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Abstract

AIB1Δ4 is an N-terminally truncated isoform of the oncogene Amplified In Breast Cancer 1 

(AIB1) with increased expression in high-grade human ductal carcinoma in situ (DCIS). However, 

the role of AIB1Δ4 in DCIS malignant progression has not been defined. Here we CRISPR

engineered RNA splice junctions to produce normal and early stage DCIS breast epithelial cells 

that expressed only AIB1Δ4. These cells showed enhanced motility and invasion in 3D cell 

culture. In zebrafish, AIB1Δ4-expressing cells enabled invasion of parental cells when present in a 

mixed population. In mouse xenografts, a subpopulation of AIB1Δ4 cells mixed with parental cells 

enhanced tumor growth, recurrence, and lung metastasis. AIB1Δ4 ChIP-seq revealed enhanced 

binding to regions including peroxisome proliferator activated receptor (PPAR) and glucocorticoid 

receptor (GR) genomic recognition sites. H3K27ac and H3K4me1 genomic engagement patterns 

revealed selective activation of breast cancer-specific enhancer sites by AIB1Δ4. AIB1Δ4 cells 

displayed upregulated inflammatory response genes and downregulated PPAR signaling gene 

expression patterns. In the presence of AIB1Δ4 enabler cells, parental cells increased NFκB 

and WNT signaling. Cellular crosstalk was inhibited by the PPARγ agonist efatutazone but was 

enhanced by treatment with the GR agonist dexamethasone. In conclusion, expression of the 

AIB1Δ4-selective cistrome in a small subpopulation of cells triggers an “enabler” phenotype 
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hallmarked by an invasive transcriptional program and collective malignant progression in a 

heterogeneous tumor population.
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INTRODUCTION

Greater depth and read-length of RNA sequencing has revealed a large number of 

alternatively spliced transcripts in human cancers that may directly contribute to the 

oncogenic process and offer novel therapeutic possibilities (1,2). Altered ratios of 

alternatively spliced transcripts have been linked to tumor initiation and progression (3), 

different cancer stages (4) and therapy resistance (5) although it has been difficult to dissect 

distinct functions of each gene isoform in isolation. Here we show that CRISPR targeting 

can be used to reveal unique enabler functions of a splice isoform of a transcriptional 

coactivator, AIB1.

AIB1 (Amplified In Breast Cancer 1), also known as nuclear receptor coactivator 3 

(NCOA3) or steroid receptor coactivator 3 (SRC-3) was identified due to its amplification 

and/or over-expression in breast and other cancers(6–8). AIB1 is an oncogene in several 

model systems of xenografts and transgenic mice (9–14). In addition to coactivating 

transcription of hormone receptors such as estrogen and progesterone receptor (ER, PR), 

AIB1 can also drive malignancy and invasion in the ER and PR negative setting via 

several other transcription factors such as AP-1, TEADs, E2Fs, ETS and NFκB (11,15). 

We reported an mRNA splice isoform known as AIB1Δ4, which is expressed in cancer cells 

along with full length AIB1 in most cell types examined. The AIB1Δ4 protein is missing the 

first 223 amino acids from the N-terminus of the protein containing the PAS-HLH domains 

(16,17). This truncation is due to an alternative splicing event where exon 4 is skipped 

leading to a new translation start site on exon 7 in frame with the full length AIB1 isoform 

(16). AIB1Δ4 shows low to undetectable expression in normal human mammary epithelium, 

but is upregulated in early stage breast cancers (DCIS) and further increased in breast cancer 

cell lines that metastasize to the lung, brain and bone and in pancreatic cancer cell lines that 

metastasize to the liver and spleen (16). In mice, AIB1Δ4 overexpression in the presence of 

endogenous AIB1 induced ectasia and increased mammary epithelial cell proliferation via 

upregulation of cyclin D1 and IGF-I receptor signaling (18) all of which are also activated 

by AIB1 full length overexpression (8). When overexpressed against a background of the 

full length AIB1 in vitro, AIB1Δ4 can increase activation of nuclear receptors, NFκB and 

transcription factors involved in epidermal growth factor (EGF) induced transcription (17–

19). The increased activity of the AIB1Δ4 isoform has been attributed in part to the lack of 

an inhibitory domain on the missing N-terminus in AIB1Δ4 that binds the tumor suppressor 

ANCO1/ANKRD11 (20,21). However, in all functional in vitro and in vivo studies to 

date, AIB1Δ4 effects have been gauged by overexpression in the presence of full length 

endogenous AIB1 or in knock down approaches where both AIB1 isoforms (full length 

and Δ4) were depleted. Thus it has been impossible to discern whether there are distinct 
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functions of AIB1Δ4, or whether it interacts with overlapping genomic loci and the same 

transcription regulatory elements as full length AIB1.

Here we evaluated the function of the AIB1Δ4 isoform in the progression of early stage 

breast cancer using the triple negative (ER-/PR-/HER2-) MCFDCIS cells which is the most 

widely-used model of human early stage breast cancer progression (22,23). Triple negative 

(TN) DCIS is detected in about 5–10 % of cases and TN DCIS lesions are thought to rapidly 

progress to high grade DCIS and invasive breast cancer (24,25). We show that AIB1Δ4 

is increased in high grade DCIS tissue. Using CRISPR-based genome editing, we derived 

normal MCF10A (26) and MCFDCIS cell lines that only express the AIB1Δ4 isoform 

and demonstrate that AIB1Δ4 only expressing cells show enhanced invasive and migratory 

behavior. Most interestingly a small subpopulation of the AIB1Δ4 only expressing cells 

enabled invasion and metastasis of neighboring parental cells. ChIP-seq of AIB1 isoforms 

and histone marks revealed significant differences in the isoform-specific cistrome leading to 

a transcriptome pattern associated with poor outcome in breast cancer.

MATERIALS AND METHODS

Real Time Electric cell impedance sensing (ECIS)

Cell migration, invasion and proliferation were monitored using E- and CIM-plates from 

xCELLigence, Roche according to the manufacturer’s protocol. Human umbilical vein 

endothelial cells, HUVECs (LONZA, #C-2517A) were used as an endothelial monolayer 

to monitor cell invasion. Details in the supplementary methods.

3D sphere invasion Assay

Sphere formation assay was conducted as previously described(27). A single cell suspension 

was embedded in 100% matrigel (Corning, # CB-40230) and spread on the bottom of 

8-well chamber arrays (Thermofisher, #154453). Imaged on Olympus IX-71 Inverted 

epifluorescence microscope. 100–200 spheres per cell line were scored for invasive 

phenotype. Spheres with 3 or more cells protruding into the extracellular matrix were 

considered invasive. Graphs show representative data from one of three independent 

experiments. Aggregates were formed in U-shape 96-well plates (Costar #7007) or 81-well 

agarose molds from Microtissues (28) then embedded in 20% matrigel: 80% collagen I 

(Corning # 354236) mix in an 8-well chamber (Thermofisher, #154453). Then imaged using 

a Zeiss LSM800 microscope. Quantification on mixed spheres was done by counting the 

number of invading arms with a specific cell type leading the stream of cells. Graphs show 

representative data from one of three independent experiments. Invasion area quantification 

was done using ImageJ.

Zebrafish Injection and Imaging

Fifty cells were injected directly into the circulation via the duct of Cuvier of 

Tg(kdrl:GRCFP)zn1 zebrafish embryos 48 hours post fertilization. Cell extravasation was 

scored in the tail region in live embryos 48 hours after injection. At the end of the 

experiments, representative zebrafish embryos from each group were embedded in agarose 

for still images capture using Zeiss LSM800 microscope.
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Animal Experiments

Studies in mice were reviewed and approved by the Georgetown University Animal Care 

and Use Committee. Animals were randomized to receive control or CRISPR engineered 

cells. Five hundred thousand cells were injected into the mammary fat pad of six age

matched 8 weeks old female SCID/ Beige mice purchased from Charles River. Two weeks 

later, all tumors from the right mammary fat pad were removed by survival surgery where 

tumors from the left mammary fat pad were removed after 5 weeks. A total of 6 mice 

were injected per condition. Lung metastases were monitored 5–12 weeks post injection 

using In Vivo Imaging Systems (IVIS Lumina III, Perkin Elmer) machine. In the recurrence 

experiment, two million cells were injected in the mammary fat pad of 5 NOD/SCID mice, 

all tumors were removed when they reached the same size (~80cm2). Xenograft experiments 

in athymic nude mice (purchased from Invigo) were done by subcutaneously injecting one 

million cells in each flank.

ChIP-Seq

Cells were crosslinked using 1.2% formaldehyde for 10 minutes at room temperature, 

stopped by 2M glycine for 5 minutes at room temperature. Cells were collected in 1X 

PBS containing protease and phosphatase inhibitors (Sigma, #4693159001, # 4906837001) 

and 10mM DTT. The nuclei were isolated sonicated using Bioruptor plus™ (Diagenode 

Inc., Denville, NJ). Pre-cleared lysates were mixed with protein A magnetic beads 

bound to AIB1 (Cell signaling, #2126, RRID:AB_823642), H3K4me1 (Active motif, 

#39297, RRID:AB_2615075) or H3K27ac (Active motif, #39135, RRID:AB_2614979) 

antibodiesovernight at 4°C. Samples were de-crosslinking at 65°C in the presence of 

200mM NaCl and proteinase K. QIAquick PCR purification kit was used to isolate the DNA 

fragments. DNA sequencing libraries were prepared using the Kapa Hyper DNA library prep 

(Roche). For AIB1 ChIP-seq, we used low cell ChIP-seq kit (active Motif # 53084) to isolate 

chromatin complexes and purify DNA fragments.

All samples were prepared in biological triplicates. ChIP-Seq data were aligned to hg19 

using Rsubread (29) and the differential genomic binding was established using csaw(30). 

Peaks were annotated to genes within indicated distances to genomic features using the 

annotatePeakInBatch function from ChIPpeakAnno (RRID:SCR_012828). Motif enrichment 

in peaks was undertaken using the findMotifsGenome.pl tool available from the HOMER 
(Hypergeometric Optimization of Motif EnRichment, RRID:SCR_010881) (31).

RNA-Seq, GSEA and IPA

Biological triplicate samples per experimental condition were analyzed, raw sequence reads 

(75bp paired end, >45×106 average reads/sample) were aligned to the human genome 

(hg19) using Rsubread, and aligned reads translated to expression counts via featurecounts, 

followed by a standard edgeR (RRID:SCR_012802) pipeline to identify DEGs under 

specific conditions. Gene set enrichment analysis (GSEA, RRID:SCR_003199) of BROAD 

Hallmark pathways was done using a list of all differentially expressed genes ranked by 

signed log10(FDR). Hallmark gene sets were filtered by NES > 1.5, FDR q-value < 0.05. 

GSEA and Ingenuity pathway analysis (IPA, RRID:SCR_008653) was undertaken using a 

list of all differentially expressed genes to identify canonical pathways.
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Phospho-Kinase profiler

DCIS cells starved overnight. Next day, 20% DCIS-Δ4 cells were added to the DCIS cells 

for 0 or 30min. Cell lysates were prepared and blotted on the Human Phospho-kinase array 

(R&D, #ARC003C) according to the manufacturer’s protocol. Membranes were imaged 

using an ImageQuant™ LAS 4000 biomolecular imager (GE) and signal intensity was 

quantified using ImageJ, RRID:SCR_003070.

Statistics

Analyses were undertaken either using the R platform for statistical computing 

(version 3.6.1) and the indicated library packages implemented in Bioconductor 

(RRID:SCR_006442) or Prism 7 (Graphpad Inc, RRID:SCR_006442). Analysis of variance 

was used for multiple comparisons and t-tests were used for paired comparisons, with 

p<0.05 as the threshold for statistical significance in all tests. Kaplan–Meier plots were 

generated from publicly available data sets at http://kmplot.com/analysis. The top ~50 up- 

and downregulated genes in DCIS-Δ4 and 10A-Δ4 cells compared to parental cells were 

used to establish an AIB1Δ4 signature profile. Using the “Use multiple genes” option, genes 

were equally weighted and downregulated genes were inverted to represent directionality 

of regulation. Relapse-free and overall survival analyses were run on datasets from patients 

with estrogen-negative tumors.

Data Availability

The RNA-sequencing data have been deposited to the Gene Expression Omnibus under 

record GSE139270. The AIB1 and histone marks ChIP-sequencing data have been deposited 

to the Gene Expression Omnibus under record GSE144632 and GSE139367, respectively. 

AIB1 ChIP-seq dataset in MCF7 was obtained from Zwart el al (32) at http://www.carroll

lab.org.uk/data.

RESULTS

The AIB1Δ4 splice variant enhances cell motility and invasion.

To compare AIB1Δ4 expression levels in low and high grade DCIS samples we analyzed 

formalin fixed and paraffin embedded (FFPE) using isoform specific primers that were 

optimized to detect short RNA fragments isolated from FFPE samples (33). High grade 

DCIS samples had significantly higher AIB1Δ4 expression (Fig. 1A) suggesting a possibly 

distinct role for AIB1Δ4 during malignant progression.

To study the contribution of AIB1Δ4 to breast cancer malignant progression we utilized the 

immortalized normal human mammary epithelial MCF10A cells (26) and their derivative 

early stage breast cancer MCFDCIS cells (22). Previous studies have shown that pan AIB1 

knockdown in MCFDCIS is associated with reduced DCIS lesion formation and progression 

(12). We generated isogenic cell lines expressing AIB1Δ4 and not the full length AIB1 

using CRISPR editing of the exon 4 splice acceptor site (Fig. 1B). This editing resulted in 

deletions in the exon 3, intron 3 and exon 4 region (Fig. 1C and S1A) as detected at the 

mRNA level in the MCFDCIS and the MCF10A cell lines (Fig. 1D, S1B and S1C). The 

resulting cell lines were designated DCIS-Δ4 and 10A-Δ4, respectively. CRISPR editing of 
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exon 4 resulted in the loss of the 160 kDa full length AIB1 protein but not the 140 kDa 

AIB1Δ4 isoform (Fig. 1E and S1D) that is detectable predominantly in the nucleus of the 

engineered lines similar to full length AIB1 (Fig. 1F). We obtained an additional MCFDCIS 

derived clone (DCIS-Δ4-hy) that expresses low but detectable levels of full length AIB1 

(Fig. S1C and S1D). It shows a larger genomic deletion that includes both exon 3 and 4 

(Fig. S1A) and two dominant transcripts; both of which are missing exon 4 (Fig. S1B and 

S1C). This hypomorph line expresses detectable full length AIB1, presumably from the 

non-CRISPR allele and is useful in experiments to confirm effects of an increased relative 

expression of AIB1Δ4.

The DCIS-Δ4 and 10A-Δ4 cell lines have altered morphology (Fig. 1F) and increased 

motility and migration rate when plated in the top chamber of a transwell migration assay 

using real-time Electric Cell Impedance Sensing (ECIS) (Fig. 1G and S1E) (34,35). They 

also have enhanced endothelial monolayer disruption compared to controls (Fig. 1H) in 

a transendothelial invasion assay (Fig. S1E). DCIS-Δ4-hy cells showed enhanced invasive 

ability similar to the AIB1Δ4 clones (Fig. S1F). Proliferation rates of DCIS-Δ4 cells were 

unchanged compared to DCIS parental cells. DCIS-Δ4-hy clone showed an increase in 

proliferation (Fig. S1G and S1H). 10A-Δ4 cells grew slower than their parental counterpart 

(Fig. S1H) indicating a role for full length AIB1 in normal breast cell proliferation.

Next we studied sphere formation and invasion into extracellular matrix Matrigel™ (27) 

(see Fig. 1I for schematic). DCIS-Δ4 spheres were comparable in size to the parental DCIS 

spheres, consistent with equivalent proliferation rates in 2D culture (see Fig. S1H). However, 

DCIS-Δ4 spheres invaded the surrounding matrix at a significantly higher rate than parental 

cells (Fig. 1J and 1K). Spheres grown from 10A-Δ4 cells demonstrated an invasive and 

disorganized phenotype, with individual cells entering into the matrix (Fig. 1J and 1K). 

The smaller size of 10A-Δ4 relative to the MCF10A spheres is likely due to the slower 

proliferation rate (see Fig. S1H).

Direct contact with AIB1Δ4 expressing cells enables crosstalk and invasion

To study the impact of expression of AIB1-Δ4 in an early stage breast cancer cell 

subpopulation we used a 3D invasion assay. Differentially labeled DCIS and DCIS-Δ4 

cells were mixed at a 4:1 ratio and embedded in a collagen I / Matrigel™ mix, a medium 

where invasion can be monitored over time (36) (see Fig. 2A for schematic). DCIS-Δ4 

cells were significantly more invasive on their own than their parental counterpart (Fig. 2B) 

but surprisingly the presence of a minority population of DCIS-Δ4 cells led to enhanced 

invasion of parental DCIS cells into the surrounding matrix (Fig. 2B). Despite their lower 

abundance, DCIS-Δ4 cells were seen over two-fold more frequently at the leading edge of 

the invading stream of cells (Fig. 2C).

We further examined the enabling phenotype in a transgenic zebrafish model (Tg(kdrl: 

GRCFP)zn1) in which a green reef coral fluorescent protein (GRCFP) is expressed in the 

vascular endothelia under the control of a VEGFR2 promoter(37). Fluorescently labeled 

AIB1Δ4 cells were injected alone or in a mixed population directly into the circulation 

(duct of Couvier) of Zebrafish embryos, and tissue-invading cells scored in the tail region 

(Fig. 2D). Both DCIS-Δ4 and DCIS-Δ4-hy clones showed a higher invasion rate than an 
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equivalent number of the parental DCIS cells (Fig. 2E and S2A). DCIS cells in a mixed 

population with DCIS-Δ4 showed a significantly higher invasion rate than DCIS cells alone 

(Fig. 2E). In contrast, the 10A-Δ4 cell line showed a low and insignificant change in 

extravasation rate in zebrafish embryos, probably because they are non-transformed cells(26) 

(Fig. S2B).

The crosstalk between the DCIS and DCIS-Δ4 cells could be due to an exchange of secreted 

factors, however there was no effect on invasion when adding conditioned media (CM) from 

DCIS-Δ4 cells to DCIS cells or DCIS CM to DCIS-Δ4 cells (Fig. S2C). Additionally, in 

a co-culture migration assay, the DCIS-Δ4 cells enabling effect was not observed on DCIS 

cells (Fig. S2D and S2E). This suggests that the factor(s) involved are insufficient in CM 

and a direct cell-cell contact between the parental and AIB1Δ4 cells is needed to initiate the 

increased invasive effects seen in the mixed population experiments. Indeed, a portion of the 

enabling effect seems to involve cell-cell contact since DCIS-Δ4 cells efficiently enabled the 

invasion of DCIS cell when in direct contact, mixed together in the same sphere (see Fig. 

2B) but do not affect adjacent DCIS spheres when they are separated (Fig. S2F).

AIB1Δ4 cells in vivo are enablers of invasion and metastasis

To determine if the DCIS-Δ4 cell enabler effect occurred in tumors, we injected 500,000 

parental DCIS or DCIS-Δ4 cells into the mammary fat pad of immune compromised 

SCID/Beige mice. Mixing DCIS-Δ4 cells with the parental DCIS cells at a 1:4 ratio 

significantly enhanced tumor growth at 5 weeks compared to an equivalent total number 

of DCIS cells alone (Fig. 3A). Surprisingly the DCIS-Δ4 tumors grew significantly slower 

than the parental DCIS tumors and presented heterogeneous and less differentiated DCIS 

lesions (Fig. 3A and S3A). DCIS-Δ4-hy tumors grew larger than DCIS tumors (Fig. S3B) 

paralleling their increased in vitro proliferation rate (see Fig. S1G). We examined the spatial 

expression of P63 in DCIS lesions using an antibody that can recognize both human and 

mouse P63 to detect both luminal epithelial (xenograft) and myoepithelial (mouse) cells. 

P63 expression loss in the myoepithelial layer is an indicator of early transition to an 

invasive state whereas the gain of P63 expression in tumor epithelial cells marks a basal-like 

phenotype and malignant progression (23,38). At week 2, there was a loss of myoepithelial 

P63 and gain of epithelial P63 in mixed tumors (Fig. 3B). At week 5 an increase in the 

number of P63 positive luminal epithelial cells was observed (Fig. 3C). Double staining 

for P63 and Luciferase, (expressed only by MCFDCIS parental cells) in the mixed tumor, 

showed that the majority are P63 positive cells (Fig. S3C). In DCIS-Δ4-hy tumors, both 

epithelial p63 and CD44 expression is increased compared to control DCIS tumors (Fig. 

S3D).

DCIS, DCIS-Δ4 and the mixed tumors were removed via survival surgery at either week 

2 or week 5 and peripheral tissues were harvested by week 12 to inspect for metastases. 

Mice with mixed tumors had a significantly higher incidence of lung metastases (Fig. 3D 

and S3E) that correlated with the increased size of the primary tumor. Lung metastases were 

confirmed by qPCR using human specific primers for actin (Fig. 3E) and by IHC staining of 

luciferase in the parental DCIS cells in the mixed tumors (Fig. 3F). The metastases consisted 

largely of parental MCFDCIS cells as seen by bioluminescence (Fig. S3E). Presence of 
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parental cells (Fig. 3F) was confirmed by qPCR of the CRISPR- edited region of the AIB1 

gene (Fig. S3F). Thus, MCFDCIS-Δ4 cells appear to enable invasion of neighboring cells 

yet are not selected as a dominant population that takes over during progression. Consistent 

with MCFDCIS-Δ4 enabling invasion, tumor recurrence after removal of same-size primary 

tumors is significantly more rapid in mixed tumors than in DCIS controls (Fig. S3G).

No significant changes in gene expression change were observed in tumors at 2 weeks, 

and at week 5 there were only 4 significant DEGs related to mitochondrial function and 

tumor necrosis (Supplementary table S1) These small differences in gene expression are not 

surprising since the mixed tumors were predominantly composed of parental DCIS cells 

(Fig. S3H)

Differential genomic engagement of the AIB1Δ4 isoform impacts enhancer accessibility.

To examine if the AIB1Δ4 driven phenotype is related to distinct genomic associations, we 

performed ChIP-Seq with an AIB1 antibody that binds to the C-terminus of both the full 

length and the AIB1Δ4 isoforms(21) allowing direct comparison of genomic distribution of 

chromatin interaction of the isoforms. The total number of peaks observed with AIB1Δ4 

is less than AIB1 full length probably due to its lower expression level (see Fig. 1D) but 

notably 33% of the AIB1Δ4 peaks did not overlap with the AIB1 peaks in the MCFDCIS 

cell lines (Fig. 4A). Similarly, in MCF10A cells AIB1Δ4 ChIP peaks were distinct (~50%) 

from AIB1 ChIP peaks (Fig. S4A). AIB1 ChIP seq peaks in an ER positive cell line, MCF7 

(32) with and without estradiol (E2) show a distinct distribution on the genome compared to 

AIB1 and AIB1Δ4 peaks in ER(–) MCFDCIS cells (Fig. S4B) emphasizing the pleiotropic 

genomic interactions of this coactivator and its isoform in different contexts.

Motif enrichment analyses using HOMER (31) showed that AIB1Δ4 ChIP peaks were 

uniquely enriched for PPARE, ZNF416 and ZNF189 motifs. Other motifs such as the 

glucocorticoid receptor element (GRE) were significantly enriched in both isoforms (Fig. 

4B). Nuclear receptors interact with the LXXLL motif present in both AIB1 isoforms (15). 

In MCF10A cells AIB1Δ4 ChIP peaks were exclusively enriched for HIF-1beta, ELF5 and 

FOXA2 motifs while AP-1 family and TEAD family were significantly enriched in both 

isoforms (Fig. S4C).

We next examined epigenomic histone marks with ChIP-Seq for H3K27ac and H3K4me1 

which associate with chromatin indicating enhancer engagement and activation (39,40). The 

degree of overlap (at least 1 bp) of histone modifications in the DCIS and DCIS-Δ4 cells 

(Fig. 4C) was clearly distinct in the two cell backgrounds with only 294 sites in common. 

H3K27ac peaks also showed a bias towards AIB1Δ4 with 4270 peaks unique to AIB1Δ4 in 

DCIS-Δ4 cells (Fig. 4C). We overlapped (allowing 500 bp gaps) H3K27ac and H3K4me1 

peaks with an enhancer map generated in 47 breast cancer patient samples (BrCa enh.) (41). 

In DCIS-Δ4 cells, 540 enhancer sites overlapped with H3K27ac/H3K4me1, whereas in full 

length AIB1 cells only 257 H3K27ac/H3K4me1 sites overlapped with enhancer sites (Fig. 

4D and 4E). In normal mammary epithelial cells, H3K27ac/H3K4me1 sites both overlapped 

with genomic enhancer sites established by the FANTOM5 consortium (hMEC enh.) (42) 

(Fig. S4D). To reveal the spatial relationship of AIB1 or histone modification enrichment to 

genes we analyzed the AIB1 peaks or histone modifications in 5kb bins up and down-stream 
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of transcription start site (TSS) and summed the peaks’ scores. The H3K27ac peaks in bins 

more distal to the TSS trended to be more significant for AIB1Δ4 cells (Fig. S4E). Taken 

together these data suggest that AIB1Δ4 elevates activation of a specific subset of breast 

cancer specific enhancers involved in breast cancer progression, in part by increasing the 

number and significance of H3K27ac sites.

The AIB1Δ4 splice variant regulates a distinct transcriptome

To investigate how the differential genomic binding and increased enhancer accessibility 

of AIB1Δ4 compared to full length AIB1 impacted gene expression, we performed RNA

Seq on parental MCFDCIS, MCF10A, the AIB1Δ4 derivative lines and their mixed 

cell populations. Similarity and principal component analyses revealed that experimental 

conditions explained the majority of variation in expression (Fig. S5A). Consistent with 

the invasive phenotype presented by DCIS-Δ4 cells, inflammatory response genes and 

extracellular matrix proteases such as IL1β, MMP9, MMP10, and SERPINB2 were 

upregulated in the DCIS-Δ4 cell line compared to control as well as genes located on the 

1q21.3 cytoband such as SPRR3, S100A7, SPRR2A, IVL, SPRR1A, SPRR2D and LCE3D 

(Fig. 5A, Supplementary table S1). Gene Set Enrichment Analysis (GSEA) in AIB1Δ4 cells 

confirmed that NFκB signaling, coagulation and 1q21.3 gene sets were positively enriched 

compared to parental cells (Fig. 5B); conversely, Myc and E2F targets were down-regulated 

consistent with the slow growth rate of AIB1Δ4 tumors (Supplementary table S2). From 

the Ingenuity Pathway Analysis (IPA), the top upregulated pathways were inflammatory 

response related pathways such as osteoarthritis and toll like receptor signaling (Fig. 5C). 

Several factors in the coagulation system that function in cell adhesion and spreading 

as well as cell migration were also regulated. Notably, peroxisome proliferative activated 

receptor (PPAR) signaling (IPA) and adipogenesis related to PPARγ signaling (GSEA, see 

Supplementary table S2) were consistently down regulated in AIB1Δ4 expressing cells.

We generated a list of AIB1Δ4 signature genes from the top ~50 up- and downregulated 

genes in DCIS-Δ4 cells compared to parental DCIS cells. Patients with ER-negative breast 

tumors and altered expression of these AIB1Δ4 signature genes (Supplementary table S3) 

had worse relapse-free survival and overall survival outcomes(Fig. S5B). GSEA and IPA 

analyses of differentially regulated genes in 10A-Δ4 relative to MCF10A cells were also 

indicative of enhanced inflammatory pathways and invasive transition (Fig. S5C–E and 

Supplementary table S2). Notably PPAR signaling and cell cycle control pathways were 

downregulated in the 10A background. AIB1Δ4 regulated genes in MCF10A cells also 

provided a signature that predicts poor relapse free survival in patients (Fig. S5F and 

Supplementary table S3).

To uncover the underlying mechanism by which DCIS-Δ4 enables parental DCIS cells 

invasion, we cultured a mix of 4:1 (DCIS: DCIS-Δ4) cell ratio to allow crosstalk for 

48 hours. DCIS and DCIS-Δ4 cells were then separated by flow cytometry and changes 

in gene expression in each population were analyzed by RNA-Seq. DCIS cells from the 

mixed population showed an increase in proliferation pathways, such as E2F and Myc 

targets, consistent with their faster tumor growth in vivo. NFκB signaling was positively 

enriched as well as WNT signaling, the latter associated with DDK1, RAC3 and FOXD1 
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genes upregulation (Fig. 5D and 5E). A phospho-kinase array confirmed WNT signaling 

activation in DCIS cells after their coculture with DCIS-Δ4 cells, marked by GSK-3β 
dephosphorylation and increased WNK1 phosphorylation (43,44) (Fig. 5F). Although 

WNT signaling has been associated with activation of EMT, changes in EMT markers 

in DCIS cells were only marginally altered (Fig S5G). Also of note in DCIS cells was 

down-regulation of PPARγ signaling target genes such as CD36. Interestingly, DCIS-Δ4 

cells’ gene expression was also impacted by co-culture with DCIS cells showing increase 

expression of a number of the genes associated with cell adhesion and tumor progression 

such as fibronectin (FN1) and chondroitin sulfate proteoglycan 4 (CSPG4) (45,46) (Fig. 

S5H).

Genomic binding and gene expression

To determine the relationship between AIB1 isoform binding strength and gene expression, 

we used Binding and Expression Target Analysis (BETA)(47). The score of individual peaks 

for AIB1 or AIB1Δ4 were weighted for distal binding and multiplied by the absolute fold 

change for a given gene differentially expressed between AIB1 and AIB1Δ4 in DCIS cells. 

The median top 75th percentile and bottom 25th percentile are shown as a box whisker plot 

(Fig. 5G). This analysis showed a significant increase in AIB1Δ4 binding at distal regions 

of regulated genes. The H3K27Ac histone mark was also significantly enriched at regulated 

genes in the DCIS-Δ4 cell background despite the lower number of overall binding sites of 

AIB1Δ4 (Fig. 5G).

Blocking the enabler effect of AIB1Δ4 by activating PPARγ signaling pathway

From the gene expression analysis, PPAR signaling and adipogenesis are down regulated 

in AIB1Δ4 expressing cells (see Fig. 5) and AIB1Δ4 enriched motif analysis (see Fig. 4B) 

indicates that nuclear receptors such as PPARγ and GR could be involved in the invasive 

or enabling response. We have previously shown that activation of PPARγ delays ductal 

carcinoma in situ transition to invasive ductal carcinoma (48). Additionally, PPARγ agonists 

have been used as anti-inflammatory reagents (49,50). To examine this we used a PPARγ 
agonist, efatutazone, to investigate PPARγ contribution to the enabler/responder phenotype. 

While efatutazone had no effect on DCIS-Δ4 cells’ invasion, it significantly decreased the 

enabler/responder phenotype in mixed spheres (Fig. 6A and 6B) suggesting that the PPARγ 
agonist effect is specific to the crosstalk between DCIS and DCIS-Δ4. We also tested the 

effect of dexamethasone, a GR agonist, on the enabler / responder crosstalk and observed 

that the enabling effect was increased by the lower doses of dexamethasone (Fig. 6C). 

Addition of other steroids such as estradiol 17β had no effect on enabling (Fig. 6D).

DISCUSSION

Here our analysis of DCIS cells that express only a single isoform of AIB1, AIB1Δ4, reveals 

a new ‘enabler’ function during the malignant progression of early stage breast cancer. Small 

subpopulations of cells, in an early stage tumor, gain expression of the AIB1Δ4 isoform 

that binds to distinct genomic engagement sites. This leads to significant differences in the 

distribution of H3K27ac that becomes more engaged at distinct breast cancer enhancer sites 

(41). The changes in the gene expression pattern in AIB1Δ4 cells are related to increased 
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inflammatory and 1q21.3 gene expression as well as factors that regulate the ECM. We 

propose that these changes in enabler gene expression drive crosstalk with responder cells 

increasing their WNT and NFκB signaling driving invasion and subsequent metastasis. It is 

of note that changes in WNT signaling through subpopulation cross talk has been observed 

previously in lung adenocarcinoma (51).

The GR and PPAR pathways appear to play a significant role in the enabler effect as 

evidenced by AIB1Δ4 engagement patterns, immune and PPAR related gene expression 

changes, and the ability of a GR or PPAR agonist to modulate the enabler effect. The GR 

plays diverse roles in breast cancer but is known to be involved in invasion and metastasis 

(52). Since AIB1 and AIB1Δ4 are both engaged at GREs in DCIS cells it seems likely 

that potential differences in transcriptional effects may be mediated by different patterns or 

strength of genomic engagement, and/or selective interactions with other coactivators and 

repressors at these sites. Likewise the selective engagement of AIB1Δ4 at PPARE elements 

is of interest since anti-inflammatory pathways are known to be down regulated by PPAR 

signaling pathways (50,53). The inhibitory effect of efatutazone indicates that PPARγ is 

involved in the enabling crosstalk. AIB1Δ4 could repress PPAR mediated transcription 

by selective recruitment of corepressors or may simply be a less-efficient coactivator at 

PPAR sites than AIB1 full length. Future experiments will tease out these possibilities and 

determine the components of the AIB1Δ4 transcription complex at GR, PPAR and other 

genomic engagement sites.

The increased activation by AIB1Δ4 of genes at the 1q21.3 locus is a component of the 

differences in inflammatory signaling. We have previously published an inhibitory role for 

full length AIB1 at the 1q21.3 locus where it binds ANCO1, a tumor suppressor, at TEAD 

binding sites to repress expression of SPRR and S100A genes (54). Amplification of the 

1q21.3 locus in breast cancer patients is associated with an increased risk of recurrence 

and early relapse (55). AIB1Δ4 does not bind ANCO1(21) and is not repressed by this 

tumor suppressor suggesting that AIB1Δ4 can activate the 1q21.3 locus by-passing ANCO1 

repression. The combination of effects of AIB1Δ4 at this locus as well as on GR and PPAR 

sites is a plausible explanation of the observed increases in inflammatory signaling that 

likely contributes to the enabling phenotype, tumor invasion and progression.

An unexpected aspect of AIB1Δ4 expression in DCIS is the slower growth in vivo. One 

explanation is that AIB1Δ4 lacks the N-terminal domain and is unable to interact with 

E2F in contrast to full length AIB1 (56) that drives expression of cell cycle genes such 

as cyclin D (57). Whatever the mechanism of slower growth, the enabling effect of the 

AIB1Δ4 isoform does not require increased proliferation. Indeed the slow proliferation of 

the AIB1Δ4 cells may well prevent them from being the selected dominant population in a 

tumor.

Overall, our observations raise the intriguing possibility that changes in splicing regulation 

increase expression of the AIB1Δ4 isoform in a subpopulation of cells and is responsible 

for initiating malignant progression. The detection of small populations of cells that express 

the AIB1Δ4 isoform could be predictive of DCIS lesions that are more aggressive and 

destined to metastasize. An AIB1Δ4 related gene expression signature in patients could also 
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be used to predict poor outcome. Future studies will determine if detection of changes in 

isoform expression patterns in early stage non-invasive breast cancer (DCIS) could indicate 

conversion to invasive cancer. In the longer term therapeutic targeting drivers of splicing or 

inhibition of enhancer activation by AIB1Δ4 could be useful in preventing the emergence of 

a small subpopulation enabling malignant progression of early stage disease.

Supplementary Material

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

A minor subset of early stage breast cancer cells expressing AIB1Δ4 enables bulk tumor 

cells to become invasive, suggesting that selective eradication of this population could 

impair breast cancer metastasis.
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Figure 1. The AIB1Δ4 splice variant enhances cell motility and invasion.
A) qPCR of AIB1 and AIB1Δ4 on FFPE breast Ductal Carcinoma in situ (DCIS) samples 

of either low or high grade DCIS stage. *p<0.05. Fold changes are relative to the mean 

expression in low grade DCIS samples. Total of 25 samples were analyzed, 10 of which 

were ER-negative.

B) Schematic of AIB1 pre-mRNA alternative splicing that results in either AIB1(green) 

or AIB1Δ4 (orange). The asterisk denotes the gRNA target sequence on exon 4. CRISPR 

partial deletion of intron 3 and exon 4 (dotted line). Ex: exon, Int: intron.
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C) Genomic DNA spanning exon 4 in the cell lines that were transfected with CRISPR-Cas9 

and gRNA targeting AIB1 exon 4 splice junction.

D) AIB1 mRNA between exon 2 and exon 5 in the AIB1Δ4 cell lines and the parental 

control cells. Loss of exon 4 also confirmed by Sanger sequencing in Fig. S1B.

E) AIB1 isoforms’ protein level in AIB1Δ4 cell lines and the parental cells. Isoforms 

indicated by arrowheads. Actin serves as a loading control.

F) Immunofluorescent staining of AIB1 isoforms, nucleus (dapi), actin cytoskeleton 

(Phalloidin) show cell morphology and nuclear localization of both AIB1 isoforms. Scale 

bar = 50μm.

G) Transwell migration assay using Electric Cell Impedance Sensing (ECIS) to monitor cell 

motility across a porous membrane. ***p<0.001. See Fig. S1E for assay schematic.

H) Invasion assay of AIB1Δ4 and control cells invading through an endothelial monolayer 

monitored by ECIS. No cells added to the endothelial cells as a negative control. 

***p<0.001. See Fig. S1E for assay schematic.

I) A schematic of the single cell sphere formation assay in 100% matrigel.

J) Representative images of 3D spheres in 100% matrigel from single cell suspension of 

MCFDCIS at day 5 and MCF10A at day 3. Scale bar = 200μm.

K) The percentage of invasive spheres with protruding cells relative to the total spheres. 

Error bars indicate mean ±SD. Total number of spheres ~200 per condition. ***p<0.001.
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Figure 2. Direct contact with AIB1Δ4 expressing cells enables crosstalk and invasion.
A) A schematic of the cell aggregate invasion assay in 80% collagen I and 20% matrigel.

B) Representative images of cell aggregates of DCIS (blue), DCIS-Δ4 (red) or a 4:1 mix 

(DCIS:DCIS-Δ4) in collagen I and matrigel mix. Scale bar = 50μm.

C) Frequency of DCIS or DCIS-Δ4 at the leading edge in mixed spheres. n=5 **p<0.01. 

Inset: Magnified image from mixed spheres that shows DCIS-Δ4 cells leading the stream of 

invasive cells.

D) Extravasation of DCIS, DCIS-Δ4 or mixed cells in Tg(flk-1:GFP) transgenic zebrafish 

embryos. Scale bar = 500μm on whole fish, 50μm on tail images. White arrow heads point to 

extravasated cells.

E) The number of Zebrafish embryos with DCIS, DCIS- Δ4 or mixed cells that have 

extravasated out of the blood vessels and into the neighboring tissue. In the mixed cell 
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population, only DCIS parental line was fluorescently labeled and scored for extravasation. 

DCIS and DCIS- Δ4 are mixed at a 4:1 ratio. **p<0.01, ***p<0.001.
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Figure 3. Indolent AIB1Δ4 cells in vivo are enabler of invasion and metastasis.
A) Growth of xenograft tumors from DCIS, DCIS-Δ4 or a mix of the two cell populations 

(4:1 respectively) injected in MFP of SCID/Beige mice. n=6 ***p<0.001

B) Representative images of P63 staining of xenografts from A at 2 weeks. Red arrowheads 

indicate luminal epithelial cells (epi) and black arrows indicate peripheral myoepithelial 

(myo) that are P63 positive. Black dotted line outlines in situ lesions. Graph showing the 

mean ± SD of P63 positive cells. Three 10x fields of 6 tumors were counted per group. 

**p<0.01. Scale bar = 50μm.
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C) Representative images of P63 staining of xenografts from A. Graph showing the mean ± 

SD of P63 positive cells (nuclei). Five 20x fields of 6 tumors were counted per group. Scale 

bar = 50μm.

D) Lung metastases from primary MFP xenografts occurrence over time.

E) qPCR for human actin in lung tissues from fig. 3D. IVIS and histology were used to 

confirm lung metastases in samples with measurements above the dotted line.

F) Representative images of luciferase IHC of lung metastases from primary MFP 

xenografts. Signal is detected from parental DCIS harboring a luciferase construct, as 

opposed to the DCIS-Δ4 cells that are luciferase negative in the mix tumors. Scale bar = 

500μm.
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Figure 4: Differential genomic engagement of the AIB1Δ4 isoform impacts enhancer 
accessibility.
A) FDR-corrected shared and unique ChIP-Seq peaks for AIB1 and AIB1Δ4 in DCIS 

parental cell line and DCIS-Δ4, analyzed in biological triplicates, were compared for overlap 

(minimum 1bp) and uniqueness. Examples of unique and shared peak binding are illustrated 

on Chr 3 and Chr 15.

B) Motifs within 200 bp of the peak summit for significant ChIP-Seq peaks were analyzed 

for motif enrichment using HOMER. In red are those unique to AIB1Δ4 in MCFDCIS cells.

C) FDR-corrected shared and unique ChIP-Seq peaks for H3K4me1 or H3K27ac in DCIS vs 

DCIS-Δ4. Shared peaks have at least 1bp overlap.
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D) FDR-corrected shared and unique ChIP-Seq peaks for H3K4me1 or H3K27ac identified 

in either DCIS vs DCIS-Δ4 were overlapped with BrCa enhancers (BrCa enh) within a 

distance of 500 bp (41) Histone modification peaks in DCIS and DCIS-Δ4 overlapping with 

enhancer sites identified in breast cancer patients (BrCa enh).

E) The number of H3K27ac or H3K4me1 ChIP peaks and their overlap with BrCa enhancers 

(BrCa enh) in DCIS vs DCIS-Δ4.
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Figure 5. The AIB1Δ4 splice variant regulates different transcriptomes
A) Differentially expressed genes (DEGs) regulated by AIB1Δ4 in MCFDCIS cell clones 

(|log2(FC)|>1.5 and –log(adj p-val)>1.3). Full list of DEGs in supplementary table S1.

B) Gene set enrichment analyses (GSEA) associated with AIB1Δ4 expression in MCFDCIS 

cells. Full list of enriched pathways in supplementary table S2.

C) Top canonical pathways altered in MCFDCIS-Δ4 compared to control MFCFDCIS cells 

identified by Ingenuity Pathway Analysis (IPA). |z-score|>1, p-val <0.05.
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D) Differentially expressed genes (DEGs) in MCFDCIS co-cultured with MCFDCIS-Δ4 

compared to MCFDCIS alone. Mixed cells were then separated by flow cytometry prior 

to RNA-seq analysis. (|log2(FC)|>1.5 and –log(adj p-val)>1.3). Full list of DEGs in 

supplementary table S1.

E) Gene set enrichment analyses (GSEA) associated with mixed MCFDCIS cells compared 

to MCFDCIS alone. Full list of hallmark pathways in supplementary table S2.

F) A phospho-kinase profiler array shows change in phosphorylation of WNK1(T60) and 

GSK-3β(S9) in MCFDCIS cells after 30min of co-culture with MCFDCIS-Δ4. Graph shows 

quantification of normalized signal.

G) FDR-corrected ChIP-Seq peaks for AIB1, H3K4me1 or H3K27ac in either MCFDCIS or 

MCFDCIS-Δ4 cells were annotated to genes within 100 kb and filtered to those that were 

significantly regulated between the two cell types. For each significantly regulated gene the 

absolute fold change was multiplied by the sum of peak binding, either within promoter 

regions (within the body of the gene, and 2.5kb of either the TSS or TTS) of distal regions 

(47). The median top 75th and bottom 25th percentiles are shown as a box-whisker plot. 

End points of the lines (whiskers) are at a distance of 1.5*IQR, where IQR: Inter Quartile 

Range is the distance between 25th and 75th percentiles. The extreme points outside the 

whiskers are marked as dots. Wilcox test determined significance. **p<0.01, ****p<0.0001. 

Promoter<2.5kb, 2.5kb<Distal<50kb.
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Figure 6: Blocking the enabler effect of AIB1Δ4 by activating PPARγ signaling pathway.
A) DCIS, DCIS-Δ4 or a 4:1 mix (DCIS:DCIS-Δ4) 3D sphere invasion in 80% collagen I and 

20% matrigel treated with the indicated doses of efatutazone (Efa) or DMSO as a control 

(−). ****p<0.0001

B) Representative images of 3D invasion from fig. 6A.

C) Invasion of mixed spheres treated with dexamethasone (Dex) or DMSO control (−). 

*p<0.05, ***p<0.001.
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D) Invasion of mixed spheres treated with Estradiol (E2) or ethanol control (−). ns: not 

significant.
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