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Abstract

Despite new combination therapies improving survival of breast cancer patients with estrogen 

receptor α (ER+) tumors, the molecular mechanisms for endocrine-resistant disease remain 

unresolved. Previously we demonstrated that expression of the RNA binding protein and N6­

methyladenosine (m6A) reader HNRNPA2B1 (A2B1) is higher in LCC9 and LY2 tamoxifen 

(TAM)-resistant ERα breast cancer cells relative to parental TAM-sensitive MCF-7 cells. Here we 

report that A2B1 protein expression is higher in breast tumors than paired normal breast tissue. 

Modest stable overexpression of A2B1 in MCF-7 cells (MCF-7-A2B1 cells) resulted in TAM- 

and fulvestrant- resistance whereas knockdown of A2B1 in LCC9 and LY2 cells restored TAM 

and fulvestrant, endocrine-sensitivity. MCF-7-A2B1 cells gained hallmarks of TAM-resistant 

metastatic behavior: increased migration and invasion, clonogenicity, and soft agar colony size, 

which were attenuated by A2B1 knockdown in MCF-7-A2B1 and the TAM-resistant LCC9 and 

LY2 cells. MCF-7-A2B1, LCC9, and LY2 cells have a higher proportion of CD44+/CD24−/low 

cancer stem cells (CSC) compared to MCF-7 cells. MCF-7-A2B1 cells have increased ERα and 

reduced miR-222–3p that targets ERα. Like LCC9 cells, MCF-7-A2B1 have activated AKT and 

MAPK that depend on A2B1 expression and are growth inhibited by inhibitors of these pathways. 
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These data support that targeting A2B1 could provide a complimentary therapeutic approach to 

reduce acquired endocrine resistance.
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1. Introduction

Most (~80%) breast tumors express estrogen receptor α (ERα, ESR1) [1] which has 

been successfully targeted by selective ER modulators (SERMs), e.g., the partial ER 

agonist/antagonist tamoxifen (TAM), and by aromatase inhibitors (AI) e.g., letrozole. 

Despite the increase in disease-free and overall survival (DFS, OS) of early stage breast 

cancer patients in response to these endocrine therapies, approximately 20% of patients 

taking these oral antiestrogens develop endocrine-resistant metastatic disease [2]. Multiple 

mechanisms contributing to endocrine resistance have been evaluated including somatic 

activating mutations within the ligand binding domain (LBD) of ESR1 driven by long 

term AI treatment in ~ 20–29% of patients [3–5]. Aberrant gene expression profiles in 

primary breast tumors have been widely studied [6–9] and mutations in genes encoding 

epigenetic remodelers, e.g., histone methyltransferases and demethylases, are associated 

with endocrine resistance (reviewed in [2]). Mutations in metastatic breast cancer include 

alterations in ERBB2, NF1, EGFR, KRAS, MYC, CTCF, FOXA1, and TBX3 in ~ 22% of 

ER+ post-endocrine therapy tumors [10]. However, a full understanding of the molecular 

mechanisms regulating the loss of response to endocrine therapies leading to an increased 

metastatic phenotype remain to be fully elucidated.

The contribution of epitranscriptomics to drug resistance in breast and other cancers is 

being actively investigated [11]. The most common post-transcriptional mRNA modification 

is N(6)-methyladenosine (m6A) [12, 13]. A recent report observed higher METTL14 

and m6A levels in breast tumors versus adjacent normal tissue that was associated 

with tumor infiltration and size [14]. m6A is recognized by protein “Readers” including 

YTHDF1, YTHDF2, YTHDF3, ELF3, HNRNPC, and HNRNPA2B1 (A2B1) [15–17]. 

Immunohistochemical staining (IHC) of a breast tumor tissue array (TMA) revealed higher 

YTHDF1, YTHDF2, YTHDF3, HNRNPC, and A2B1 in breast tumors compared to normal 

breast tissue [18]. The processing of selected pri-miRNA to pre-miRNA is stimulated by 

m6A recognition by A2B1 which interacts with the DROSHA complex protein DGCR8 

[19]. In addition, A2B1 regulates mRNA stability and alternative splicing, DNA repair, and 

telomere maintenance [20]. A2B1 protein expression is higher in breast tumors compared 

to normal breast tissue [18, 21, 22]. Knockdown of A2B1 inhibited the proliferation of 

MCF-7 and MDA-MB-231 breast cancer cells [21]. We reported that A2B1 expression 

was higher in two TAM-resistant, ERα+ breast cancer cell lines LCC9 and LY2 compared 

to parental MCF-7 luminal A breast cancer cells [23]. Further, higher A2B1 expression 

was significantly associated with reduced relapse-free survival (RFS) up to 150 months 

after primary breast tumor resection according to data in KM Plotter [23]. Transient (48 

h) modest overexpression of A2B1 (~ 5.4-fold) in MCF-7 cells reduced sensitivity to 
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growth inhibition by 4-hydroxytamoxifen (4-OHT, an active TAM metabolite in vivo [24]) 

and fulvestrant, a selective ER degrader (SERD), suggesting that increased A2B1 plays a 

role in TAM and fulvestrant resistant cell proliferation. Using miRNA-seq, we identified 

global changes in mature miRNA transcripts in MCF-7 cells when A2B1 was transiently 

overexpressed. The enrichment analysis of the A2B1-regulated miRome in MCF-7 cells 

identified the GO/ KEGG pathway “steroid hormone-mediated signaling pathway” and 

“response to estradiol” as significantly altered pathways [23].

The aim of this study was to determine if stable A2B1 overexpression in endocrine-sensitive 

MCF-7 cells at a level similar to that detected in TAM-resistant LCC9 and LY2 cells 

would result in a phenotype of endocrine-resistance. Concordantly, we hypothesized that 

knockdown of A2B1 in LCC9 and LY2 cells, with higher endogenous A2B1 (~4-fold 

higher compared to MCF-7 cells [23]) would have the opposite effect, thereby restoring 

antiestrogen sensitivity. Our goal was to characterize the cellular phenotype of the MCF-7­

A2B1 stable cell line, its response to TAM and fulvestrant, and identify proteins and 

pathways altered by A2B1 expression. This study provides evidence that higher expression 

of A2B1 plays a role in endocrine-resistance, increases cell motility, and acquisition of 

cancer stem cell properties. These findings suggest that identifying ways to inhibit A2B1 

may be a therapeutic target in ERα+ breast cancer patients who relapse on endocrine 

therapies.

2. Materials and Methods

2.1 Chemicals

4-hydroxytamoxifen (4-OHT) and Wortmannin (PI3K inhibitor) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Dihydrotestosterone (DHT) was purchased from 

Steraloids, Inc. (Newport, RI, USA). PD98059 (MEK1/2 inhibitor) and fulvestrant (a 

selective estrogen receptor degrader (SERD)) were purchased from Tocris Bioscience 

(Ellisville, MO, USA). All were dissolved in DMSO or ethanol (EtOH) which were used as 

the respective vehicle control in experiments.

2.2 Immunohistochemistry (IHC) for HNRNPA2B1

IHC was performed using a commercial breast cancer tissue microarray (TMA) paired 

with metastatic tumors (BC27 from Reveal Biosciences, San Diego, CA, USA). The 

TMA contained 48 primary breast tumors: 12 paired primary breast tumors and normal 

breast tissue, and 36 primary breast tumors paired with lymph node (LN) metastases. The 

TMA was dewaxed and rehydrated, followed by antigen retrieval in citric acid buffer (pH 

6.0). Sections were then blocked in 5% goat serum and incubated with 1:200 dilution of 

HNRNPA2B1 (B1 epitope-specific: IBL # 18941, IBL America, Minneapolis, MN USA) 

antibody overnight at 4°C. Slides were subsequently incubated with 1:500 dilution of 

horseradish peroxidase (HRP)-conjugated anti-rabbit antibody (Invitrogen, Cat No. 32260) 

for 1 h at room temperature, washed, and incubated in a 1:15 3,3’-diaminobenzidine 

(DAB) stain (Vector Laboratories, Berlingame, CA, USA). The stained slides were 

counterstained with hematoxylin. Images were captured using a Pannoramic Flash Desk 

DX slide scanner (3D Histotech, Budapest, Hungary) or a Nikon Eclipse Ci microscope with 
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dedicated Nikon DS-Fi3 microscope camera (Tokyo, Japan) for higher magnification. Semi­

quantitative measures were performed by two independent observers. Nuclear expression 

of HNRNPA2B1 was evaluated using the Allred score which combines intensity and the 

percentage of positive cells [25]. Scoring of percent of positive cells was as described 

[26, 27]: 0 (<1% negative), 1 (1%–25% positive), 2 (>25%–75% positive), and 3 (>75% 

positive).

2.3 Cell culture and treatments

MCF-7, T47D, MDA-MB-231, MDA-MB-468, and HCC1806 breast cancer cells were 

purchased from American Type Tissue Collection (ATCC, Manassas, VA, USA) and were 

used within nine passages from ATCC. LCC9 and LY2 breast cancer cells were generously 

provided by Dr. Robert Clarke, Georgetown University Medical Center [28–30] and were 

maintained as previously reported [31]. T47D cells were maintained in RPMI 1640 (Gen 

Clone, Genesee Scientific, El Cajon, CA, USA) supplemented with 5% FBS, 6 μg/ml insulin 

(Sigma-Aldrich), and 1% Pen/Strep [32]. MDA-MB-231 and MDA-MB-468 triple negative 

breast cancer (TNBC) cells were maintained in DMEM (Corning, Corning, NY, USA), 

supplemented with 10% FBS and 1% Pen/Strep. HCC1806 TNBC cells were maintained in 

RPMI 1640 supplemented witih 10% FBS and 1% Pen/Strep. All cell lines were verified 

by short tandem repeat (STR) genotyping (Genetica, LabCorp, Burlington, NC, USA). 

Genomic DNA was extracted from each cell line using QIAmp DNA Mini Kit (Qiagen, 

Germantown, MD, USA). STR profiles were compared with publicly available profiles 

using Cellosaurus STR (ExPASy).

MCF-7 cells were maintained as described previously [33] prior to transfection with 

pcDNA3.1+C-DYK into which HNRNPA2B1 was cloned (GenScript, Piscataway, NJ, USA) 

as described [23]. After 24 h, the medium was changed to IMEM + 10% FBS + 1% 

penicillin/streptomycin (Pen/Strep-Invitrogen). After 48 h, the medium was changed to 

IMEM + 5% FBS + 1% Pen/Strep and clones were selected for stable HNRNPA2B1 

expression in 400 μg/ml G418 (Geneticin, ThermoFisher Scientific, Waltham MA, USA) for 

> 6 months. The MCF-7-A2B1 stable cells are maintained in medium containing 200 μg/ml 

G418. The MCF-7-A2B1 cell line STR profile matched MCF-7 cells.

2.4 Transient transfection

Silencer™Select siHNRNPA2B1 (catalog #4390824) and Silencer™ Select Negative Control 

No. 1 (catalog # 4390843) were purchased from ThermoFisher. Prior to transfection, cells 

were grown in phenol red-free Opti-MEM (cat. # 11058021, ThermoFisher) for ~ 18 

h. Transfection used Lipofectamine RNAiMAX reagent (cat # 13778075 ThermoFisher) 

following the manufacturer’s protocol.

2.5 RNA extraction and quantitative real-time PCR (qPCR)

RNA was extracted using the RNeasy Mini Kit (Qiagen, Gaithersburg, MD, USA). 

miRNA was isolated using the miRNeasy Mini Kit RNA (Qiagen). RNA concentration and 

quality were assessed using a NanoDrop spectrophotometer (Thermo Scientific, Rockford, 

IL, USA). The TaqMan® MicroRNA Reverse Transcription Kit and the High Capacity 

cDNA Reverse Transcription Kit for RNA (both from ThermoFisher) were used to make 
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cDNA from miRNA and mRNA, respectively. Quantitative real-time PCR (qPCR) for 

HNRNPA2B1 and ESR1 was performed using TaqMan assays (ThermoFisher). 18S rRNA 

and GAPDH were used as normalizers. qPCR for miR-222–3p used TaqMan assays and 

were normalized to RNU6B (ThermoFisher). qPCR was performed using an ABI Viia 

7 Real-Time PCR system (LifeTechnologies) with each reaction run in triplicate. The 

comparative threshold cycle (CT) method was used to determine ΔCT, ΔΔCT, and fold­

change, log 2, relative to control [34].

2. 6 Western blots

Whole cell extracts (WCE) were prepared as described [35]. WCE were separated on 10% 

SDS-PAGE, transferred to PVDF membranes (BioRad) and immunoblotted with antibodies: 

HNRNPA2B1 (B1 epitope-specific: IBL # 18941, IBL America (Minneapolis, MN USA); 

ERα (D8H8, cat #8644), HNRNPA2B1 (recognizes B1 and A2 variants, Proteintech 

monoclonal # 67445–1-Ig (Rosemont, IL, USA), phospho-ser-473-AKT (cat #4051), AKT 

(cat #9272), phospho (p44/42)-MAPK (ERK1/2, cat # 9101L), E-cadherin (cat #3195) from 

Cell Signaling Technology, Danvers, MA, USA; GAPDH (cat.# sc-365062), MAPK/ERK2 

(cat.# sc-154), vimentin (cat # sc-32322) from Santa Cruz Biotechnology (Dallas, TX); 

α-tubulin (ThermoFisher Scientific # MS-81-P1). Blots were stained with Ponceau S for 

additional quantification [36, 37]. Blots were imaged in a Bio-Rad ChemiDoc™ XRS+ 

System with Image Lab™ Software (Bio-Rad Laboratories Inc., Hercules, CA).

2.7 MTT assays

MTT assays were performed in 96-well plates with each treatment in quadruplicate. Cells 

were ‘serum starved’ in phenol red-free IMEM supplemented with 5% dextran-coated 

charcoal-stripped (DCC) FBS (here after referred to as SS (serum starved) medium (SS 

medium)) prior to 48 h treatment with DMSO or EtOH (vehicle controls), 100 nM or 1 μM 

4-OHT, or 100 nM fulvestrant for the number of h or days indicated in the Figure legend. 

CellTiter (Promega) was used to quantitate cell viability.

2.8 Cell transwell migration assay

MCF-7, MCF-7-A2B1, LCC9, and LY2 cells were grown in SS medium for 72 h prior 

to being seeded at 25,000 cells/polyethylene terephthalate (PET) membrane (VWR, 8 μm 

pore size) insert in 24-well plates in SS medium and 10% FBS-IMEM was used as the 

chemoattractant. Cells were incubated at 37°C and 5% CO2 for 24 h. Cells remaining within 

the inner chamber were removed with cotton swabs. The filter with the migrated cells on 

the underside were fixed and stained with a 5% crystal violet solution. Cell images were 

captured using an EVOS microscope, and quantified using ImageJ2 software [38].

2.9 Cell invasion assay

MCF-7, MCF-7-A2B1, LCC9, and LY2 cells were grown in ‘serum starved’ medium for 72 

h followed by treatment for 24h with either Vehicle (EtOH) or 100 nM 4-OHT. Likewise, 

following 72 h in ‘serum starved’ medium, MCF −7 and MCF-7-A2B1 stable cells were 

treated with vehicle control (EtOH), 100 nM fulvestrant, 50 μM PD98059 (MEK1/2 

inhibitor), or 100 nM Wortmannin (PI3K inhibitor). Concentrations of PD98059 and 
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Wortmannin were selected to minimize potential off target effects [39]. Cells (25,000/insert) 

were plated in Corning Matrigel Invasion Chamber (VWR Cat #62405–744) following 

treatment, and incubated 18 h using 10% FBS-IMEM as the chemoattractant in the lower 

chamber. The inserts were removed, scrubbed, fixed, stained with 0.5% Crystal Violet, and 

allowed to dry overnight. Images were captured on an EVOS microscope (4x) and quantified 

using ImageJ2 software [38].

2.10 Soft agar colony formation assay

For the base layer, 1.5 ml of 0.5% Noble agar (Thermo Scientific) in DMEM medium was 

added per well in 6 well plates and allowed to polymerize. The top layer was prepared 

by preparing 0.35% agar (as above) in the same medium, and was cooled to ~ 40°C and 

then 50,000 cells were mixed in 1.5 mL of top layer agar and plated over the base layer. 

Plates were allowed to solidify prior to incubation at 37°C in 5% CO2. Colony formation 

and growth on soft agar was monitored daily by microscopic observation. Images were 

captured by EVOS microscope at days 1, 7, 14, and 21 after plating. Data were analyzed 

by one way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test 

in GraphPad Prism. Two-way ANOVA as used to assess the main effect of HNRNPA2B1 

(control or stable overexpression; siControl or siHNRNPA2B1 transfection) and antiestrogen 

treatment (DMSO vehicle control vs. 4-OHT or fulvestrant treated sample groups) and the 

HNRNPA2B1 × antiestrogen treatment interaction. Two-way ANOVA was also used to 

examine the main effect of HNRNPA2B1 stable overexpression and interaction with time 

(days) in the soft agar assay. For two-way ANOVA, the Bonferroni post-hoc test was used 

for analysis in GraphPad Prism.

2.11 Clonogenic survival assay [40, 41]

Cells were seeded at 5,000 (MCF-7-A2B1) or 2,500 (MCF-7, LCC9, and LY2) cells/ well in 

6-well plate in IMEM + 10% FBS + 1% P/S. After 12 h, the medium was replaced with SS 

medium and treatments (DMSO or 100 nM 4-OHT) every 48 h. After 14 d, the cells were 

stained with 0.5 % crystal violet, 25% methanol and images were captured with a Canon 

PowerShot SX700 camera and converted to TIFF files in Adobe Photoshop for analysis 

using ImageJ2 software [38]. The number of colonies and % colony forming efficiency 

(% CFE = (Number of cells counted/number of cells seeded) X100) [42] was analyzed by 

Image J.

2.12 Fluorescent-activated cell sorting (FACs) for cancer stem cell (CSC) makers:

Cells were washed once with phosphate-buffered saline (PBS) and harvested using 

Cellstripper (25–056-Cl; Corning, Corning, NY). Detached cells were washed with PBS 

and resuspended in stain buffer (106 cells/100 μl) (cat# 554656; BD Biosciences, San Diego, 

CA). A combination of fluorochrome-conjugated monoclonal antibodies against human 

CD44 (mouse allophycocyanin (APC) anti-CD44 antibody cat# 559942; BD Biosciences) 

and human CD24 (mouse PE anti-CD24 antibody cat# 555428; BD Biosciences) were 

used to stain single-cell suspensions at 4°C in the dark for 30 minutes. Control samples 

were unstained. The labeled and control cells were washed in stain buffer, fixed in PBS­

containing 4% paraformaldehyde, and analyzed using BD LSRFortessa™ Flow Cytometer 

(BD Biosciences, San Diego, CA). For each cell line, gating was performed on unstained 
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cells. The percentage of CD44+/CD24−/low cells were calculated for each cell line based on 

gated unstained control population.

2.13 Statistical Evaluation

Prism™ software (version 8, GraphPad Inc.) was used to perform data transformations and 

plotting, linear and nonlinear regression, and statistical analyses. For plotting and statistical 

analyses, the pooled sample from (n) total experiments were used as the data set. Where 

two data sets are compared, Student’s two-tailed t-test was used. Where more than two data 

sets were compared, one way ANOVA followed by Tukey’s multiple comparison post-hoc 
test or two way ANOVA followed by Bonferroni post-hoc test were performed. P values are 

provided in Figures with p < 0.05 considered significant.

3. RESULTS

3.1 IHC examination of HNRNPA2B1 (A2B1) in a breast TMA

Higher expression of A2B1 in primary breast tumors compared to normal breast has 

been reported by several [18, 21, 22, 43], but not all [44] investigators. A2B1 transcript 

expression is higher in breast tumors compared to normal breast in the GEPIA database 

[45] (Supplementary Fig. 1A). Higher A2B1 protein expression is significantly associated 

with reduced OS in all breast cancer patients and in those with ER+ breast tumors in KM 

plotter analysis (Supplementary Fig. 1B and C) [46]. IHC was performed to examine A2B1 

staining in a TMA containing primary breast tumors paired with normal breast tissue or 

lymph node metastases (LNM) from the same patient (Figure 1 and Supplementary Fig. 2). 

A2B1 staining was nuclear. Strong nuclear A2B1 staining was identified in > 50 % of the 

epithelial cells in the invasive ductal carcinomas (IDC) on the TMA. A2B1 expression was 

higher in the ER+ IDC tumors than the paired normal ER+ breast tissue (Table 1). All 13 

primary ER+ IDC tumors paired with ER+ LNM showed equivalent staining (Figure 1E, 

Table 1). We detected higher A2B1 staining in HER2+/ER− tumors compared to their paired 

LNM (Table 1). We did not detect any difference in A2B1 staining between ER+/HER2+ or 

triple negative breast cancer (TNBC) and their matched LMN (Table 1).

3.2 Characterization of stable HNRNPA2B1-overexpressing MCF-7 cells (MCF-7-A2B1)

A2B1 protein expression is ~ 4-fold higher in TAM-resistant LY2 and LCC9 breast cancer 

cells compared to parental MCF-7 cells [23] (Supplementary Fig. 3). To investigate if higher 

A2B1 expression contributes to a loss of growth inhibition by TAM, we established a stable 

MCF-7 cell line with modest A2B1 overexpression (MCF-7-A2B1) similar to levels in 

LCC9 and LY2 cells. The expression of A2B1 was confirmed by qRT-PCR (Fig. 2A), and 

western blot, showing an ~ 4.7-fold increase in 37 kDa A2B1, relative to MCF-7 cells (Fig. 

2B,C). This stable overexpression reflects the chronic upregulation of A2B1 observed in 

breast tumors [18, 21, 22, 43]. In addition to the 37kDa A2B1, a band of ~ 128 kDa was 

also detected in MCF-7-A2B1 cells (Fig. 2B). A2B1 dimerizes upon recognition of viral 

DNA to activate and amplify type I interferon responses [47], forms tetramers in 40S nuclear 

ribonuleoprotein particles [20], and self-aggregates via its intrinsic prion-like domain [48]. 

Thus, the higher MW band may be an A2B1 aggregate.
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MCF-7-A2B1 cells aggregate more than MCF-7 cells (Fig. 2D,E; Supplementary Fig. 4), 

characteristic of some invasive breast cancer cells [49]. Similar changes in some TAM­

resistant MCF-7 cells created by prolonged exposure to 4-OHT have been reported and 

termed “mesenchymal phenotype” [50]. We detected reduced E-cadherin and increased 

vimentin in MCF-7-A2B1 cells (Fig. 2F), supporting the possibility, that overexpression of 

A2B1 promotes an apparent epithelial-to-mesenchymal transition (EMT) in MCF-7 cells. 

LCC9 TAM-resistant cells have not undergone EMT, serving with MCF-7 as a negative 

control.

3.2 Stable A2B1 expression reduces MCF-7 cell viability and attenuates endocrine­
sensitivity to ER antagonists

We compared the effect of 4-OHT and fulvestrant on cell viability in MCF-7, MCF-7-A2B1, 

and LCC9 cells (Fig. 3). As expected based on previous reports [51, 52], 4-OHT and 

fulvestrant inhibited MCF-7 viability whereas neither 4-OHT nor fulvestrant inhibited LCC9 

cell viability. MCF-7-A2B1 showed reduced viability compared to MCF-7 cells with similar 

viability as LCC9 cells (Fig. 3A). As seen in LCC9 cells, MCF-7-A2B1 cells showed no 

growth inhibition by either 4-OHT or fulvestrant. While the concentrations of 4-OHT and 

fulvestrant used in cell treatments are higher than the serum levels of ~ 5–6 nM [53–55] and 

4–16 nM [56, 57], respectively, 4-OHT in tissues are 10–60-fold higher, from 29–165 nM to 

174 −990 nM (8,9). These concentrations are identical or lower than those used in studies of 

MCF-7 and other breast cancer cell lines [58–63].

Further independent cell viability experiments were performed using 100 nM or 1 μM 

4-OHT to model the concentrations of 4-OHT detected in breast cancer tissues when 

patients received 5 or 20 mg tamoxifen citrate/day [64] and 100 nM fulvestrant [29]. Two­

way ANOVA followed by Bonferroni post-hoc tests indicate that stable A2B1 expression 

in MCF-7 cells reduced 4-OHT and fulvestrant inhibition of cell viability (Fig. 3B; 

Supplementary Fig. 5). These data agree with the reduced endocrine sensitivity detected 

in A2B1-transiently transfected MCF-7 cells [23] and support a role for increased A2B1 

expression in loss of sensitivity to 4-OHT and fulvestrant in MCF-7 cells. Transfection 

of MCF-7-A2B1 cells with siA2B1 reduced A2B1 protein by ~85% (Fig. 3C). Two-way 

ANOVA followed by Bonferroni post-hoc tests indicate that siA2B1 transfection of MCF-7­

A2B1 cells increased 1 μM 4-OHT and 100 nM fulvestrant inhibition of cell viability (Fig. 

3D). These data suggest that A2B1 promotes resistance to antiestrogens and reduction 

of A2B1 expression restores antiestrogen-sensitivity in these ER+ breast cancer cells. 

Knockdown of A2B1 in MCF-7 cells did not affect the growth inhibition by 4-OHT or 

fulvestrant (Supplementary Fig. 6), as expected because MCF-7 have lower A2B1 than the 

antiestrogen-resistant cell lines.

3.3 A2B1 knockdown increases endocrine-sensitivity in LCC9 and LY2 cells

To examine A2B1’s role on the endocrine-sensitivity of LCC9 and LY2 TAM-resistant 

cells, each cell line was transfected with siControl or siA2B1 resulting in an average 73 

and 80 % decrease in A2B1 protein expression, respectively (Fig. 4A,B,C). Depletion of 

A2B1 did not affect basal LCC9 or LY2 cell viability (Supplementary Fig. 7). A mixed­

design, two-way ANOVA identified a significant interaction between siA2B1 and 4-OHT 
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or fulvestrant treatment for LCC9 (F= 58.41, P < 0.001; Fig. 5D) and LY2 cell (F = 

83, P < 0.001; Fig. 5E). Post hoc test analysis indicated that both doses of 4-OHT and 

fulvestrant were significantly different from DMSO control in both cell lines. In addition, 

the higher concentration of 4-OHT and 100 nM fulvestrant were significantly different from 

100 nM 4-OHT in both cells. Importantly, these data indicate that inhibition of cell viability 

by 4-OHT and fulvestrant in both LCC9 and LY2 cells was dependent on HNRNPA2B1 

knockdown (Fig. 4D, E). These data suggest that A2B1 suppression re-sensitized LCC9 and 

LY2 to antiestrogen therapies.

3.4 A2B1 knockdown in T47D cells increases inhibition by antiestrogens

To address whether A2B1 regulates antiestrogen responses in another luminal A breast 

cancer cell line, we first examined the expression of A2B1 in T47D cells. We observed 

that the B1 splice variant of HNRNPA2B1 is lower in T47D cells compared to MCF-7 

cells, but similar levels of the A2 splice variant (Supplementary Fig. 8). We then tested 

if knockdown of A2B1 would alter antiestrogen-sensitivity in T47D cells (Fig. 4F and 

G). A mixed-design, two-way ANOVA identified a significant interaction between siA2B1 

transfection and 4-OHT or fulvestrant treatment for T47D cells (F= 5.813, P = 0.0047; 

Fig. 4G). Post hoc test analysis indicated that both doses of 4-OHT and fulvestrant were 

significantly different from DMSO-treated siControl-transfected T47D cells. These data 

suggest that siA2B1 enhanced antiestrogen-sensitivity in T47D cells.

3.5 HNRNPA2 is higher than HNRNPA2B1 in TNBC

Because TNBC tumors lack ERα, these tumors are ‘intrinsically resistant’ to endocrine 

therapies [65, 66]. We examined A2B1 expression by western blot analysis in three TNBC 

cell lines: MDA-MB-231 (Basal B, KRASG13D mutation), MDA-MB-468 (Basal A, PTEN 
homo deletion), and HCC1806 (Basal-like, BL2 subtype) (Supplementary Fig. 9). We 

observed that the levels of the B1 splice variant of HNRNPA2B1 is lower in TNBC cells 

compared to MCF-7 cells (Supplementary Fig. 9B, C). TNBC cells also have lower A2 

splice variant protein compared to MCF-7 cells (Supplementary Fig. 9C).

3.6 A2B1 stimulates cell migration and invasion

To investigate the effect of A2B1 on cell migration, we performed Boyden Chamber assays 

for MCF-7, MCF-7-A2B1, LCC9, and LY2 cells (Fig. 5). The number of migrating cells 

was significantly higher in MCF-7-A2B1, LCC9, and LY2 cells compared to MCF-7 

cells (Fig. 5B). Invasion assays revealed that more MCF-7-A2B1, LCC9, and LY2 cells 

invaded through the Matrigel layer than MCF-7 cells (Fig. 5D). 4-OHT did not affect the 

cell migration or invasion of any of these four cell lines (Supplementary Fig. 10). These 

observations are in agreement with previous reports that 4-OHT does not impair MCF-7 cell 

migration and invasion [67, 68]. Together these data suggest that increased A2B1 promotes 

MCF-7 cell migration and invasion as seen in the endocrine-resistant LCC9 and LY2 cells.

3.7 A2B1 knockdown inhibits LCC9 and MCF-7-A2B1 migration and invasion

To further test the role of A2B1 in cell migration and invasion, we transfected LCC9 or 

MCF-7-A2B1 cells with siControl or siA2B1 and examined cell migration and invasion 
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(Fig. 6). Knockdown of A2B1 inhibited the migration and invasion of LCC9 and MCF-7­

A2B1 cells (Fig. 6). Knockdown of A2B1 sensitized LCC9 cells to inhibition of cell 

migration by 4-OHT (Supplementary Fig. 11). These data suggest that A2B1 plays a role in 

the migration and invasion activities of LCC9 and MCF-7-A2B1 cells.

3.8 A2B1 knockdown inhibits clonogenic MCF-7-A2B1 and MCF-7 cell survival

Clonogenic assays are used to examine the ability of a single cell to grow into a colony, 

thus testing the proliferative capacity of the cells [69]. We examined the clonogenicity of 

MCF-7-A2B1 and LCC9 cells (Fig. 7). Transfection of siA2B1 inhibited clonogenicity in 

MCF-7-A2B1 cells (Fig. 7C) and the size of colonies formed for both MCF-7-A2B1 and 

LCC9 cells (Fig. 7D).

3.9 MCF-7-A2B1 cells form larger colonies in soft agar and siA2B1 inhibits soft agar 
colony growth in LCC9 and MCF-7-A2B1 cells

Soft agar colony formation assays are used to evaluate the anchorage-independent growth 

ability of cells as a hallmark of tumorigenesis and metastatic potential [70]. To address 

the impact of A2B1 on tumorigenic potential, we evaluated the total colony number 

and size of cell colonies of MCF-7 versus MCF-7-A2B1 after 1, 7, 14, and 21 days of 

incubation (Fig. 8A). There was no significant increase in colony number after plating (data 

not shown). Notably, MCF-7-A2B1 cells formed significantly larger colonies compared to 

MCF-7-parental cells (Fig. 8B). This suggests that modest A2B1 overexpression supports 

anchorage-independent growth.

To address the specific role of A2B1 on the anchorage-independent growth of LCC9 

and MCF-7A2B1 cells, we transfected LCC9 and MCF-7-A2B1 cells with siControl or 

siA2B1 for 48 h prior to plating for soft agar colony growth evaluated colony number 

and size after 1, 7, and 14, and 21 days (Fig. 8C and Supplementary Fig. 12). Like MCF-7­

A2B1 cells, LCC9 formed significantly larger colonies compared to MCF-7-parental cells. 

Knockdown of A2B1 inhibited colony formation in LCC9 and MCF-7-A2B1 cells (Fig. 

8D). These data support a role for A2B1 in anchorage-independent growth. We observed a 

significant decrease in colony size in siA2B1-transfected LCC9 cells treated with 4-OHT 

(Supplementary Fig. 12B). These data suggest that siA2B1 sensitizes LCC9 to inhibition 

of colony growth by 4-OHT, similar to the sensitization to antiestrogens seen in the cell 

viability assay (Fig. 4D). Knockdown of A2B1 in MCF-7-A2B1 cells reduced colony size at 

7d, but not at 14 d (Fig. 8E, Supplemental Fig. 12B). We suggest that the transfected siA2B1 

is reduced over time with cell replication.

3.10 Increased population of CD44+/CD24−/low cancer stem cells (CSC) in MCF-7-A2B1 
cells

Cancer stem cells (CSC) are a small proportion of the cellular heterogeneity with a breast 

tumor that have the capacity for unlimited self-renewal and generate morphologically 

diverse progeny cells that form metastases [71]. Breast CSC are detected as a CD44+/

CD24−/low cell subpopulation using FACS [72]. We examined the expression of the cell 

surface antigen markers CD44 and CD24 by FACS (Fig. 9A and Supplementary Fig.13). 

We observed ~ MCF-7-A2B1 showed a higher CSC population as assessed by CD44+/
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CD24−/low expression compared to MCF-7, LCC9, and LY2 cells (Fig. 9B). LCC9 and 

LY2 cells showed a higher population of CD44+/CD24−/low cells compared to MCF-7 cells 

(Fig. 9B). These data demonstrate that the maintenance of a CSC population in endocrine­

resistant breast cancer cells associates with higher A2B1 expression.

3.11 A2B1-mediated endocrine-resistance involves multiple pathways

Accumulating evidence supports a key role for PI3K/AKT/mammalian target of rapamycin 

(mTOR), and cyclin-dependent kinase (CDK) 4/6 activation in endocrine resistance and 

targeted therapies are in clinical use and being developed to block these pathways [73, 74]. 

Activation of AKT contributes to antiestrogen-resistance in LCC9 cells [75]. AKT1, AKT2, 

and AKT3 are key genes in antiestrogen/AI-resistant breast tumors [76]. AKT1 transcript 

levels are higher in LCC9 compared to MCF-7 cells and are higher than AKT2 or AKT3 

transcript expression (Supplementary Fig. 14). Activation of AKT signaling is required for 

MCF-7 cell aggregation [77] and inhibition of PI3K/mTOR signaling inhibits TNBC cell 

soft agar colony formation in vitro [78]. The PI3K/AKT/MTOR pathway also plays a role 

in CSC maintenance [79]. To address whether the larger colony size of MCF-7-A2B1 cells 

(Fig. 7 and 8) associates with increased AKT signaling, we examined P-ser473-AKT/AKT 

by western blotting (Fig. 10). We observed higher P-ser473-AKT/AKT in LCC9 and 

MCF-7-A2B1 cells compared to MCF-7 cells (Fig. 10A). Knockdown of A2B1 resulted 

in a significant reduction of P-AKT/AKT in MCF-7-A2B1 and LCC9 (Fig. 10B, 10C). 

These data suggest a role for increased A2B1 in activation of AKT in MCF-7-A2B1 and 

LCC9 cells.

Activation of MAPK signaling is involved in TAM-resistance in MCF-7 cells [80] and 

alterations in genes in the MAPK pathway are enriched in ER+ breast tumors without ESR1 
mutations in patients who developed metastatic disease [10]. We observed higher P-MAPK/

MAPK in MCF-7-A2B1 and LCC9 cells compared to MCF-7 cells (Fig. 10D). Knockdown 

of A2B1 reduced of P-MAPK/MAPK in MCF-7-A2B1 and LCC9 cells (Fig. 10E). Because 

MAPK phosphorylates ERα on ser118, activating ERα in the absence of ligand [81], we 

examined P-ser118-ERα as a marker of MAPK activation. Knockdown of A2B1 reduced the 

P-ser118-ERα/ERα ratio more in MCF-7-A2B1 than LCC9 cells (Supplementary Fig. 15).

Since MCF-7-A2B1 show activation of MAPK and AKT, we tested the ability of MEK1/2 

inhibitor PD98059 and PI3K inhibitor wortmannin to inhibit soft agar colony growth 

using each inhibitor at a concentration selective for respective pathway inhibition [82, 83]. 

Neither PD98059 nor wortmannin affected MCF-7 soft agar colony formation (Fig. 11A, 

C); however, both reduced MCF-7-A2B1 colony number at 14 d (Fig. 11B). In addition, 

wortmannin reduced MCF-7-A2B1 colony size (Fig. 11C). These data suggest that the gain 

of function of anchorage-independent colony growth in MCF-7-A2B1 cells depends on 

PI3K pathway activation. In agreement with previous reports for MCF-7 cells [84, 85], both 

wortmannin and PD98059 inhibited MCF-7, MCF-7-A2B1, and LCC9 cell viability after 5 

d (Supplementary Fig. 16).

Paradoxically, increased ERα plays a role in endocrine-resistance in breast cancer [86–88]. 

Since MCF-7-A2B1 cells show reduced sensitivity to antiestrogens (Fig. 3B), we examined 

ERα expression. MCF-7-A2B1 cells show increased ESR1 transcript levels (Fig. 12A) and 
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ERα protein (Fig. 12B). We reported that transient A2B1 overexpression reduced miR-222–

3p in MCF-7 cells [23]. ESR1//ERα is bona fide target of miR-222–3p [89]. Here we 

observed that MIR222–3p levels were significantly lower in MCF-7-A2B1 compared to 

MCF-7 cells (Fig. 12C). There was a significant inverse Pearson correlation between ESR1 
and miR-222–3p expression in MCF-7-A2B1 cells (r = −0.97, p = 0.001, Supplementary 

Fig. 17).

Endocrine resistant LCC9 and LY2 cells express ERα [51]. In LCC9 cells, ERα plays a role 

in antiestrogen-resistance and ERα knockdown sensitized LCC9 cells to fulvestrant [90]. 

We examined if the observed restoration of antiestrogen-sensitivity with A2B1 knockdown 

(Fig. 4D, E) is accompanied by a decrease in ERα (Fig. 12D,E). Knockdown of A2B1 

led to a significant decrease in ERα in LCC9, LY2, and MCF-7-A2B1 cells (Fig. 12F–H). 

Knockdown of A2B1 had no significant effect on steady state levels of ESR1 transcript 

expression in any cell line (Supplementary Fig. 18A). Knockdown of A2B1 had no 

significant effect on ERα in MCF-7 cells (Supplementary Fig. 18B, C). These data suggest 

that the higher endogenous levels of A2B1 in endocrine-resistant LCC9 and LY2 cells and in 

MCF-7-A2B1 cells support ERα protein expression.

4. Discussion:

It is well documented that endocrine resistance inevitably occurs in ERα+ metastatic breast 

cancer and involves somatic, epigenetic, and tumor microenvironment changes [2]. In this 

study, we demonstrated that a modest stable ~ 4.2-fold overexpression of A2B1 in MCF-7 

cells reduced sensitivity to 4-OHT and fulvestrant. Conversely, transient A2B1 knockdown 

in TAM-resistant LCC9 and LY2 cells sensitized each cell line to growth inhibition by 

4-OHT and fulvestrant that was dependent on the reduction in A2B1. These data suggest a 

role for A2B1 in endocrine resistance in vitro.

We have summarized the direct findings attributable to A2B1 reported here and connected 

them to TAM-resistance in Figure 13. The MCF-7-A2B1 cells share features in established 

TAM- and fulvestrant-resistant LCC9 and LY2 cells that were independently derived for 

endocrine-resistance in vivo and in vitro, respectively [29, 91, 92]. Like LCC9 and LY2 

cells, MCF-7-A2B1 have higher ERα, activation of MAPK and AKT. Knockdown of A2B1 

restores TAM and fulvestrant sensitivity to LCC9, LY2, and MCF-7-A2B1 cells confirming 

a role for A2B1 in resistance to these endocrine therapies. Further, A2B1 knockdown in 

MCF-7-A2B1, LCC9, and LY2 cells reverses most of the observed growth and movement 

phenotypes and markers. However, there are differences, e.g., knockdown of A2B1 in 

MCF-7-A2B1 reduces their clonogenicity, but had no effect on the clonogenicity of either 

LCC9 or LY2 cells. These observations indicate that A2B1 is one of several regulatory 

proteins whose expression is increased in endocrine-resistant breast cancer cells and whose 

expression correlates with reduced DFS and OS in breast cancer patients [23].

Both 4-OHT and fulvestrant compete with E2 or other estrogens for binding to ERα 
and cause a conformational shift that precludes coactivator recruitment, instead allowing 

corepressors to interact, thus blocking ERα transcriptional activity [94]. In contrast to the 

stabilization of nuclear ERα when occupied by 4-OHT, fulvestrant stimulates proteasome­
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mediated ERα degradation [95]. However, fulvestrant-induced ERα degradation is saturable 

and is not coupled to its antagonist activity [96]. It was also reported that the efficacy of 

fulvestrant and experimental SERDs is not directly related to the extent of ERα turnover 

[97]. Fulvestrant increased ERα chromatin binding sites in MCF-7 cells and immobilized 

ERα at those sites which did not show marks of increased chromatin accessibility 

and were transcriptionally inert, thus indicating that ERα degradation does not account 

for the antagonism by fulvestrant [98]. Others reported that fulvestrant-occupied ERα 
was bound by the coactivator p300/CBP, was recruited to gene promoters, and induced 

transcription in MCF-7 cells [99]. Explanations for the cross-resistance to TAM and 

fulvestrant include activation of growth factor signaling pathways [52, 100–102], increased 

ERα, activation of NFkB [103], elevation of the unfolded protein response (UPR) [63, 90, 

104, 105], and decreased EGR1 with activation of the glutamine and arachidonic pathways 

[106]. More recent studies reported that the coactivator MED1 is activated by ERK and 

AKT phosphorylation and is recruited to fulvestrant-occupied ERα, blocking recruitment 

of corepressors, thus activating ERα target genes and stimulating breast cancer cell 

proliferation and tumor growth in vivo [107–109]. Coactivator recruitment to fulvestrant­

occupied ERα is a plausible mechanism involved in fulvestrant-resistance commensurate 

with the observed activation of AKT and MAPK (ERK) in LCC9 and MCF-7-A2B1 cells. In 

a recent phase Ib clinical trial, fulvestrant-resistant breast cancer patients were treated with 

a combination of fulvestrant and the proteasome inhibitor ixazomib (MLN9708) because 

increased proteasome activity has been suggested to contribute to fulvestrant-resistance by 

stimulating the UPR [110].

Mechanisms involved in AI-resistance include AI-driven mutations in ESR1 and mutations 

in PIK3CA, PTEN, AKT1, HER2, FOXA1, MAP2KA, KRAS, ARID1A, CTCR, MYC, 
NF1, BRAF, MLH1/3, PMS1/2, and ESR1 fusion genes; alterations (amplification) of 

CYP19A1, EGFR, and PRR11 reviewed in [2]. Models of AI-resistance in BC cells employ 

stable human CYP19A1 aromatase-overexpression in MCF-7 cells [111, 112]. Fulvestrant 

inhibits while TAM, letrozole, and anastrozole stimulate the migration of the AI-resistant 

cell lines [113]. Similarly, MCF-7 cells selected for AI-resistance by growth in testosterone 

+ letrozole or exemestane are sensitive to growth inhibition by fulvestrant, but not TAM 

[114]. These data suggest differences in mechanisms underlie resistance to tamoxifen and 

fulvestrant versus AI resistance.

MCF-7-A2B1 cells form larger sized colonies in soft agar assays, suggesting greater 

tumorigenic and metastatic potential. This was reflected in enhanced migration, invasion, 

upregulation of vimentin, and downregulation of E-cadherin (hallmarks of EMT) in MCF-7­

A2B1 cells. We also observed a higher percent of CD44+/CD24−/low CSC in MCF-7-A2B1, 

LCC9, and LY2 cells relative to the parental MCF-7 cells. Similar results were reported for 

other TAM-resistant MCF-7 cell lines [115, 116]. Endocrine therapies and chemotherapies 

promote the selection of CSC populations in human breast tumors in vivo [117, 118]. 

Previous studies correlate increased soft agar colony size and the CSC population in 

HIF-2α-overexpressing MCF-7 cells that are resistant to Paclitaxel [119]. This finding is not 

merely in vitro: TAM-resistant patient derived xenografts (PDX) had higher CSC activity 

[120] and a mouse model of breast cancer showed that fulvestrant increased CSC activity in 

mammary tumors [121].
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Mechanistically, we observed higher P-ser473-AKT/AKT and P-MAPK/MAPK in MCF-7­

A2B1 and LCC9 cells that was ablated by A2B1 knockdown. The reduction in AKT 

and MAPK activation with siA2B1 corresponds to the restoration of endocrine-sensitivity 

seen with knockdown of A2B1 in MCF-7-A2B1 and LCC9 cells. Increased expression of 

growth factors along with activation of their tyrosine kinase receptors activate MAPK, PI3K­

AKT, JNK signaling and are widely implicated in the development of acquired endocrine­

resistance [122, 123]. Genetic, epigenetic, and epitranscriptomic alterations in genes in the 

PI3K and MEK-MAPK signaling pathways drive the metastatic cascade [124–126].

TAM-resistant breast cancer cells have lower mitochondrial bioenergetic capacity and 

evidence of mitochondrial stress [35, 127]. In response to mitochondrial stress, AKT 

phosphorylates HNRNPA2, enhancing its recruitment to gene promotors in murine C2C12 

skeletal myoblasts where it acts as a transcriptional coactivator [128]. This suggests that 

activation of AKT in TAM-resistant cells may increase A2B1 phosphorylation and alter its 

interaction with transcription factors, thus changing gene transcription. We have included 

this suggestion in the model of the role of A2B1 in TAM-resistance (Fig. 13), although 

verification is beyond the current report.

Similar to previous reports [18, 21, 22, 43], we identified higher A2B1 expression in 

primary breast tumors compared to normal breast. We did not observe a significant lower 

A2B1 expression in LN metastasis compared to primary paired breast IDC tumors except 

for HER2+/ER− breast tumors. Our findings differ from a previous TMA study that reported 

~ 6% lower A2B1 IHC staining in LMN from paired IDC tumors [44]. However, that 

study did not consider the tumor status of ER, HER2, or TNBC, nor the expression of 

these markers in the LNM. In addition, a different A2B1 antibody was used [44]. A search 

in HCMDB: the human cancer metastasis database [129] revealed that A2B1 expression 

is higher in breast tumors with metastasis compared to breast tumors without metastasis 

(Supplementary Fig. 19A and B). A2B1 was higher in brain metastasis compared with LN 

metastasis (Supplementary Fig. 19C). While A2B1 was higher in liver, lung, and spleen 

metastasis compared to the primary tumor, values were not different from LN metastasis 

in another data set (Supplementary Fig. 19D). It will be important to examine A2B1 levels 

in distant metastasis from primary ER+ breast tumors in patients treated with AI, TAM, or 

fulvestrant and examine the impact of cotreatment with CDK4/6 or PI3K inhibitors.

Increased expression of A2B1 has been detected in other cancers, e.g., melanoma [130], 

pancreatic ductal carcinoma (PDAC) [131], prostate cancer [132], and colorectal cancer 

(CRC) [44] where it contributes to metastasis. Similar to findings reported here, A2B1 

promoted EMT by down-regulating E-cadherin and up-regulating vimentin, and also 

stimulated the invasion capacity of PDAC cell lines [131]. A complex of A2B1 with the 

m6A-modified lncRNA RP11–138 J23.1 (RP11, LINC02598) was reported to accelerate 

the degradation of mRNA transcripts of two E3 ligases, SIAH1 and FBXO45 in CRC, 

thus preventing the proteolytic degradation of ZEB1 and leading to EMT, e.g., decreased 

E-cadherin and increased cell invasion [133]. Similarly, we observed decreased E-cadherin 

and increased vimentin in MCF-7-A2B1 cells. A2B1 was increased in human small cell and 

non-small cell lung tumors and knockdown of A2B1 inhibited migration and invasion of 
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DLKP-M squamous cell carcinoma cells in vitro [134]. Together these data indicate a role 

for A2B1 in promoting EMT and invasion in multiple cancer types.

MCF-7-A2B1 cells showed an ~ 50% increase in the number of migrating cells. Our 

findings are in contrast with a report that CRISPR/CAS9 knockout of A2B1 increased 

MCF-7 and MDA-MB-231 breast cancer cell migration and invasion [44]. We do not know 

why our results differ from this report of HNRNPA2B1 ablation in MCF-7 cells. Global 

knockout likely has a more profound effect on the cells compared to overexpression of 

A2B1 equivalent to levels detected in endocrine-resistant LCC9 and LY2 cells. It is also 

possible that there may have been off-target effects of the CRISPR/CAS9 knockout [135]. It 

is noteworthy that A2B1 expression was increased in lung metastasis after tail vein injection 

of human breast cancer patient-derived circulating tumor cells in mice [136]. Together, 

these reports indicate that the role for A2B1 in breast cancer metastases requires further 

investigation.

A2B1 plays a role in transcript splicing, trafficking, and stability [137, 138]. Aaron 

Johnson’s group used eCLIP to identify transcripts bound by A2B1 in MCF-7 cells 

(GEO # GSE103165) [139]. We downloaded these data from GEO (in bigwig format) and 

analyzed them using the UCSC genome browser to determine if A2B1 interacts with ESR1 

transcripts. A number of A2B1 binding peaks upstream and within the ESR1 gene, including 

intronic regions (Supplementary Fig. 20), were observed, supporting the suggestion that 

A2B1 may regulate ERα by interacting with the ESR1 transcript for stabilization, increased 

splicing efficiency, or trafficking to the cytoplasm for translation. Whether this is causative 

in the increase in ERα protein in MCF-7-A2B1 cells is unknown, but we demonstrated that 

siA2B1 reduced ERα protein in both MCF-7-A2B1 and LCC9 cells, suggesting a regulatory 

interplay between A2B1 and ERα protein.

5. Conclusions

We demonstrated that modest stable overexpression of A2B1 in MCF-7 endocrine-sensitive 

luminal A cells endowed the cells with phenotypic features of acquired endocrine resistance, 

including loss of growth inhibition by 4-OHT and fulvestrant, increased migration, invasion, 

clonogenicity, larger colony size in soft agar, increased CD44+/CD24−/low CSC, altered 

expression of EMT markers, and activation of AKT and MAPK, making them similar 

to LCC9 and LY2 cells. Conversely, knockdown of A2B1 in two independent models of 

endocrine-resistance: LCC9 and LY2 cells, resulted in a ‘restoration’ of TAM and fulvestrant 

sensitivity. These data suggest a role for HNRNPA2B1 in promoting the initiation of 

acquired endocrine-resistance by activating ser/thr kinase growth factor signaling pathways 

regulating downstream targets. Selective inhibition of HNRNPA2B1 may be a target to 

prevent acquisition of endocrine therapy resistance, but not to treat established metastatic 

disease.
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4-OHT 4-hydroxytamoxifen

AI aromatase inhibitor

A2B1 HNRNPA2B1

CFE colony forming efficiency

CSC cancer stem cells

DFS disease free survival

DHT dihydrotestosterone

ERα estrogen receptor alpha

FACS Fluorescent-activated cell sorting

FBS fetal bovine serum

IHC immunohistochemistry

LBD ligand binding domain

KM Kaplan-Meier

m6A N(6)-methyladenosine

OE overexpression

OS overall survival

PDAC pancreatic ductal carcinoma

RFS relapse-free survival

SERMs selective estrogen receptor modulators

SS medium ‘serum-starved’, 5% dextran-coated charcoal stripped FBS­

containing, phenol red-free IMEM medium (+ 1% pen/step)

TAM tamoxifen
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TNBC triple negative breast cancer

UPR unfolded protein response

WCE whole cell extract
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Highlights

• HNRNPA2B1 (A2B1) is more highly expressed in breast tumors than normal 

breast and is upregulated in tamoxifen (TAM)-resistant LCC9 and LY2 breast 

cancer cells

• Stable A2B1 expression in TAM-sensitive MCF-7 cells (MCF-7-A2B1) 

blocks growth inhibition by TAM and fulvestrant and results in mesenchymal­

like properties

• Knockdown of A2B1 restores TAM and fulvestrant sensitivity in TAM­

resistant LCC9 and LY2 cells

• A2B1 confers properties of endocrine resistance including activated AKT and 

MAPK and increased cancer stem cells (CSC)
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Figure 1: IHC staining for HNRNPA2B1 (A2B1) in ER+ invasive breast carcinoma (IDC) tumors 
paired with normal breast or lymph node (LN) metastasis from the same patient.
Shown are representative images from a stained TMA. The tumor in A (Allred score 3) is 

paired with normal breast tissue (B) from the same patient (Allred score 2). The tumor in 

C (Allred score 3) is paired with its LN metastasis in D (Allred score 1). Bar is 200 μm. 

Images were taken under 20x magnification. E) Quantification of Allred scores based on 

intensity and percent of cells stained are indicated as the percent total number of that sample 

in the TMA (Nl. Breast ER+ = 8; IDC ER+ with matched LNM ER+ = 13).
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Figure 2: Stable overexpression of HNRNPA2B1 (A2B1) in MCF-7 cells.
A2B1 transcript (A) and protein (B and C) levels were measured in the G418-selected 

MCF-7-A2B1 cells and MCF-7 cells. GAPDH and α-tubulin were was used as a 

normalization controls for qPCR and western blots respectively. C) Summary of 16 separate 

western blots, each with 3–8 separate preparations of WCE. *p < 0.0001, Student’s two 

tailed t-test. Phase contrast images of MCF-7 (D) and MCF-7-A2B1 cells (E) at 20X phase 

contrast imaging, scale bar = 100 μm (additional images in Supplementary Figure 4). F) 

Representative western blot showing E-cadherin and vimentin in WCE from the indicated 

cell lines. Quantification is relative to Ponceau S staining with the MCF-7 sample in the first 

lane set to 1.0 for relative quantification.
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Figure 3: Stable overexpression of A2B1 in MCF-7 cells reduces cell viability and reduces growth 
inhibition by 4-OHT and fulvestrant.
MCF-7, MCF-7-A2B1, and LCC9 (TAM-resistant (R)) cells were grown in SS medium 

for 48 h prior to treatment with vehicle control (DMSO), 100 nM or 1 μM 4-OHT, 

or 100 nM Fulvestrant for 4 days. A) Absorbance values are from one experiment in 

quadruplicate wells. *p < 0.05 one-way ANOVA, Tukey’s post hoc multiple comparisons 

test. B) Values were normalized to control within each cell line and are the mean ± SEM 

from 8 independent MTT assays. *p ≤ 0.01 and **p < 0.0001 two-way ANOVA, Bonferroni 

post hoc test. C) MCF-7-A2B1 cells were not transfected (C) or transfected with siControl 

(siCont) or siHNRNPA2B1 (siA2B1) in OPTI-MEM 48 h. Cells were grown in SS medium 

for an additional 24 h prior to isolation of WCE. The blot was stripped and re-probed for 

α-tubulin. The A2B1/α-tubulin ratios are shown. D) MCF-7-A2B1 cells were transfected 

with siControl (−) or siA2B1 for 48 h prior to counting and replating for 5 d MTT assays. 

Treatments: C = EtOH control, Fulv. = Fulvestrant. Values are the mean ± SEM from 6 

experiments. **p < 0.0001 two-way ANOVA, Bonferroni post hoc test.
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Figure 4: Transient knockdown of A2B1 enhanced antiestrogen-sensitivity of LCC9, LY2, and 
T47D cells.
For A,B, and F the indicated cell lines were either not transfected (Control) or were 

transfected with siControl or siA2B1 for 48 h in Opti-MEM prior to 36 h in SS medium. 

For the blots shown, 30 μg WCE was loaded/lane. C: Summary of western blots of A2B1 

relative to α-tubulin in LCC9 (n = 7) and LY2 (n = 13) separate WCE. *p < 0.0001 for 

one-way ANOVA followed by Tukey’s post hoc multiple comparisons test. D, E, and G 

summarize 8 (LCC9), 10 (LY2), and 4 (T47D) separate, independent MTT assays. After 

transfection and ~ 16 h in OPTI-MEM, cells were incubated for an additional ~ 32 h in 

SS medium prior to treatment with 100 nM or 1 μM 4-OHT or 100 nM fulvestrant, with 

medium changed every 48h, for 4 d. Values are the relative mean viability compared DMSO 

(vehicle control) ± SEM. *p < 0.05, ** < 0.01,***p < 0.001,***p < 0.0001 versus siControl 

DMSO-treated cells in two-way ANOVA, Tukey’s multiple comparison post hoc test. F 

shows a representative western blot for A2B1 knockdown in T47D cells using a monoclonal 

antibody that recognizes both the B1 and A2 splice variants of HNRNPA2B1. The graph 

shows data from 4 experiments, *p = 0.039 in one-way ANOVA followed by Tukey’s post 
hoc test.
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Figure 5: A2B1 enhances MCF-7 cell migration and invasion.
Boyden chamber assays comparing the migration and invasion of MCF-7, MCF-7-A2B1, 

LCC9, and LY2 cells were performed using FBS-containing medium as the attractant. Cells 

were grown in SS medium for 72 h prior to plating. Migrated (A) and invaded (C) cells were 

stained with crystal violet and quantified using ImageJ software. A) Representative images 

of migrated cells. B) Quantification of cell migration by Image J. C) Representative images 

of invaded cells. D) Quantification of cell invasion. Values in C and D are from individual 

wells with 3 wells/treatment. *p < 0.05, **P < 0.001,****p < 0.0001 in one-way ANOVA 

followed by Tukey’s post hoc multiple com.
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Figure 6: A2B1 knockdown reduces LCC9 and MCF-7-A2B1 cell migration and invasion.
LCC9 and MCF-7-A2B1 cells were transfected with siControl or siHNRNPA2B1 (siA2B1) 

for 48 h prior to plating for cell migration and invasion assays as in Figure 5. Migrated (A) 

and invaded (C) cells were stained with crystal violet and quantified using ImageJ software. 

B and D) Quantification of cell migration and invasion by Image J. Values are relative 

migration or invasion/well (n = 3 wells/transfection). ***p < 0.001, *p < 0.05 in one-way 

ANOVA followed by Tukey’s multiple comparison post hoc test.
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Figure 7: A2B1 stimulates clonogenicity in MCF-7-A2B1 cells.
(A-B) Cells were transfected with siControl or siA2B1 for 24 h, then counted and re-plated 

at a density of 5,000/well (MCF-7-A2B1) or 2,500/well (LCC9) with 6 wells/treatment in 

six-well plates. After 5 d, cell images were captured and % colony forming efficiency (% 

CFE in C) and colony size (D) was analyzed by Image J. Data were analyzed by one-way 

ANOVA followed by Tukey’s post hoc multiple comparisons test;* p values of significance 

are indicated.
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Figure 8: A2B1 increases MCF-7 soft agar colony size and A2B1 knockdown inhibits soft agar 
colony growth.
A) MCF-7 and MCF-7-A2B1 stable cells were plated 50,000 cells/60mm plate. For data 

analysis: cell images were captured after 7, 14, and 21 d at 10X on an EVOS microscope. 

The number of colonies and colony size (area of selection in pixels2) was analyzed by Image 

J. B) colony size values were averaged from 3 plates/sample and displayed as mean ±SEM. 

Data were analyzed by two way ANOVA followed by Bonferroni’s post test. *p < 0.0001 

C) LCC9 and MCF-7-A2B1 cells were transfected with siControl or siA2B1 for 48 h prior 

to plating in three separate 60mm plates for soft agar assay/treatment. Data were analyzed 

by two way ANOVA followed by Bonferroni’s post test. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. E) Colony sizes at 7 d for the MCF-7 and MCF-7-A2B1 +/− siA2B1 

transfection were analyzed by one-way ANOVA followed by Tukey’s multiple comparison 

test. *p < 0.05, **p < 0.01, ***p < 0.0001
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Figure 9: FACS analysis of CD24 and CD44.
A) MCF-7, MCF-7-A2B1, LCC9 and LY2 cells were stained with anti-CD44 APC and 

anti-CD24 PE. The percent of CD44+/CD24−low cells were analyzed by flow cytometry. 

Data were quantified from three separate biological replicates of each cell line and plotted % 

CD44+/CD24−low. Values are mean ± SEM. ****p < 0.001, * p < 0.05 in one-way ANOVA 

followed by Tukey’s post hoc multiple comparisons test.

Petri et al. Page 35

Cancer Lett. Author manuscript; available in PMC 2022 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10: AKT and MAPK activation in MCF-7-A2B1 and LCC9 cells.
A) Western blot of phospho-ser-473 AKT/AKT/Ponceau S in the indicated cells grown in 

regular medium. + contrast indicates that the image was adjusted using ‘auto-contrast’ in 

Adobe Photoshop. B-D) MCF-7-A2B1 and LCC9 cells were transfected with siControl (siC) 

or siHNRNPA2B1 (siA2B1) in OPTI-MEM 48 h and then grown in 5% DCC-FBS medium 

for an additional 24 h prior to isolation of WCE for western blotting. Non-transfected cells 

grown in parallel, including medium changes are Control (C). For B and D) Values of the 

ratio of P-AKT/AKT, P-AKT/α-tubulin, P-MAPK/MAPK, or P-MAPK α-tubulin are shown 

for each blot. C and E) The P-AKT/AKT or P-MAPK/MAPK ratios for control cells in each 

cell line was set to 1 within each experiment. Data are from 3 separate experiments. E) * 

P < 0.001 from C and siC. E) * P < 0.01 and ** P < 0.001 versus C or siC, as indicated. 

Statistical analysis: one-way ANOVA followed by Tukey’s multiple comparisons test.

Petri et al. Page 36

Cancer Lett. Author manuscript; available in PMC 2022 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11: Inhibition of MEK and PI3K activity attenuates MCF-7-A2B1 soft agar colony 
growth.
MCF-7 and MCF-7-A2B1 stable cells were treated with vehicle control (EtOH, C), 50 μM 

PD98059, or 100 nM wortmannin and plated 50,000 cells/60mm plate. The medium, with 

respective treatment, was replenished every 4 d. Cell images were captured and analyzed 

after 1, 7, and 14 d. Average ± SEM values from 3 replicate plates are plotted (A and B) 

for the number of colonies counted. Data were analyzed by one-way ANOVA followed by 

Tukey’s multiple comparison test * p < 0.05, ***P < 0.001 compared to the control-treated 

cells on the same day. C) Mean individual colony size values at 14 d ± SEM. Data were 

analyzed by one-way ANOVA followed by Tukey’s post hoc multiple comparison test, ***p 

< 0.0001.
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Figure 12: ERα is increased in MCF-7-A2B1 cells and siA2B1 reduces ERα in LCC9, LY2, and 
MCF-7-A2B1 cells.
A) Data are qPCR of ESR1 relative to GAPDH and normalized to MCF-7 control cells. 

Values are from 8 (A) separate miRNA extractions. ** p < 0.001 in a two-tailed Student’s 

t-test. For B, D, E, and H WCE were isolated from the indicated cell lines. Cells were 

not transfected (B or Control (C) in panels D,E, and H) or transfected with siControl, 

siA2B1 for the indicated amount of time. The blots were probed for ERα, then stripped and 

re-probed for α–tubulin for normalization. Representative blots are shown. Data F and G) 

are summarized from biological replicate ERα westerns with different cell lysates from 3–4 

separate transfection experiments/cell line. ERα/α-tubulin were normalized to siControl (set 

to 1) in each experiment for comparisons between separate western blots (Relative ERα). 

*P < 0.05, **P < 0.001 vs. siControl in a one-way ANOVA followed by Tukey’s post hoc 
test. C and I) qPCR of MIR221–3p relative to SNORD48 and normalized to control cells. 

For I, the cells were transfected with siControl or siHNRNPA2B1 for 72 h prior to miRNA 

extraction and qPCR. *P < 0.0025 vs. siControl in a one-way ANOVA followed by Tukey’s 

post hoc test.
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Figure 13: A model of how upregulation of HNRNPA2B1 may contribute to TAM-resistant 
(TAM-R) breast cancer.
Shown are the proteins altered by increased A2B1 expression in this study that contribute 

to hallmarks of TAM-resistance. Up arrows indicate increased expression and down arrows 

indicate reduced expression. The dotted line indicates that AKT may phosphorylate A2B1 

and modulate its activity as reported for other cancers [93]. The model was created with 

BioRender.com.
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Table 1:
Allred scores from IHC HNRNPA2B1 of the breast TMA with paired breast tumor­
normal breast tissue and breast tumor-lymph node metastasis (LNM).

All primary breast tumors were classified as invasive ductal carcinomas (IDC). ER and HER2 staining data 

were provided by the supplier (Reveal Biosciences, see Materials and Methods). Overall statistical differences 

was calculated using the Kruskal-Wallace test followed by Dunn’s multiple comparison or Mann Whitney 

non-parametric tests.

Sample IDC vs. Normal Breast IDC vs. LNM Normal Breast vs. LNM

ER+/PR+ 0.0360* 0.5645 0.5312

HER2+, ER− NA 0.0024* NA

HER2+, ER+, PR+/− NA 0.7669 NA

TNBC NA 0.3636 NA

*
statistically different.

NA = Not applicable because the TMA did not include normal matched breast tissue from these primary breast tumors.
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