, and counts how many times a TAD change 

from a random drawing meets with a pre-defined TAD type. The random selection is 

repeated 10,000 times. In this way, an expected P-value of each of eight types of TAD 

changes is thus calculated and shown in the Supplementary Table S5.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. We identified differential responses in topologically associated domains 

(TADs), looping genes and expressed genes.

2. We found that many differential TADs and looping genes are reversible after 

sapitinib treatment, indicating that EGFR/HER2 signaling may play a role in 

reshaping and rewiring the high order genome organization.

3. We further examined and recapitulated the reversible looping genes in 3D 

spheroids of breast cancer cells, demonstrating that 3D cell culture spheroid 

of breast cancer cells could be a potential preclinical breast cancer model for 

studying 3D chromatin regulation.
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Figure. 1. 
Identifying differential TADs by in situ Hi-C in MCF7, MCF7TR, T47D, T47DTR cells 

before and after Sap treatment. A. A histogram showing the number of differential TADs in 

each of eight types of TAD changes between MCF7 and MCF7TR cells, and between 

MCF7TR and MCF7TR+Sap conditions, respectively. B. A histogram showing the number 

of differential TADs in each of eight types of TAD changes between T47D and T47DTR 

cells, and between T47DTR and T47DTR+Sap conditions, respectively. C. A histogram 

showing the number of reversible DC TADs in MCF7 and T47D cell lines, respectively. D. 
A histogram showing the common reversible DC TADs between MCF7 and T47D cell lines. 

E. Screenshots of two examples of reversible DC TADs, Del->Neo and Split->Fuse, in 

MCF7 cell line.
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Figure 2. 
Identifying differential significant interacting fragments (DSIFs). A. A histogram showing 

all-all SIFs, P1D1/2 loops and unique P1D1/2 loops in MCF7, MCF7TR, and MCF7TR

+Sap conditions, respectively. B. A histogram showing all-all SIFs, P1D1/2 loops and 

unique P1D1/2 loops in T47D, T47DTR, and T47DTR+Sap conditions, respectively. C. 
Upper: A histogram showing differential SIFs and differential P1D1/2 looping genes 

(DLGs) between MCF7 vs MCF7TR, and between MCF7TR vs MCF7TR+Sap, 

respectively; Lower: an overlapping P1D1 DLGs for Gain in MCF7TR then Loss in 

MCF7TR+Sap, and an overlapping P1D1 DLGs for Loss in MCF7TR then Gain in 

MCF7TR+Sap. D. Upper: A histogram showing differential SIFs and differential P1D1/2 

looping genes (DLGs) between T47D and T47DTR, and between T47DTR and T47TR+Sap. 

Lower: an overlapping P1D1 DLGs for Gain in T47DTR then Loss in T47DTR+Sap, and an 

overlapping P1D1 DLGs for Loss in T47DTR then Gain in T47DTR+Sap. E. The number of 

common rDLGs between MCF7 and T47D cell systems.

Yang et al. Page 18

Biochim Biophys Acta Gene Regul Mech. Author manuscript; available in PMC 2020 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
The top enriched biological pathways and molecular functions associated with four sets of 

reversible differentially looping genes (rDLGs). A. 576 looping changing genes which lost 

loops in MCF7 vs MCF7TR but gained loops in MCF7TR vs MCF7TR+Sap. B. 527 looping 

changing genes which gained loops in MCF7 vs MCF7TR but lost loops in MCF7TR vs 

MCF7TR+Sap. C. 560 looping changing genes which lost loops in T47D vs T47DTR but 

gained loops in T47DTR vs T47DTR+Sap. D. 192 looping changing genes which gained 

loops in T47D vs T47DTR but lost loops in T47DTR vs T47DTR+Sap.
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Figure 4. 
Differentially expressed genes (DEGs) and their relationship with differentially looping 

genes. A. The heatmap of DEGs in MCF7 vs MCF7TR and MCF7TR vs MCF7TR+Sap. B. 
The heatmap of DEGs in T47D vs T47DTR and T47DTR vs T47DTR+Sap. C. The bar 

graph of common DEGs that: 1). Up in MCF7 vs MCF7TR then Down in MCF7TR vs 

MCF7TR+Sap, 2). Down in MCF7 vs MCF7TR then Up in MCF7TR vs MCF7TR+Sap, 3). 

Up in MCF7 vs MCF7TR and Up in MCF7TR vs MCF7TR+Sap, and 4). Down in MCF7 vs 

MCF7TR and Down in MCF7TR vs MCF7TR+Sap. D. The bar graph of common DEGs 

that: 1). Up in T47D vs T47DTR then Down in T47DTR vs T47DTR+Sap, 2). Down in 

T47D vs T47DTR then Up in T47DTR vs T47DTR+Sap, 3). Up in T47D vs T47DTR and 

Up in T47DTR vs T47DTR+Sap, and 4). Down in T47D vs T47DTR and Down in T47DTR 

vs T47DTR+Sap. E. The heatmap of gene expression for 46 rDELGs in MCF7 cell system. 

F. The heatmap of gene expression for 48 rDELGs in T47D cell system.
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Figure 5. 
Validations of differentially expressed and looping genes in 3D cell culture spheroids. A. 
IHC staining of 3D spheroids of MCF7 and MCF7TR. Images were captured at a higher 

magnification (40X). B. Growth rate in 3D spheroids of MCF7 and MCF7TR after Sap 

treatment. *p <= 0.1 was considered statistically significant. C. Three biological replicates 

of 3C-qPCR were performed for each gene loop. One-tail paired t-test analysis was 

performed to compare the interaction frequencies among MCF7, MCF7TR and Sap treated 

spheroids. Error bars represent standard deviation with three experiments. ***p <= 0.01; **p 

<= 0.05; *p <= 0.1. D. RT-qPCR analysis in MCF7, MCF7TR, and Sap treated spheroids. 

**p <= 0.05; *p <= 0.1 was considered statistically significant.
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