Estrogen receptor α promotes breast cancer by reprogramming choline metabolism
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Supplementary materials and methods
Cell culture

E2 (Sigma, Stockholm, Sweden) was prepared in ethanol. Ethanol was used as vehicle control. A CHPT1 siRNA pool (GE Healthcare Dharmacon) was used for CHPT1 knockdown. Transfection was performed using the INTERFERinTM siRNA transfection reagent (Polyplus) according to the manufacturer’s instruction.
Chromatin immunoprecipitation followed by sequencing (ChIP-seq) or qPCR
The antibodies used in ChIP experiments were ERα (HC-20) (Santa Cruz Biotechnology) and normal rabbit IgG (Santa Cruz Biotechnology). ChIP DNA was prepared into libraries and sequenced using the Genome Analyzer (Illumina) following the manufacturer's protocols. The raw sequencing image data were analyzed by the Illumina analysis pipeline and mapped to the human reference genome (hg19, GRCh37) using Bowtie. Significantly enriched peak regions were identified in ERα ChIP-seq datasets against both Input and IgG files using Model-based Analysis of ChIP-seq (MACS) 1
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 and peaks were annotated using HOMER software 2
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. The top peaks were used for de novo and known motif finding using the HOMER software. Peak Intensity heat maps were generated using HOMER, Cluster 3.0 and JAVA Tree View software packages. ChIP-seq data are deposited in GEO (accession number GSE73320 and GSE74034 for MCF7 and T47D cells, respectively).
For qPCR, Fast SYBR Green PCR Master Mix (Applied Biosystems) was used. All target gene transcripts were normalized to the 36B4 mRNA.

Gene expression microarray analysis
For T47D cells, total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia, CA). Human Gene 2.1 ST Arrays interrogating the expression of 40 716 transcripts, including 30 654 annotated coding transcripts were used for analysis of global gene expression profiling. Target synthesis and hybridizations were performed at the Bioinformatic and Expression Analysis core facility (BEA, www.bea.ki.se, Novum, Karolinska Institutet, Huddinge, Sweden) according to standard protocols. Signal summarization, normalization and background correction were performed using the Robust Multichip Analysis (RMA) in Affymetrix Expression Console. Two-tailed unpaired Student’s t-tests were used to compare sample groups, and q-values were estimated using the q-value package in R. The microarray data are deposited in GEO (accession number GSE36683 and GSE74034 for MCF7 and T47D cells, respectively). We applied a filter of p < 0.05 for significantly modulated gene expression and at least a 1.2-fold change in mean differential expression. 
GO analysis and identification of enriched pathways were performed using the WEB-based GEne SeT AnaLysis Toolkit. The human genome was selected as reference set for enrichment analysis. Statistical analysis was performed using the hypergenometric method. To account for multiple testing, an adjusted p-value of 0. 05 (using Benjamini & Hochberg’s false discovery rate) was set as the threshold for GO analysis and significant enriched KEGG pathways. 

NMR spectroscopy 

The NMR method, including the extraction and sample preparation procedure, has been described in detail by Itkonen et al. 3
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. Water soluble metabolites were extracted using ethanol. NMR spectra were recorded on a Bruker Avance III 600 MHz spectrometer, fitted with an UltraShield plus magnet (tuned to 600.23 MHz) and a QCI CryoProbe. Spectra were recorded at constant temperature (300 K) using a water suppression pulse sequence (noesygppr1d) with a pre-saturation pulse during the relaxation delay of 4 s. Data was acquired using 64 or 128 scans with 65536 complex data points and a sweep width of 20.5682 ppm and offset at 4.7 ppm. Data were zero-filled once to obtain 65536 real data points, Fourier-transformed and phase corrected using Topspin 3.2 (Bruker Biospin). The spectra were calibrated to the alanine doublet at 1.47 ppm. To correct for small deviations in chemical shifts, all spectra were aligned using icoshift 4()
. The residual water signal at 4.7 ppm and regions containing only noise (above 9.4 ppm and below 0.8 ppm) were removed before area normalization. PLSDA was performed on Pareto-scaled data. Quantification was performed by binning spectral regions containing signals from identified metabolites. Quantification of metabolites was performed using the PULCON principle, a built-in feature of the spectrometer software interface. The molar concentration of creatinine in the samples was determined using an external creatinine calibration curve, and the concentrations of other metabolites were calculated from the creatinine concentration. This procedure has been validated in complex biological matrices such as cell extracts, with an accuracy of >98% and relative standard deviation < 2% down to 5 µM 5()
. The specificity of NMR is inherently high, as metabolites are identified based on resonance frequency and nuclear coupling characteristics. To aid in the identification of these metabolites, Chenomx NMR suite v7.7 (Chenomx Inc.) was used. Additionally, various 2D NMR spectra (HSQC, HMBC, COSY, TOCSY) were recorded to assure identification. To assess the effect of estrogen treatment, 10 samples (5 cases, 5 controls) were analyzed for each cell line (MCF7 and T47D). A statistically significant effect (p-value <0.05) on PCho for the MCF7 cell line could be shown when additional samples (7 cases, 6 controls) were analyzed and merged with the original ten. All groups in the knockdown experiments contained either 3 or 4 samples.
Cell proliferation assay

Cells were transfected with control or CHPT1 siRNA. The following day, transfected cells were plated at 3000 cells/well in 96- well plates. Cells were incubated under normal growth conditions for 72 hours, after which cell proliferation was assayed using WST-1 kit.
Western blot analysis
Western blot analysis was carried out using anti-CHPT1, anti-β-actin, anti-Cadherin, anti-CCTα, anti-α-tubulin and anti-TIM23 antibodies from Cell Signaling Technology.
PtdCho assay
Quantification of PtdCho was performed using a PtdCho Assay Kit (Abcam, ab83377). This assay uses an enzyme-coupled reaction to hydrolyze PtdCho to release choline, which subsequently oxidizes the OxiRed probe in order to generate fluorescence (Ex/Em 535 nm 587 nm) and absorbance (570 nm). As intracellular Cho could generate signals, background control skipping PtdCho hydrolysis was used. The kit contains PTdCho standard for preparing standard curve and a correlation coefficient of 0.99 was obtained. This assay measures PtdCho in the range of 0.1 to 10 nmol per sample.

Subcellular fractionation of the cells
Isolation of membrane and cytosol proteins was performed using a Qproteome Cell Compartment Kit (Qiagen, 37502).
Assay of anchorage-independent growth
Cells were suspended in 0.3% agarose (Lonza) in DMEM supplemented with 10% FBS. Cells were plated in triplicates at 100,000 cells/well over a bottom layer of 0.5% agarose/DMEM with 10% FBS in 6-well plates. Cells were incubated under normal growth conditions for 21 days, after which colonies were counted. 
CDP-Cho analysis

The cells were washed 3 times with 1mL PBS-buffer.

To the rinsed cells 500 µL of ice-cold extraction buffer (90/10 v/v methanol:water) including 10pg/µL D9-choline as  internal standards were added. The cells were detached using a cell scraper and 400µL of the cell-extract were transferred to an Eppendorf tube and stored at -80 ˚C until further analysis. 

A tungsten bead was added to each vial and the metabolites were extracted by shaking the tubes at 30 Hz for 3 minutes in a mixer mill. The sample was centrifuged at +4 °C, 14 000 rpm, for 10 minutes. 20 µL of supernatant were transferred to a micro vial and solvents were evaporated. Before analysis, the sample was re-suspended in 10 + 10 µL methanol and water.

Liquid chromatography-mass spectrometry measurements were performed on a 1290 Infinity system from Agilent Technologies (Waldbronn, Germany), mass detection was performed an Agilent 6560 IMS-Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, Ca, USA). The analysis was performed as follows. 

0.2 µL of the re-suspended sample was injected onto a 1.7 µm, 2.1 mm x 50 mm Acquity UPLC Amide column in combination with a 1.7 µm, 2.1 mm x 5 mm VanGuard precolumn (Waters Corporation, Milford, MA, USA), the column oven temperature was 85°C. The gradient elution buffers were A (H2O, 10 mM ammonia formate) and B (90/10 acetonitrile/H2O, 10 mM ammonia formate). The initial condition was 15% A with a flow rate of 0.25 mL min -1, held for 0.1 minutes; A was linearly increased to 42% for 2 minutes and thereafter linearly increased to 90% for 0.9 minutes. The flow was linearly increased to 0.8 mL min-1 for 0.5 minutes and held for 1 minute, thereafter A was decreased linearly to 15% and the flow increased to 1.6 mL min-1 for 0.5 minutes; these conditions were held for 0.9 minutes before returning to the initial conditions over 0.4 minutes. 

The compounds were detected with an Agilent 6560 IMS-Q-TOF mass spectrometer equipped with a jet stream electrospray ion source operating in positive Q-TOF mode. A reference interface was connected for accurate mass measurements; the reference ions purine (4 µM) and HP-0921 (Hexakis (1H, 1H, 3H-tetrafluoropropoxy) phosphazine) (1 µM) were infused directly into the MS at a flow rate of 0.07 mL min-1 for internal calibration, and the monitored ions were purine m/z 121.05 and; HP-0921 m/z 922.0098 for positive mode. 

The gas temperature was set to 150°C, the drying gas flow to 5 L min-1 and the nebulizer pressure 20 psig. The sheath gas temp was set to 360°C and the sheath gas flow 12 L min-1. The capillary voltage was set to 4000 V. The nozzle voltage was 0 V. The fragmentor voltage was 400 V, the skimmer -30 V and the OCT 1 RF Vpp 750 V. The collision energy was set to 0 V. The m/z range was 70 - 1700, and data was collected in centroid mode with an acquisition rate of 4 scans s-1 (1977 transients/ spectrum). 

The CDP-Cho (m/z 489.115 at 2.6 min) peak area integrated using the Agilent Masshunter Profinder version B.06.00 (Agilent Technologies Inc., Santa Clara, CA, USA). The compound identity was confirmed by MSMS analysis of standards. The integrated area of D9-choline (m/z 113.164 at 1.1 min) was used for normalization. Due to the lack of a more appropriate internal standard from any chemical vendor, we have used the d9-choline as an internal standard, as we used for determining TMAO, betaine and choline in our previous publication 6()
. 

Tissue Microarray Array (TMA) analysis
CHPT1 expression in human breast cancers was analyzed in tissue microarrays (US BioMax BR1503d) by IHC. The array contains 3 cases of adjacent normal breast tissue and breast fibroadenoma, 2 cases of breast cystosarcoma phyllodes, 7 cases of breast intraductal carcinoma and 60 cases of breast invasive ductal carcinoma. Each case is represented by duplicate samples. Clinical information regarding tumor nodes and metastasis (TNM), clinical stage and pathology grade, and IHC-staining for HER-2, ER and progesterone receptor (PR) was provided. Anti-CHPT1 antibody was from The Human Protein Atlas.

Immunohistochemistry
Anti-CHPT1 antibody (Atlas Antibodies, HPA067643) was used for immunohistochemistry. The antibody was used at a dilution of 1:250. Antigen retrieval was performed using DakoCytomation target retrieval solution high pH (DAKO). The slides were stained with VECTASTAIN Elite ABC kits (Vector Laboratories, Burlingame, CA, USA) following the manufacturer's instruction, and counterstained with hematoxylin. The intensity of staining was evaluated as negative (absent), low (staining of less than 30% of cells and a weak signal), medium (staining of 30%- 90% of cells) and high (staining of more than 90% of cells and a strong signal). We evaluated staining in malignant (epithelial) cells of tumors and epithelial cells of normal tissues.

Invasion assay

2.5 x 104 cells were seeded in the upper chamber of 24-well BD BioCoat growth factor–reduced Matrigel Invasion Chambers (8.0 μm pore; Becton Dickinson) with 0% FBS media. Media containing 10% FBS were added to the lower chamber. After 24 hours, cells in the upper chamber were removed by scraping. Cells that migrated to the lower chamber were stained and counted under a microscope.

Zebrafish metastatic model

TMX- sensitive MCF7 cells and TMX- resistant LCC2 cells were used. Cells were transfected with control or CHPT1 siRNA. Notably, CHPT1 knockdown had no effect on apoptosis as compared to control-siRNA-treated TMX-sensitive MCF7 cells or LCC2 cells (data not shown). The following day, the cells were labeled with 1,1´-dioctadecyl-3,3,3´3´-tetramethylindocarbocyanine (DiI) as previously described 7()
. Briefly, DiI stock in DMSO was diluted 3:10.000 to a final concentration of 6 µg/ml, in pre-warmed PBS. The cells were washed twice with PBS and incubated in labeling solution for 30 min at 37 degrees. The labeling solution was carefully removed and the cells were resuspended in 1 mL cell growth medium and placed on ice. Transgenic Tg(fli1:EGFP)y1 zebrafish embryos were raised in PTU-treated E3-medium as previously described 
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(8)
 until the 48 hours post fertilization stage. Embryos were dechorionated, placed on a bed of 2% agarose and anesthetized prior to cell injection. Labeled cells were spun down and resuspended at 108 cells/ mL. The cell suspension was loaded into glass capillaries without an inner filament and mounted in a microinjection system (Eppendorf femtojet). Approximately 3 nL (300 cells/embryo) was injected in the perivitelline space. Embryos with cells erroneously injected into the yolk or circulation were removed by post-implantation screening under a fluorescent microscope. Correctly injected embryos were then incubated at 28.5 degrees for three days and images of the blood vessels (green) and tumor cells (red) were acquired using a fluorescent microscope (Nikon C1). We implanted a similar amount of CHPT1 knockdown and control-siRNA-treated cells and from the cell shape/size and local interaction with the host (including local invasion, induction of tumor angiogenesis etc), we observed that these aspects of cell viability and health were not affected in the CHPT1 knockdown cells. The number of tumor cells metastasized to the caudal venous plexus was counted and differences between groups were evaluated by the two-tailed student t-test assuming equal variance.
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Supplementary figure legends
Supplementary figure 1 Characterization of ERα cistromes for MCF7 and T47D cells. A, Genomic distribution of ERα binding sites for MCF7 and T47D cells, respectively. B, Distribution of ERα binding sites relative to the TSS of their most proximal gene for MCF7 and T47D cells, respectively. C, The top-enriched DNA motif, the ERE, with percentage of binding regions including the motif derived by de novo motif analysis of ERα binding sites identified for MCF7 and T47D cells, respectively. D, Comparison of the ERα binding sites common to MCF7 and T47D cells identified in this study with published ERα binding regions identified by ChIP-seq.
Supplementary figure 2 Metabolic profiles of breast cancer cells in response to estrogen treatment. A, Altered metabolites and metabolic pathways upon estrogen stimulation for MCF7 cells. B, Altered metabolites and metabolic pathways upon estrogen stimulation for T47D cells.
Supplementary table 1 The core set of direct ERα regulated genes in breast cancer cells. 
Supplementary table 2 The metabolites levels identified by NMR, which are normalized by protein amount.

Supplementary table 3 Changed levels of intracellular metabolites in MCF7 and T47 D cells in response to estrogen.

Supplementary table 4 Changes of Cho-containing metabolites upon E2 stimulation.

Supplementary table 5 Microarray and qPCR data showing no induction of PEMT mRNA levels by estrogen in MCF7 and T47D cells.

Supplementary table 6 Association between CHPT1 expression in breast cancer samples and clinicopathological data. Chi-square (x2) test was used for calculation of statistical significance, p < 0, 05 was considered as significant.
Full names of the matabolites
G6P, Glucose-6-phosphate; F6P, Fructose-6-phosphate; FBP, Fructose-1,6-bisphosphate; 3PG, 3-Phosphoglycerate; PEP, Phosphoenolpyruvate; UDP-GlcNAc, UDP-N-acetylglucoseamine; R5P, Ribose 5-phosphate; PRPP, Phosphoribosyl pyrophosphate; AMP, Adenosine monophosphate; ATP, Adenosine triphosphate; Cho, Choline; PCho, Phosphocholine; CDP-Cho,  Cytidine diphosphate-choline; PtdCho, Phosphatidylcholine; 1-acyl-GPC, 1-acyl-sn-glycero-3-phosphocholine; GPC, Glycerylphosphorylcholine; BAD, Betaine Aldehyde; Ala, Alanine; Arg, Arginine; Asn,Asparagine; Asp, Aspartate; Cys, Cysteine; Glu, Glutamate; Gln, Glutamine GSH, Glutathione; Gly, Glycine; His, Histidine; Ile, Isoleucine; Leu, Leucine; Lys, Lysine; Met, Methionine; Phe, Phenylalanine; Pro, Proline; Ser, Serine; Thr, Threonine; Trp, Tryptophan. Tyr, Tyrosine. Val, Valine; NAA, N-acetyl aspartate; 1-MH, 1-Methylhistidine; CYS, Cystathionine; HPRO, Trans-4-hydroxyproline.
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