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Abstract
Background
Intrinsic or acquired resistance to HER2-targeted therapy is often a problem when small molecule tyrosine kinase inhibitors or antibodies are used to treat patients with HER2 positive breast cancer. Therefore, the identification of new targets and therapies for this patient group is warranted. Activated choline metabolism, characterized by elevated levels of choline-containing compounds, has been previously reported in breast cancer. The glycerophosphodiesterase EDI3 (GPCPD1), which hydrolyses glycerophosphocholine to choline and glycerol-3-phosphate, directly influences choline and phospholipid metabolism, and has been linked to cancer-relevant phenotypes in vitro. While the importance of choline metabolism has been addressed in breast cancer, the role of EDI3 in this cancer type has not been explored.

Methods
EDI3 mRNA and protein expression in human breast cancer tissue were investigated using publicly-available Affymetrix gene expression microarray datasets (n = 540) and with immunohistochemistry on a tissue microarray (n = 265), respectively. A panel of breast cancer cell lines of different molecular subtypes were used to investigate expression and activity of EDI3 in vitro. To determine whether EDI3 expression is regulated by HER2 signalling, the effect of pharmacological inhibition and siRNA silencing of HER2, as well as the influence of inhibiting key components of signalling cascades downstream of HER2 were studied. Finally, the influence of silencing and pharmacologically inhibiting EDI3 on viability was investigated in vitro and on tumour growth in vivo.

Results
In the present study, we show that EDI3 expression is highest in ER-HER2 + human breast tumours, and both expression and activity were also highest in ER-HER2 + breast cancer cell lines. Silencing HER2 using siRNA, as well as inhibiting HER2 signalling with lapatinib decreased EDI3 expression. Pathways downstream of PI3K/Akt/mTOR and GSK3β, and transcription factors, including HIF1α, CREB and STAT3 were identified as relevant in regulating EDI3 expression. Silencing EDI3 preferentially decreased cell viability in the ER-HER2 + cells. Furthermore, silencing or pharmacologically inhibiting EDI3 using dipyridamole in ER-HER2 + cells resistant to HER2-targeted therapy decreased cell viability in vitro and tumour growth in vivo.

Conclusions
Our results indicate that EDI3 may be a potential novel therapeutic target in patients with HER2-targeted therapy-resistant ER-HER2 + breast cancer that should be further explored.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-022-02578-w.
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Background
Targeted therapies have proven tremendously effective to treat HER2 (ERBB2)-positive breast cancer. However, acquired or inherent resistance has limited the degree of success [1], thus highlighting the need for novel treatment options. Research that examines the suitability of targeting various proteins and processes regulating cellular metabolic capacity that are altered in cancer is ongoing [2]. Thus far, the focus has been on glucose, lipid, nucleotide, and amino acid metabolism [2]. Nevertheless, choline metabolism has also been reported to be deregulated in breast cancer [3–10]. Previously, we identified the glycerophosphodiesterase EDI3 (GPCPD1), which hydrolyses glycerophosphocholine (GPC) to produce choline and glycerol-3-phosphate (G3P), as a key player in choline metabolism, and showed that it is linked to metastasis and worse outcome in endometrial and ovarian carcinoma [11]. Our work also supported the role of EDI3 in cancer-relevant phenotypes, namely, cell migration, adhesion, and spreading [11, 12]. In addition, silencing EDI3 decreased levels of the signalling lipids lysophosphatidic acid and phosphatidic acid, as well as phosphatidylcholine, the most abundant phospholipid in cell membranes [11, 13, 14]. However, despite the available evidence linking choline metabolism and breast cancer, EDI3 has not yet been extensively studied in this cancer type. Thus, we investigated EDI3’s potential clinical relevance using publicly available data, as well as our own breast cancer patient cohorts, and show that EDI3 expression is highest in estrogen receptor (ESR1)-negative (ER-) HER2 + tumours. Our subsequent experiments indicate that EDI3 is regulated by HER2 signalling in ER-HER2 + cell lines, leading to the hypothesis that targeting EDI3 could be a therapeutic approach to enhance the impact of standard therapies or an alternative in case of resistance to standard therapies, which we evaluated using in vitro and in vivo models.
Material and methods
Human breast cancer datasets
EDI3 expression in human breast cancer tissue was evaluated using publicly-available Affymetrix gene expression microarray datasets analysed on the Affymetrix HG-U133-Plus 2.0 array (Supplementary Table S1). The CEL files were downloaded from the Gene Expression Omnibus (GEO) (https://​www.​ncbi.​nlm.​nih.​gov/​geo/​) and normalized using frozen Robust Multiarray Analysis [15].
Immunohistochemistry
EDI3 and HER2 protein expression were assessed by immunohistochemistry (IHC) on a tissue microarray (TMA), including 265 human breast cancers, from patients who were operated on at the Department of Obstetrics and Gynecology, University Medical Center Mainz, Germany between 1988 and 2000. A custom-made mouse monoclonal antibody (clone 3B8G3, AMS Bio) raised against full-length recombinant EDI3 protein produced in HEK293 cells (TP305217, Origene) and the anti-HER2 mouse monoclonal antibody AMAb90627 (Atlas Antibodies) were used. IHC conditions are described in the Supplementary Methods. The stained slides were scanned using an Aperio AT2 whole-slide scanner (Leica Biosystems) and the resulting high-resolution images were manually annotated. Cytoplasmic EDI3 positivity in the tumour cells was considered. The staining intensity was scored semi-quantitatively as negative, weak, or strong (Fig. 1B, left panel). The estimated fraction of positive cells was scored as 0–1%, 2–25%, 26–50%, 51–75% or > 75%. Intensity and fraction were then combined into a total EDI3 expression score as follows: [1] low expression (negative or weak in ≤ 50%), [2] intermediate expression (weak in > 50% or strong in ≤ 50%), or [3] high expression (strong in > 50%) (Fig. 1B, right panel).[image: ]
Fig. 1EDI3 expression and enzyme activity according to HER2 and ER status. A, EDI3 (GPCPD1; 224826_at) mRNA expression was compared among subtypes defined according to HER2 and ER status in human breast cancer Affymetrix datasets (total n = 540). B, EDI3 protein expression in breast cancer subtypes using IHC on a TMA (n = 265); high expression was defined as strong positivity in > 50% of tumour cells, intermediate as weak in >50% or strong in ≤ 50% of tumour cells, and low as negative or weak in ≤ 50% of tumour cells. C, qPCR analysis of EDI3 mRNA expression in a panel of breast cancer cell lines of different molecular subtypes normalized to β-Actin. D, Representative Western blot (left panel) showing pHER2, HER2, EDI3 and ERα protein expression in the panel of breast cancer cell lines, with quantification normalized to β-Actin (right panel). E, EDI3 enzyme activity measured using an enzyme-coupled assay that indirectly measures the release of choline. F, Intracellular PCho/GPC ratio measured using NMR spectroscopy. Cell line data (C-F) are mean ± SD of at least three independent experiments. IHC, immunohistochemistry; TMA, tissue microarray; NMR, nuclear magnetic resonance


Cell lines and cell culture
Human breast cancer cell lines MDA-MB-231, MDA-MB-468, MCF7, T47D, BT474, EFM192A, SKBR3, and JIMT1 were purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ), and HCC1954, AU565, and MCF10A from the American Type Culture Collection (ATCC). The MCF7/NeuT cell line, with doxycycline-inducible expression of oncogenic HER2, was used as previously described [16]. All cell lines were authenticated by DSMZ according to the ANSI/ATCC ASN-0002–2011 guidelines, and were regularly tested for mycoplasma using the Venor® GeM Classic kit (Minerva Biolabs). Culture conditions for all lines are provided in the Supplementary Methods.
Expression and activity analyses
Total RNA was isolated using the RNeasy Mini Kit (Qiagen), according to the manufacturer’s instructions, and quantified using NanoDrop 2000. Two μg of total RNA was transcribed into cDNA with the High-Capacity cDNA Reverse Transcription Kit (Qiagen), and qRT-PCR performed with QuantiFast SYBR Green (Qiagen) with QuantiTect primer assays (Supplementary Table S2A) on the ABI 7500 Fast Real-Time PCR system (Applied Biosystems). The relative expression of each target gene was calculated using 2−ΔΔCT.
For protein expression analysis, cells were lysed in RIPA buffer containing phosphatase and protease inhibitors (Sigma Aldrich), and the total protein concentration was measured using the BCA Protein Assay Kit (Thermo Fisher). Equal amounts of protein were separated on SDS polyacrylamide gels, transferred onto PVDF membranes, and protein expression was detected using antibodies listed in Supplementary Table S2B. Images were taken on a Fusion Fx7 imager (Vilber) and bands quantified using ImageJ (National Institute of Health). In addition, EDI3 and HER2 protein expression was analysed with immunocytochemistry, as described in Supplementary Methods.
EDI3 activity was measured employing a modified version of the Amplex® Red Phospholipase D Assay Kit (Thermo Fisher Scientific), as previously described [11].
Analysis of choline metabolites
Intracellular concentrations of GPC, choline, and PCho were measured using nuclear magnetic resonance (NMR) spectroscopy at 14.1 T, as described in the Supplementary Methods.
Altering EDI3 and HER2 expression
EDI3 and HER2 expression were transiently downregulated in SKBR3, HCC1954, BT474, and EFM192A cells using siRNA and reverse transfection with Lipofectamine RNAiMax Reagent (Thermo Fisher) according to the manufacturer’s instructions. siRNA oligos targeting different exons of EDI3 and HER2 were used to silence gene expression, and non-targeting siRNAs were used as negative controls (all from Thermo Fisher Scientific). siRNA sequences are listed in Supplementary Table S2C, and transfection conditions are detailed in the Supplementary Methods. To induce HER2 expression, MCF7/NeuT cells were seeded overnight, followed by treatment with 1 µg/ml doxycycline (Sigma-Aldrich) for 24 h, 72 h or 7d. NeuT expression efficiency was monitored by an increase in the fluorescence of co-expressed EGFP. To stably and inducibly silence EDI3, HCC1954 cells were transduced with the SMARTvector™ lentiviral particles (Dharmacon) containing three shRNA oligos targeting different exons of EDI3 (Supplementary Table S2C) under the control of a Tet-On 3G tetracycline-inducible system, as well as a non-targeting scrambled shRNA control. Two days post-transduction, cells were incubated in selection media containing 0.5 µg/ml puromycin for two weeks to select the cells in which the vector was stably integrated. Dose and time dependent analyses were performed to determine the optimal concentration of doxycycline needed to specifically decrease EDI3 expression.
Cell viability
Seventy two h after siRNA transfection, cells were re-seeded onto 96-well plates and treated with trastuzumab or lapatinib and respective vehicle controls for 96 h, with media changed after 48 h. Alternatively, cells were seeded onto 96-well plates and allowed to attach for 6 h, followed by treatment with 25 µM or 50 µM dipyridamole (Sigma) and 0.01, or 0.1 µM lapatinib (Selleckchem) for 96 h with media changed after 48 h. The percentage of viable cells was determined using the CellTiter-Blue® Cell Viability Assay (Promega), according to the manufacturer’s instructions, and fluorescence detected using a microplate reader (Tecan) with a 560Ex/590Em filter set.
Colony formation assay
shRNA expression was induced with 0.01 and 0.1 µg/ml doxycycline in HCC1954 shEDI3 and control cells (shNEG). After 72h of doxycycline treatment, 500 cells were re-plated per well of a 6-well plate in doxycycline-containing media and incubated for 14d at 37 °C. Colonies were stained with crystal violet solution, photographed and the number and size of colonies analysed using ImageJ (National Institutes of Health).
Proliferation assay
To investigate the effect of EDI3 silencing on proliferation, the Click-iT® Plus 5-Ethynyl-2-deoxyuridine (EdU) cell proliferation kit (Thermo Fisher Scientific) was used following the manufacturer’s instructions. Briefly, after 72 h doxycycline treatment, 1500 HCC1954 shNEG and HCC1954 shEDI3 cells were re-plated into 8-well chamber slides (Ibidi), allowed to attach overnight, and then incubated with 10 µM EdU for 2 h. The cells were then fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.5% Triton®X-100 for 20 min, and then treated with the Click-iT® reaction cocktail with Alexa Fluor™ 488 dye for 30 min. DNA was stained with Hoechst 33342 for 30 min protected from light, followed by mounting with Fluoroshield mounting medium (Abcam). Fluorescent images were taken with a BZ-X800 microscope (Keyence) and the number of green fluorescent cells counted and normalized to total cell number and the respective 0 µg/ml doxycycline control cells.
EDI3 expression studies after treatment with different pathway inhibitors
MCF7/NeuT cells were seeded onto a 6-well plate and allowed to attach overnight. On the next day, cells were treated with different concentrations of LY294002 (Selleckchem), PD98059 (Selleckchem), U73122 (Tocris), everolimus (Selleckchem) or CHIR-99021 (Selleckchem). For induction of the oncogenic rat HER2 variant, NeuT in the MCF7 cells, doxycycline (Sigma) was added with a final concentration of 1 µg/ml per well to one half of the experiment setup one hour after the inhibitor addition [16]. Medium was changed every three days, and cells were harvested after three and seven days, for RNA and protein expression analyses as described above.
For the EDI3 expression studies in endogenous HER2 expressing cell lines, SKBR3 and HCC1954 cells were seeded onto a 6-well plate and allowed to attach overnight. On the next day, cells were treated with different concentrations of lapatinib, everolimus, CHIR-99021, compound 3i (666–15), C188-9, KC7F2, SC75741, 10074-G5 or SR18662 (all from Selleckchem). After one, two and three days (as well as 4 days for lapatinib), cells were harvested at approximately 80% confluency for RNA and protein expression analyses as described above. Medium was changed after two days.
Animal experiments
5 × 106 HCC1954 cells (150 µl 1:1 Matrigel/1 × PBS) were injected subcutaneously into the flanks of 24 six- to eight-week-old female CD1 nude mice (Charles River). Tumour growth was measured 2 × weekly with a digital caliper and the volume calculated using the formula (L × W2)/2 [17]. Once the tumour volume was approximately 300 mm3, mice were randomly divided into four groups of six mice each and treated orally with vehicle, 120 mg/kg dipyridamole, 100 mg/kg lapatinib, or a combination of lapatinib and dipyridamole for 4 weeks, 5 days on/ 2 days off. Tumour size was monitored 2–3 times weekly, and mice were weighed daily. One hour after final treatment, blood and tumours were collected to analyse dipyridamole and lapatinib concentrations, as described in the Supplementary Methods.
HCC1954 shNEG and HCC1954 shEDI3 cells were treated with 0.1 μg/ml doxycycline 72 h prior to injection. 5 × 106 HCC1954 shNEG or HCC1954 shEDI3 cells with and without doxycycline treatment (150 µl 1:1 Cultrex BME/1 × PBS) were injected subcutaneously into the flanks of seven, six- to eight-week-old female CD1 nude mice (Charles River) per condition. Mice with doxycycline induced cells were fed a diet containing 625 mg/kg doxycycline (Ssniff) ad libitum. Tumour growth was measured 2 × weekly with a digital caliper and the volume calculated using the formula (L × W2)/2 [17]. After 8 weeks tumours were collected, weighed, and analysed for RNA and protein analysis.
Statistics
The Mann–Whitney U test or Kruskal Wallis test, as appropriate, was used to compare EDI3 expression between patient subgroups defined based on clinicopathological factors, categorized as: age: < 50 vs. ≥ 50 years; grade: I + II vs. III; pT stage: I vs. II + III; ER status: negative vs. positive; HER2 status: negative vs. positive; molecular subtype: ER + HER2 + vs. ER + HER2- vs. ER-HER2- vs. ER-HER2 + . For the Affymetrix cohorts, ER and HER2 status were derived from the bimodally distributed mRNA levels of the corresponding genes, as described in the Supplementary Methods.
All experiments were performed at least three times. Numerical data are presented as mean ± standard deviation (SD) or standard error (SE), as indicated in the respective figure legends. In vitro data were analysed using a two-sided Student’s t-test. Tumour weight and volume were analysed using Mann–Whitney U and two-sided Student’s t-tests, respectively. The significance level was set at P ≤ 0.05. Analyses were performed using the statistical programming language R version 4.0.3 (http://​www.​r-project.​org/​), Statistical Package for the Social Sciences (SPSS) (Version 23, IBM), or GraphPad Prism, version 9.
Results

                           EDI3 expression is high in ER − HER2 + breast tumours
                        
To characterize EDI3 in human breast cancer, we investigated EDI3 mRNA levels in publicly available Affymetrix datasets. Higher expression of EDI3 (224826_at) was observed in HER2 + tumours compared to HER2 − tumours in the combined analysis of all datasets (P < 0.001, Mann–Whitney U test), as well as in four datasets when analysed separately. The highest EDI3 expression was observed in the ER − HER2 + subtype (Fig. 1A; Supplementary Table S3). To investigate whether this also holds true at protein level, we stained a TMA using a monoclonal antibody against EDI3. Overall, most tumours were negative for EDI3 or weak cytoplasmic positivity was observed in a variable cell fraction; strong EDI3 positivity was only observed in a smaller subset. Considering both the staining intensity and the fraction of EDI3-positive tumour cells, high protein expression was observed in 6% of ER + HER2-, 2% of ER − HER2-, 6% of ER + HER2 + , and 27% of ER − HER2 + tumours (Fig. 1B). Although EDI3 is not strongly expressed in every ER − HER2 + tumour, this subtype contains the largest percentage of tumours with high EDI3 expression, thus supporting the findings at mRNA level.

                           ER − HER2 + breast cancer cell lines have high EDI3 expression and activity
                        
Cell lines representing four different subtypes of human breast cancer were examined to determine whether HER2, as well as ER status, and EDI3 expression are similarly associated as observed in tumour tissue. In agreement with the observation in the tumours, EDI3 expression was highest in the ER − HER2 + cell lines HCC1954 and SKBR3, followed by AU565 (Fig. 1C-D). Elevated EDI3 in SKBR3 cells was also visualized by immunocytochemistry (Supplementary Fig. S1C). One exception was JIMT1, which expressed low levels of EDI3 (Fig. 1C-D). An explanation may be that although JIMT1 is categorized as ER-HER2 + , its HER2 levels are low compared to the other HER2 + lines (Fig. 1D and Supplementary Fig. S1A) due to its expression of wild-type PTEN [18], which is suggested to negatively regulate HER2 expression [19].
We next investigated whether the high EDI3 expression observed in ER-HER2 + cell lines is associated with increased enzymatic activity. Accordingly, EDI3 activity was highest in the ER − HER2 + cell lines, SKBR3, HCC1954 and AU565 (Fig. 1E). In comparison, activity remained comparably low in MDA-MB-231, T47D, MCF7, and BT474 cells, and was slightly elevated in MDA-MB-468, EFM192A, and JIMT1 (Fig. 1E). To understand the effects of EDI3 activity on choline metabolism, GPC, choline, and PCho levels were measured using NMR. Importantly, the PCho/GPC ratio, which was reported as higher in more aggressive compared to less aggressive breast cancer cell lines [9], was highest in SKBR3 and HCC1954 cells (Fig. 1F). Furthermore, in agreement with the observed high EDI3 activity, SKBR3 and HCC1954 were among the cell lines with the lowest levels of EDI3’s substrate GPC and the highest PCho levels (Supplementary Fig. S1D).
Overall, ER − HER2 + cell lines express high EDI3, which leads to higher enzymatic activity. These findings prompted us to more closely investigate the relationship between EDI3 and HER2.

                           EDI3 expression is regulated by HER2 signalling via GSK3β and mTOR
                        
To understand the mechanism underlying high EDI3 expression in HER2 + breast cancer, we silenced HER2 using siRNA targeting different exons in ER − HER2 + cell lines. Silencing HER2 resulted in reduced EDI3 mRNA and protein expression in both SKBR3 (Fig. 2A-B) and HCC1954 (Supplementary Fig. S1E-F) cells. The reverse experiment showed that, despite successful downregulation of EDI3, HER2 expression and phosphorylation remained unchanged in both SKBR3 and HCC1954 cells (Supplementary Fig. S1G-J). We then used MCF7 breast cancer cells with doxycycline (dox)-inducible expression of NeuT [16], an oncogenic HER2/ERBB2 variant. Exposure of cells to dox caused the expected time-dependent increase in NeuT mRNA and protein expression (Fig. 2C). Notably, EDI3 expression also increased upon the addition of dox (Fig. 2C), further indicating that EDI3 expression is regulated by HER2. To confirm that signalling initiated upon the activation of HER2 is responsible for the high EDI3 expression, we treated cells with lapatinib, a reversible tyrosine kinase inhibitor. The selected lapatinib concentrations significantly inhibited HER2 phosphorylation in SKBR3 (Fig. 2D) and HCC1954 (Supplementary Fig. S1K) cells, and increased total HER2 expression, as previously reported [20]. Importantly, EDI3 expression significantly decreased in both cell lines (Fig. 2D; Supplementary Fig. S1K), albeit only at the highest lapatinib concentration after 96 h in HCC1954. This weak effect was not unexpected because HCC1954 cells contain a mutation in PIK3CA (H1047R) [18] that activates signalling downstream of HER2, making them less sensitive to inhibition of HER2 signalling.[image: ]
Fig. 2EDI3 expression is regulated by HER2 signalling. A, HER2 (left panel) and EDI3 (right panel) mRNA expression after silencing of HER2 in SKBR3 cells compared with cells transfected with scrambled siRNA (si-NEG). B, Protein expression of EDI3 and HER2 in SKBR3 cells after HER2 siRNA knockdown compared with control (si-NEG) (left panel) with accompanying quantification of EDI3 protein expression (right panel). C, qPCR analysis of EDI3 and HER2 mRNA expression in MCF-7/NeuT cells treated with doxycycline (+ dox) or untreated (− dox) at different time points (left panels) and representative Western blot showing expression of EDI3, pHER2 and HER2 in MCF-7/NeuT cells treated with doxycycline for 7 days, with corresponding quantification of EDI3 protein levels (right panels). D, Representative Western blots showing EDI3, pHER2 and HER2 protein expression in SKBR3 cells treated with 0.1 µM or 1.0 µM lapatinib for 24, 48, 72 and 96 h, with corresponding quantification of protein levels. Data are mean ± SD of at least three independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). FM, full media control


To determine which pathway downstream of HER2 regulates EDI3 expression, we inhibited key components of signalling cascades activated by HER2, namely phosphatidylinositol 3-kinase (PI3K; PIK3CA) with LY294002, phospholipase C gamma (PLCγ; PLCG) with U73122, and MEK1 (MAP2K1) with PD98059 (Fig. 3A) in MCF7-NeuT cells. Although not significant due to the variability in HER2 upregulation in response to dox, we observed reduced phosphorylation of Akt (AKT1), PKCα/βII (PRKCA/PRKCB), and ERK1/2 (MAPK3/MAPK1) in response to LY294002, U73122, and PD98059, respectively, compared with the dox control (Supplemental Fig. S2A-C). Only inhibition of PI3K with LY294002 led to a decrease in EDI3 expression as a result of dox-induced HER2 expression (Fig. 3B and Supplementary Fig. S2A), whereas targeting PLCγ and MEK1 had little to no effect (Supplementary Fig. S2B-C).[image: ]
Fig. 3GSK3β and mTORC1 regulate EDI3 expression downstream of PI3K/Akt. A, Overview of key proteins in the HER2 pathway that initiate signalling upon HER2 activation, with the inhibitors used in the present study in red. B, Representative Western blot of pHER2, HER2, EDI3, pAkt, and total Akt protein levels in MCF-7/NeuT cells treated with 5 or 10 µM LY294002 for 7 days. C, mRNA expression of EDI3 (left) and representative Western blot of pHER2, HER2, EDI3, p-mTOR, and mTOR protein levels (right) in MCF-7/NeuT cells treated with 1 or 3 µM everolimus for 3 and 7 days. D-E, mRNA expression of EDI3 (left) and representative Western blot of pHER2, HER2, EDI3, p-mTOR, and mTOR protein levels (right) in D, HCC1954 and E, SKBR3 cells treated with 1 or 3 µM everolimus for 1, 2, and 3 days. F, mRNA expression of EDI3 (left) and representative Western blot of pHER2, HER2, EDI3, and β-catenin protein levels (right) in MCF-7/NeuT cells treated with 1 or 2.5 µM CHIR-99021 for 3 and 7 days. G-H, mRNA expression of EDI3 (left) and representative Western blot of pHER2, HER2, EDI3, and β-catenin protein levels (right) in G, HCC1954 and H, SKBR3 cells treated with 1 or 2.5 µM CHIR-99021 for 1, 2, and 3 days. I-K, EDI3 mRNA expression after inhibiting I, HIF1α with 10 and 20 µM KC7F2, J, CREB with 0.1 and 1 µM compound 3i , or K, STAT3 with 5 and 10 µM C188-9 for 1, 2 and 3 days in SKBR3 cells. Data represent the mean ± SD of at least three independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant). * in panels C and F indicate significant difference from untreated control; # represents difference to cells treated with dox alone


To investigate which pathway downstream of PI3K/Akt mediates EDI3 expression in ER − HER2 + cells, we next inhibited mechanistic target of rapamycin (mTOR) complex 1 (mTORC1; AKT1S1, MLST8, MTOR, RPTOR) and glycogen synthase kinase 3β (GSK3β; GSK3B) (Fig. 3A). Inhibiting mTORC1 with everolimus significantly decreased EDI3 mRNA and protein expression in MCF7-NeuT cells after 7 days dox treatment (Fig. 3C and Supplementary Fig. S2D). To confirm that this also holds true for endogenous EDI3, we treated both HCC1954 and SKBR3 cells with increasing concentrations of everolimus for 1, 2, and 3 days. EDI3 expression significantly decreased in a time- and concentration-dependent manner in HCC1954 cells (Fig. 3D and Supplementary Fig. S2E). Conversely, EDI3 expression remained predominantly unchanged in SKBR3 cells, with only a small decrease in protein levels observed after 3 days of treatment (Fig. 3E and Supplementary Fig. S2F). Indeed, SKBR3 cells have been reported as resistant to everolimus [21], which we also observed, as reduced phospho-mTOR (Ser4228) was seen only on day one in SKBR3 cells (Fig. 3E and Supplementary Fig. S2F), compared to the more consistent decrease in MCF7-NeuT and HCC1954 cells (Fig. 3C-D and Supplementary Fig. S2D-E).
Inhibiting GSK3β with CHIR-99021 resulted in an overall reduction in EDI3 mRNA and protein expression in dox-treated MCF7-NeuT cells (Fig. 3F and Supplementary Fig. S2G), which was significant at the higher concentration on both days. Moreover, CHIR-99021 also significantly decreased endogenous EDI3 expression in both HCC1954 and SKBR3 cells after 2 and 3 days of treatment for almost all conditions tested (Fig. 3G-H and Supplementary Fig. S2H-I). To investigate whether the selected concentrations of CHIR-99021 successfully inhibited GSK3β, we measured total β-catenin, which is normally phosphorylated by GSK3β, thus targeting it for ubiquitination and subsequent degradation. The selected CHIR-99021 concentrations led to an overall increase in total β-catenin (Fig. 3F-H and Supplementary Fig. S2G-I), which was higher in SKBR3 (Fig. 3H) than in MCF7-NeuT and HCC1954 cells (Fig. 3F-G), and may be attributed to the already high endogenous levels of total β-catenin in the latter two cell lines. Together, these data suggest that EDI3 expression is induced by HER2 signalling and regulated via factors downstream of PI3K/Akt, namely, mTORC1 and GSK3β.
HIF1α, CREB and STAT3 control EDI3 expression downstream of GSK3β and mTORC1
To begin elucidating the transcriptional mechanism directly regulating EDI3 expression downstream of GSK3β and mTORC1, the promoter region of EDI3 was searched for potential transcription factor binding sites known to be regulated by mTORC1 or GSK3β using the transcription factor database JASPAR [22] and the MatInspector tool from Genomatix Software Suite [23]. The candidates identified included cAMP response element-binding protein (CREB), c-Myc, Krüppel-like factor 5 (KLF5), hypoxia-inducible factor 1a (HIF1α), signal transducer and activator of transcription 3 (STAT3), and nuclear factor kappa B (NFκB). To determine whether any of the identified transcription factors regulate EDI3 expression, ER-HER2 + SKBR3 cells were treated with small molecule inhibitors against each transcription factor, using two different concentrations, and EDI3 expression was measured over three days. Interestingly, none of the tested inhibitors significantly reduced EDI3 expression, and while no significant change in expression was observed upon inhibition of c-Myc with 10074-G5 (Fig. S2J), targeting CREB, STAT3 and HIF1α with compound 3i (666–15), C188-9 and KC7F2, respectively, led to significantly elevated EDI3 expression for all three days for at least one concentration tested compared to the vehicle control (Fig. 3I-K). We also observed significantly higher expression of EDI3 upon inhibition of NFκB and KLF5, with SC75741 and SR18662, respectively, but on days 1 and 2 for the former and only on day 3 for the latter (Fig. S2K-L). These data altogether suggest that EDI3 is negatively regulated by transcription factors downstream of GSK3β. Indeed, previous studies have shown that phosphorylation of CREB and HIF1α by GSK3β leads to their inactivation [24, 25]. Furthermore, phosphorylation of KLF5 by GSK3β targets it for proteasomal degradation [26]. Thus, inhibiting GSK3β would result in active CREB, HIF1α and KLF5 that are then free to bind the promoter of target genes to regulate expression. Similarly, an earlier study showed that inhibiting GSK3β increased STAT3 and NFκB expression [27], which, based on our findings, will inhibit EDI3 transcription. While more studies are needed to fully clarify the mechanism underlying EDI3’s regulation via GSK3β and mTORC1, these initial results present potential regulatory candidates that are themselves deregulated in breast cancer [28–31].

                           Loss of viability upon EDI3 silencing is more pronounced in ER − HER2 + cells
                        
Since EDI3 expression is regulated by proteins downstream of PI3K/Akt, which are closely linked to tumour development and progression, we next investigated whether the high EDI3 expression in the ER − HER2 + subtype is associated with improved viability, making it a potential therapeutic target. Our data show that silencing EDI3 resulted in a significant reduction in cell viability in both SKBR3 and HCC1954 cell lines (Fig. 4A-B). Conversely, silencing EDI3 in the ER + HER2 + cell lines BT474 and EFM192A (Supplementary Fig. S3A-B) had little to no effect (Fig. 4C-D). We then examined whether silencing EDI3 altered the sensitivity of these cells to HER2-targeted therapy. Cells transfected with EDI3 siRNA or non-targeting scrambled oligos were treated with different concentrations of lapatinib. Lapatinib alone resulted in a dose-dependent decrease in cell viability in all four cell lines (Supplementary Fig. S3C). As previously reported [18], SKBR3 (Fig. 4E and Supplementary Fig. S3D) and BT474 (Fig. 4G and Supplementary Fig. S3F) cells were sensitive to lapatinib, with a significant decrease in viability observed at all tested concentrations in SKBR3 cells. Only the highest concentration of lapatinib resulted in a marked reduction in viability in the less responsive [18] HCC1954 (Fig. 4F and Supplementary Fig. S3E), and EFM192A (Fig. 4H and Supplementary Fig. S3G) cell lines, which did not reach significance in the latter.[image: ]
Fig. 4Cell viability and sensitivity to HER2-targeting treatment after silencing EDI3 using siRNA. Viability relative to negative control (si-NEG) after silencing EDI3 with three siRNAs targeting different exons in A, SKBR3. B, HCC1954, C, BT474 and D, EFM192A cells. Viability presented as RFU after silencing EDI3 using siRNA (oligo #1) with and without lapatinib (0.01, 0.1 and 1 µM) for 96 h in E, SKBR3, F, HCC1954, G, BT474 and H, EFM192 cells. Data are mean ± SD (A-D) and mean ± SE (E–H) of at least three independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant). RFU, relative fluorescence units


Combined EDI3 knockdown and inhibition of HER2 had a greater effect on cell viability than lapatinib alone in ER − HER2 + cells, even at the lowest lapatinib concentrations used (Fig. 4E-F and Supplementary Fig. S3D-E). This was not observed in the ER + HER2 + cells (Fig. 4G-H and Supplementary Fig. S3F-G), demonstrating that targeting the high EDI3 expression in ER − HER2 + cells sensitizes them to lapatinib, even at sub-toxic concentrations. Interestingly, combined inhibition of EDI3 and HER2 appeared to have an additive effect on the viability of SKBR3 cells (Fig. 4E and Supplementary Fig. S3D). In contrast, combined inhibition of HER2 and EDI3 in lapatinib-resistant HCC1954 cells was not significantly different from silencing EDI3 alone under most conditions tested (Fig. 4F and Supplementary Fig. S3E), suggesting that EDI3 may be an alternative target for HER2-targeted therapy resistant tumours.
To further investigate EDI3 as a potential target, we treated cells with the monoclonal antibody trastuzumab, which binds to the extracellular domain of HER2 and inhibits its intracellular signalling and extracellular shedding [32], together with EDI3 silencing. While there was no major effect of trastuzumab on cell viability in any of the four cell lines tested (Supplementary Fig. S3H), SKBR3 and BT474 cells exhibited an approximately 20% viability loss with the concentrations used, which is similar to previous reports categorizing them as sensitive [18]. Conversely, HCC1954 and EFM192A cells are considered nonresponsive and less responsive, respectively [18]. Similar to the results obtained with lapatinib, combined inhibition of EDI3 and HER2 with siRNA and trastuzumab, respectively, had a greater effect on viability than trastuzumab alone in ER-HER2 + cells (SKBR3 and HCC1954; Supplementary Fig. S3I-J). Conversely, in ER + HER2 + cells, this effect was either absent (BT474; Supplementary Fig. S3K), or, although significant, not to the same extent (EFM192A; Supplementary Fig. S3L) as observed in ER-HER2 + cells. In addition, while the combined inhibition of EDI3 and HER2 resulted in a dramatic loss in viability in the trastuzumab-resistant HCC1954 cells, this effect appears to be primarily due to the decrease in EDI3, further indicating that EDI3 may be a relevant target in ER-HER2 + tumours that are resistant to HER2-targeted therapy.
Inhibiting EDI3 with dipyridamole alone or in combination with HER2-targeted therapy decreases tumour growth in mice
Since silencing EDI3 alone, or in combination with HER2 inhibition, led to a significant decrease in viability, we examined whether this would also hold true for tumour growth in vivo. Currently, there are no specific EDI3 inhibitors, but our previous work showed that the general phosphodiesterase (PDE) inhibitor dipyridamole inhibits EDI3 [11]. PDE inhibitors have been suggested as therapeutic agents for various cancer types [33, 34], including dipyridamole, which has been used in preclinical and clinical studies [35, 36]. We first showed that dipyridamole does indeed inhibit EDI3 activity in HER2 + cells in vitro (Supplementary Fig. S4A-D), confirming our earlier findings [11]. We then examined the effect of dipyridamole on viability. While dipyridamole elicited a dose-dependent decrease in viability in all cell lines, the EC50 values were lower in SKBR3 and HCC1954 compared to BT474 and EFM192A cells (Supplementary Fig. S4E), indicating once more that ER − HER2 + cells are more sensitive to EDI3 inhibition, which is comparable to our findings with specific EDI3 siRNAs.
Next, we investigated the influence of combined targeting of EDI3 and HER2 on the viability of SKBR3 and HCC1954 cells. Treating both cell lines with dipyridamole alone at a given concentration led to a greater loss in viability in the lapatinib-resistant HCC1954, compared to the sensitive SKBR3 cells (Fig. 5A-B), with an almost complete loss in viability at 50 µM in the former cell line. The addition of lapatinib had no further impact on viability compared to the effect of each inhibitor alone. As previously observed, lapatinib alone was more effective at decreasing viability in the sensitive SKBR3 compared with the less responsive HCC1954 cells; however, the addition of dipyridamole did not significantly alter the viability of SKBR3 cells (Fig. 5A-B).[image: ]
Fig. 5Inhibiting EDI3 with dipyridamole, alone or in combination with HER2-targeting therapy in ER-HER2 + tumours in mice. Viability (RFU) after treating A, SKBR3 and B, HCC1954 cells with 25 µM (left panel) or 50 µM (right panel) dipyridamole with and without 0.1 µM lapatinib. C, Overview of in vivo experimental plan in CD1 nude mice. Mice with HCC1954 subcutaneous tumours were treated with dipyridamole, lapatinib or the combined treatment on a 5-days on/2-days off schedule for 4 weeks and the effect of treatment on tumour D, size, E, weight, and F, volume relative to vehicle control were examined. All in vitro data are mean ± SE of three independent experiments. Measurements (E–F) represent the average tumour weight and volume of four to six mice per condition. (*, P < 0.05; **, P < 0.01; ***, P < 0.001, ns, not significant). RFU, relative fluorescence units


Finally, we investigated whether inhibiting EDI3 with dipyridamole would decrease tumour growth of the lapatinib-resistant HCC1954 cells in immunodeficient mice. In addition, we combined dipyridamole with lapatinib to determine whether there would be any advantage upon administering both drugs together in vivo, which was not observed in vitro. Treatment began approximately three weeks after the implantation of cells, and mice were dosed daily for four weeks (5 days on/2 days off) (Fig. 5C) with 100 mg/kg lapatinib [37] and 120 mg/kg dipyridamole. The dose of dipyridamole was selected based on concentrations used in previous work [38, 39] and our own pharmacokinetic study showing that we were able to reach therapeutic concentrations in plasma (0.8–1.2 µg/ml) [40] with a single oral dose of 120 mg/kg (Supplementary Fig. S4F). Treatment of tumour-bearing mice with each compound alone or in combination did not cause weight loss (Supplementary Fig. S4G) or obvious signs of toxicity. Lapatinib alone had no effect on tumour size, weight, or volume (Fig. 5D-F, and Supplementary Fig. S4H), despite evidence of lapatinib in the blood and tumours at concentrations shown to inhibit HER2 activity and decrease viability in vitro (Supplementary Fig. S4I). This is in line with some previous studies showing no effect of lapatinib on HCC1954 tumour growth [41], although others have reported less growth [37]. In contrast, dipyridamole treatment alone significantly decreased tumour size, volume, and weight (although the latter was not significant) of HCC1954 xenografts (Fig. 5D-F and Supplementary Fig. S4H), which was not improved with lapatinib co-treatment. The concentration of dipyridamole in the blood and tumours (Supplementary Fig. S4I) was lower than that which inhibited EDI3 activity and viability in vitro but was nevertheless within the therapeutic range, as previously reported [40]. Therefore, our results indicate that dipyridamole alone may sufficiently reduce ER − HER2 + tumour growth in vivo and support EDI3 as a potential therapeutic target in tumours of this molecular subtype that are resistant to HER2-targeting therapy.

                           Inducibly silencing EDI3 in vivo also decreases tumour growth in mice
                        
Since dipyridamole does not specifically inhibit EDI3, we validated the observed reduction in tumour volume using a second approach in which EDI3 is exclusively targeted. We created an HCC1954 cell line in which we could inducibly silence EDI3 by the addition of doxycycline (Fig. 6A). Initial in vitro characterization of these cells revealed a doxycycline-dependent decrease in expression (Fig. 6B-C), as well as in colony formation (Fig. 6D) and viability (Fig. 6E), which were confirmed with additional shRNA oligos (Supplemental Figure S5). We could also further confirm that the decrease in viability was due to reduced proliferation (Fig. 6F). To then investigate the effect of specifically silencing EDI3 on tumour growth in vivo, the HCC1954 shNEG and HCC1954 shEDI3 cells were used to create subcutaneous tumours in CD1 nude mice. Similar to the results obtained with dipyridamole, we observed a significant decrease in tumour volume in response to EDI3 silencing upon administration of doxycycline (Fig. 6G). In addition, specifically silencing EDI3 led to a significant decrease in tumour weight (Fig. 6H).[image: ]
Fig. 6In vitro characterization of inducible EDI3 silencing and its effect on ER-HER2 + tumours in mice. A, Overview of the elements of the inducible lentiviral shRNA vector (SMARTvector™, Dharmacon) containing shRNA oligos under the control of a doxycycline inducible promotor. B, mRNA expression of EDI3 and C, representative Western blot showing EDI3 protein expression in HCC1954 shNEG and HCC1954 shEDI3 (oligos shEDI3 #1, #2, #3) cells treated with 0.01, 0.1 or 1 µg/ml doxycycline for 72 h. D, Representative images (left) and corresponding quantification (right) of colonies formed by HCC1954 shEDI3 cells treated with 0.1 or 1 µg/ml doxycycline. E, Viability (RFU) after treating HCC1954 shEDI3 cells with 0.1 or 1 µg/ml doxycycline. F, Number of EdU positive cells normalized to the control condition (0 μg/ml doxycycline) and representative images (right) after treatment of HCC1954 shNEG and HCC1954 shEDI3 (oligos shEDI3 #1, #2) cells with 10 nM EdU for 2 h followed by labelling with Alexa FluorTM 488 dye (green). Nuclei were stained with Hoechst 33342 (blue), scale bars represent 200 μM. CD1 nude mice were injected subcutaneously with HCC1954 shNEG or HCC1954 shEDI3 cells with (+ Dox) and without (-Dox) doxycycline treatment (0.1 µg/ml) and the effect of silencing EDI3 on tumour G, volume and H, weight were examined. All in vitro data are mean ± SD of three independent experiments. Measurements (G-H) represent the average tumour volume and weight of six to seven mice per condition. (*, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001). EdU, 5-Ethynyl-2′-deoxyuridine; RFU, relative fluorescence units


Discussion
In recent years, there has been tremendous progress in the treatment of HER2 + breast cancer, which looks beyond targeting HER2 alone. Rather, HER2-targeting drugs are either combined with, or more recently conjugated to existing chemotherapies directed against other proteins and pathways deregulated in HER2 breast cancer [42]. In the present work, we show that the glycerophosphodiesterase EDI3 is highly expressed in ER − HER2 + breast cancers, and that downregulating EDI3 in ER − HER2 + cells decreases viability more efficiently compared to those that are ER + HER2 + . Furthermore, we demonstrate that inhibiting or silencing EDI3 slows the growth of xenografts made with HCC1954 cells, which are reported to be less responsive or resistant to HER2-targeting therapies [18].
The present work demonstrates that EDI3 expression is regulated by HER2 signalling, and that inhibiting HER2 and key proteins downstream of HER2, namely GSK3β and mTOR, reduce EDI3 expression. Proteins activated as a result of HER2 signalling, including GSK3β and mTOR, are currently being evaluated in breast cancer with mixed outcomes. For example, GSK3β regulates multiple cellular processes and has both tumour-suppressing and tumour-activating functions [43], making its role in tumour development unclear. However, it has been explored as a potential therapeutic target [43] with limited success [43, 44]. Inhibiting GSK3β in the current work not only decreased EDI3 expression, but also increased the levels of β-catenin. Interestingly, β-catenin activation has been shown to be associated with poor outcome in breast cancer [45], and moreover has been reported to induce cancer stem cell generation [46], suggesting that it may not be a suitable target for therapeutic intervention. Conversely, mTORC1 inhibitors are in clinical trials for various cancer types [47, 48]; everolimus was approved for hormone receptor-positive breast cancer [49], and more recently used for HER2 + tumours [50, 51]. Interestingly, everolimus together with trastuzumab improved survival in ER − HER2 + breast cancer [51], supporting the approach of inhibiting deregulated proteins downstream of HER2.
The exact mechanism by which mTOR and GSK3β regulates EDI3 is currently unknown. Both signalling pathways appear to be differently regulated by PI3K/Akt signalling; however, there is evidence of cross talk between them. For example, overexpression of GSK3β was shown to activate mTORC1 in MCF7 cells [52]; whereas, the mTORC1 substrate, p70S6K1 phosphorylates GSK3β at Ser9 in the absence of TSC1 or 2 resulting in the inactivation of GSK3β [53]. Therefore, to begin elucidating the transcriptional mechanism controlling EDI3 expression, we used small molecule inhibitors against transcription factors predicted to bind the EDI3 promoter region that are downstream of GSK3β and mTORC1. Interestingly, inhibiting HIF1α, CREB and STAT3 increased EDI3 expression, suggesting a negative regulation of EDI3 by these three transcription factors. In previous studies, GSK3β was shown to phosphorylate and inactivate both CREB and HIF1α [24, 25]. In addition, phosphorylation of KLF5 by GSK3β targets KLF5 for degradation [26]. As a result, inhibiting GSK3β would reverse this inactivation and degradation, leaving CREB, HIF1α and KLF5 available to bind the promoter of their target genes. Similarly, inhibition of GSK3β was shown to increase STAT3 and NFκB expression [27], which would then repress EDI3, based on our results that inhibiting STAT3 and NFκB increases EDI3 expression. However, other studies have reported that STAT3 is positively regulated by mTOR and GSK3β [54, 55], suggesting that inhibiting mTOR or GSK3β would decrease STAT3 and consequently increase EDI3 expression. This contradicts the findings in the present work demonstrating reduced EDI3 expression upon inhibition of mTOR or GSK3β. Therefore, while the current results provide some insight into the regulatory factors controlling EDI3 expression, further investigations and experimental approaches are needed to conclusively elucidate how EDI3 is regulated in HER2 positive breast cancer, and the consequence of having high EDI3 expression in this specific subtype.
To begin addressing the significance of elevated EDI3 levels downstream of the HER2 signalling pathway, we hypothesized that its inhibition may support the cytotoxic effect of HER2 antagonizing compounds without the side effects obtained by inhibiting central signalling hubs. If so, this effect should be strongest in the ER − HER2 + molecular subtype with the highest EDI3 expression. Indeed, silencing or inhibiting EDI3 in ER − HER2 + cell lines significantly decreased cell viability. The effect was stronger in HCC1954 cells that contain the PIK3CA H1047R activating mutation shown to be associated with decreased pathological complete response in HER2 breast cancer patients treated with combined trastuzumab and lapatinib [56] and increased resistance to HER2-targeting drugs [18]. Thus, while EDI3 expression seems to correlate with HER2 expression, its effect on cell viability might depend on PIK3CA mutation status. Our observation that inhibiting EDI3 decreased the viability of HCC1954 cells led us to hypothesize that EDI3 is a potential therapeutic target in ER − HER2 + breast cancers resistant to standard therapy. Resistance to commonly used anti-HER2 drugs, such as the monoclonal antibody trastuzumab and the small molecule inhibitor lapatinib, can occur by a multitude of different mechanisms. For example, some resistance mechanisms are relevant for a specific drug, such as the expression of truncated HER2, which lacks the extracellular trastuzumab-binding domain [57]. In contrast, others are common for several drugs and affect factors downstream of the receptor, including the activation of PI3K pathway, e.g. via oncogenic activating PIK3CA mutations [58, 59], and loss of PTEN [19, 59]. These altogether make targeting EDI3, which is further downstream of this signalling pathway, an attractive option. Furthermore, acquired resistance owing to the upregulation of other tyrosine kinase receptors, such as EGFR, HER3 and Met [60–62] is often due to the activation of the same downstream pathways as for the HER family receptors, primarily PI3K/Akt/mTOR, which further supports EDI3 as a potentially interesting therapeutic target in this setting. The effect of EDI3 inhibition on resistance mechanisms related with the immune response, such as the escape from trastuzumab-induced antibody-dependent cell-mediated cytotoxicity, or trastuzumab-mediated upregulation of programmed cell death protein 1 (PD-1) [63] and programmed death-ligand 1 (PD-L1) [64] is more difficult to anticipate. Not much is known about the role of EDI3 in different immune cell populations, but databases, such as the Human Protein Atlas web-based resource (https://​www.​proteinatlas.​org/​) indicate that EDI3 expression is elevated in several types of immune cells, in particular macrophages, as well as in T and B/plasma cells, which are known to be associated with better prognosis in breast cancer [65]. Consequently, the effect of EDI3 inhibition on effector immune cell function should be clarified.
Recent publications indicate that in addition to HER2 status, the level of HER2 amplification can also influence the response to HER2-targeted therapy [66–68], demonstrating better complete pathological response to neoadjuvant chemotherapy in HER2 positive patients with a higher HER2/CEP17 ratio. However, in the present study, we did not observe higher ERBB2 expression in the anti-HER2 treatment sensitive cell lines compared to cell lines reported to be resistant. We also did not observe higher expression of ERBB2 in ER − HER2 + compared to ER + HER2 + cell lines and tumours, which speaks against HER2 amplification level and/or expression driving the observed difference in EDI3 expression between these two subtypes. Thus, it remains unknown why EDI3 levels are lower in the ER + subtype. If the lower EDI3 expression is due to a negative regulation via ER signalling should be explored in subsequent studies by targeting the ER in ER+HER2 + cells.
The observation that inhibiting EDI3 with dipyridamole decreased the viability of HCC1954 cells prompted us to explore the effect of EDI3 inhibition on tumour growth in vivo. Dipyridamole is used as prophylaxis against thromboembolic events and stroke because of its ability to prevent platelet aggregation and improve vasodilation [69]. It functions as a general phosphodiesterase inhibitor that reduces the breakdown of second messengers, cAMP/cGMP to AMP/GMP [70]. Interestingly, several in vitro and in vivo studies have investigated the efficacy of dipyridamole in different cancer types, either alone [71, 72] or in combination with other drugs [35, 36, 38, 39]. However, the mechanism by which dipyridamole antagonizes tumour growth is unknown. Despite the decrease in tumour growth observed in the present study, dipyridamole is not specific to EDI3. In addition to phosphodiesterases [73], an in-silico study predicted that other proteins may be inhibited by dipyridamole, including pyruvate kinase, peroxisome proliferator-activated receptor gamma (PPARγ), and phosphatidylinositol 4,5-bisphosphate 3-kinase [74]. These candidates were not further investigated in vitro, and while it cannot be excluded that the effect of dipyridamole on tumour growth may partially be due to the inhibition of phosphatidylinositol 4,5-bisphosphate 3-kinase, a separate study [71] showed that dipyridamole had no influence on Akt phosphorylation. To validate that EDI3 is a relevant target in HER2-targeting therapy resistant breast cancer, in a second approach, we silenced EDI3 in the HCC1954 cell line and confirmed decreased tumour growth, as well as tumour weight. While we demonstrate that dipyridamole alone can decrease tumour growth with no obvious side effects, and that the effect seen is specific to EDI3, the identification of a specific EDI3 inhibitor will be a critical next step towards understanding the relevance of EDI3 as a therapeutic target in HER2-targeted therapy resistant breast cancer.
Despite the promising results that EDI3 may be therapeutically relevant in ER-HER2 + breast cancer, there are limitations to the current results. For instance, only xenografts derived from cancer cell lines were used, which are not the most relevant models to predict the clinical benefit of a drug candidate. Key experiments in the future should be repeated using patient-derived xenografts of HER2 + breast cancers resistant to anti-HER2 therapies, representing different resistance mechanisms.
In summary, we show that EDI3 is highly expressed in ER − HER2 + breast cancer, and when inhibited, leads to a significant reduction in viability and tumour growth, particularly in cells resistant to traditional HER2-targeting therapies.
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